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PREFACE

This progress report is the revision of the Eighth Progress Report
on the Load and Resistance Factor Design of Cold~Formed Steel. Re-
visions have been made to reflect some recent changes of resistance
factors and design formulas in the proposed LRFD Specification (UMR
Civil Engineering Study 88-3) dated February 1988.

This investigation was sponsored by American Iron and Steel In-
stitute. The technical guidance provided by the AISI Subcommitte on
Load and Resistance Factor Design and the AISI Staff is gratefully
acknowledged. Members of the AISI Subcommitte are: K. H. Klippstein
(Chairman), R. Bjorhovde, D. S. Ellifritt, S. J. Errera, T. V.
Galambos, B. Hall, D. H. Hall, R. B. Heagler, N. Iwankiw, A. L.
Johnson, D. L. Johnson, A. C. Kuentz, A. S. Nowak, T. B. Pekoz, C.
W. Pinkham, R. M. Schuster, and W. W. Yu. Former members of the AISI
Task Group on LRFD included R. L. Cary, N. C. Lind, R. B. Matlock, W.
Mueller, F. J. Phillips, D. S. Wolford and Late Professor G. Winter.

Special thanks are extended to Professor T. V. Galambos, Con-
sultant of the project, T. N. Rang, B. Supornsilabhachai, B. K. Snyder,

L. C. Pan, and M. K. Rarindra for their contributions to the project.
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ABSTRACT

Allowable Stress Design is the current method used to design
cold-formed steel structural members and connections. In this design
approach, factors of safety are used to compute the allowable design
stresses which are compared to the actual maximum stresses that will
occur in the member during the life of the structure.

In recent years, the Load and Resistance Factor Design (LRFD)
method has been developed for the design of hot-rolled steel shapes
and the design of cold-formed steel structural members. This method
is based on probabilistic and statistical techniques to account for
the many uncertainties involved with the actual design. The LRFD cri-
teria use load factors which are applied to the external loads and
resistance factors that are applied to the internmal resi;tance capac-
ities of the structure.

The allowable unfactored loads based on e;ch design method for
different types of structural members are compared and shown in
graphical forms. For structural members with one type of loading, the
dead-to-live load ratio contributes to the difference between the two
allowable loads. For members with a combination of loads, cross-
sectional geometry, loading conditions, material strength, member
length, along with dead-to-live load ratio will affect the difference
between the.allowable loads computed from allowable stress design and

LRFD.

iii






TABLE OF CONTENTS

Page
PREFACE -=-===c=-==-c-meccomcceccmccmcccmmemccmem e smmmcneome ii
ABSTRACT -==-=-===-ccweee-mmcccmcococcccccnocmcen oo oo m e iii
LIST OF ILLUSTRATIONS ---=~<==<==-c--sceccccccccccmcccmmoomoannns ix
LIST OF TABLES -=~<~====--===cc-ccc-mcwccccccccmccconooooncnnacon" xviii
I. INTRODUCTION =-===---=-===s-ccccccomc-ocmceoccooccocconnn- 1
A. GENERAL -----===-c--csccccmcccmcnnomcccucononccnnnn 1
B. PURPOSE OF INVESTIGATION -------===cc-c-c-=ccc-cocn- 2
C. SCOPE OF INVESTIGATION ===========---coce-cocccccoaa- 2
II. REVIEW OF LITERATURE =---=-=-=--ceccccecuccccoccoccnnancan 4
A. GENERAL ----==--cccccoceccmccamoonnccccnmcamnnnao o &
B. LOAD AND RESISTANCE FACTOR DESIGN CRITERIA --------- 5
ITI. TENSION MEMBERS ========--=-=c-cccconcococnnaa- R 12
A. ALLOWABLE STRESS DESIGN ==<==<--c=c-=cc-cocccccccocn- 12
B. LOAD AND RESISTANCE FACTOR DESIGN -----==-<-----w--- 12
C. COMPARISON =~======-=-cccccoccc-ccccecaccomooncana- 13
IV. TFLEXURAL MEMBERS =======--c-scccccesmcccacccocnccononon" 16
A. GENERAL --=====-==-c-csscccccoccccccccnnooccaoccnnnn 16
B. STRENGTH FOR BENDING ONLY -====-==---c--cce-ccccacan- 16
1. Allowable Stress Design =--===-=<--c--c-ccao--—- 16
2. LRFD Criteria =--====------cceccccccccmcocccaan~" 23
3. Comparison =====<==-=-- e memeececcccecmneeeee 23
C. STRENGTH FOR SHEAR ONLY =-=-=====s<--w=-c=-- S 25
1. Allowable Stress Design =---==-=<--c=eccccccc--- 25

iv



v.

VI.

TABLE OF CONTENTS (cont'd)

5. LRFD Criteria ---==-=-====---=s=7=7077777000000
3. Comparisom =--=-===-==--=ToTToSTISTIooTIIIITTION
D. STRENGTH FOR COMBINED BENDING AND SHEAR =-=======-===
1. Allowable Stress Design ==--=---===-=-7"7=77777777
2. LRFD Criteria =--====--===------==-oooo-soomooons
3. Comparison =======-=-s=sssssssososssoosSoEoRToooTs
E. WEB CRIPPLING STRENGTH -----======--ss=-====--====o"
1. Allowable Stress Design --=<-====--======-==---°<
2. LRFD Criteria --=======-=-==e=s====c--csos=o==os
3. Comparison ==========-scs=s=s--=-cocesosomoosooo
F. COMBINED BENDING AND WEB CRIPPLING STRENGTH --=<-----
1. Allowable Stress Design ===---==-=<cccesc===-c--
2. LRFD Criteria =======-=-scescecececcccccocono===
3. Comparison =-==========-==--coc-scseceseoom-a=o-
CONCENTRICALLY LOADED COMPRESSION MEMBERS --=====----=--
A. GENERAL ====m=s==ece-=mme--ceccecceccmccmecascsmma==-=
B. ALLOWABLE STRESS DESIGN =-=======mem=aeaecaaeceo-c==-
C. LRFD CRITERIA =e=cs=ececsecececamcecmecmsemeeen—e==-
D. COMPARISON ======ccccceeccecasccccmccecmcascmem~cen-=
BEAM-COLUMNS ===-=cc=sacammmccmamacamaacamamnn= .
A. GENERAL =-=-~=-=s=macemeecccccc-smececmmemamese-eeamn--
B. ALLOWABLE STRESS DESIGN --=-=-cc=mecomeanoasecaaa==n
C. LRFD CRITERIA

-
OO S - P D D S D G T P D R R W W W YD b n e VR W W WS

32

33

33

34

52

52

56

57

59

60

61

63

79

79

79

82

82

87

87

87

89



TABLE OF CONTENTS (cont'd)

D. COMPARISON ~==-cr==eccere=w- T R
1. Doubly-Symmetric Sections ========-==ceccemuo-=-

2. Singly-Symmetric Sections =====-=e-cscce-c-ca---
VII. CONNECTIONS =====ecmecccmcccccccaccccaccmccccccnccacanna-
A. GENERAL -==-=-er=ccmccccccccacccccccccnc e mme e
B. WELDED CONNECTIONS ---; -----------------------------
1. Allowable Stress Design ===~---ccc-mcecccceccccann

a. Arc Welds =------csccccmncomccemcrceaccaea

i. Arc Spot Welds =-=-====-ececccccccncaccan"

ii. Arc Seam Welds --=----=ecccccccacccaa---

iii. Fillet Welds =-==-=cmeccccccccmcccaaaaax

iv. Flare Groove Welds ==--=-=c-ccceccecanno

b. Resistance Welds -=--=-====---cecccccacoca-x-

2. LRFD Criteria =-=---====cececcccccccccmcccccaaan-

a. Arc Welds -=<-----ee-mcccccccaccccancncaccann

i. Arc Spot Welds ======eccccccecccemccacann

ii. Arc Seam Welds --~=--<-c-cc-mcecccccana-

iii. Fillet Welds =-===-=-==-----co-ooomeoooon-

iv. Flare Groove Welds =~-=ce--ccccecccnacaa-

b. Resistance Welds ====<==e=ccccccmmccanaccaaa-

3. Comparison ===---===---s-ecee-ececcccecccacaocaa-

a. Arc Spot Welds =-=====-----c--ececcceccccan-

b. Arc Seam Welds =~-<c-cccecmccccccccccacaaccax

vi

Page
92

92



TABLE OF CONTENTS (cont'd)

Page

c. Fillet Welds -=-=======-=-====-==--=======oc 155

d. Flare Groove Welds =====-==-=-<===-====2=7°77 162

e. Resistance Welds ==-==--======cs=sssoooooons 163

C. BOLTED CONNECTIONS =-=--=--=======-=-==-=cs====sooscoocs 166
1. Allowable Stress Design ----========---=-======- 166

a. Spacing and Edge Distance --===---======-=--- 166

b. Tension in Connected Part -=-------=-=-====-=--- 167

c. Bearing =---==--=--s-s=s-ssscesocooososoos-- 168

d. Shear and Tension in Bolts -=-===-=-=--<-===-- 170

2. LRFD Criteria =======s--=cse-ccceecoocsccccoooo- 172

a. Spacing and Edge Distance -=--==-=--=-=--<------ 172

b. Tension in Connected Part --=~-=-=c=c---v-w-- 173

¢. Bearing -=-=e=-=c-c-cccccscaccncccscccoconn- - 174

d. Shear and Tension in Bolts «=<==~===-ccaca--- 175

3. Comparison ===-======-c-sccecccccceacecccccnonooa- 176

a. Spacing and Edge Distance ---==-=-=<-cec-c-- 176

b. Tension in Connected Part -----=-=--ccwe-c-- 180

c. Bearing ---=-~ec-cmcecccccccecmcnce e aaean 181

d. Shear and Tension in Bolts ~=<--=--v-v-cec-- 182

VIII. STIFFENERS =-=v-=-e-s-ccccccccccrccccacecccmcmcccccccncacn- 209
A. TRANSVERSE STIFFENERS -=-=-=veccecccacacmcccacacnac= 209
1. Allowable Stress Design ==---==-cececececacacaa-- 209

2. LRFD Criteria =--eee-essecececccccacecaceamacnc- 210

vii



TABLE OF CONTENTS (cont'd)

Page

3. Comparison ===-====-=ccccccccccmcmmcaaaceaccaaaa 211

B. SHEAR STIFFENERS =---=-----c=ccmcmcomccanccanonaaan 216
1. Allowable Stress Design ===-===-=cccccccmconcoan 216

2. LRFD Criteria ===--===cccccccacacmcccccccancnnnn- 217

3. Comparison =======--ccecccccocccccmencac e~ 217

IX. WALL STUDS AND WALL STUD ASSEMBLIES -=--=-=-=---c-cc=e-- 221
A. WALL STUDS IN COMPRESSION ---=-====--==-ecececooon-- 221
1. Allowable Stress Design =----------cecccccccaona- 221

2. LRFD Criteria ====-c-ceccccccmcamae - 225

3. Comparison ===-====--ee-cecmccmmecccccocccscaca-~ 225

B. WALL STUDS IN BENDING ====--======c-=c-eeomoamenana- 229
1. Allowable Stress Design --==-=--=-ccccccccccaaa- 229

2. LRFD Criteria =----==--cccceccccmacanaanccanaaa- 229

3. Comparison ==-====-=ccc-c-ccmccmcmcmmnecenaeaeae 230

C. WALL STUDS WITH COMBINED AXIAL LOAD AND BENDING ---- 233

1. Allowable Stress Design =--=-=-=-=---cceccccccaaa-- 233

2. LRFD Criteria =---=<=-----ccemcecccccccccacanc—q- 234

3. Comparison ====------c-ccececcmccccoccoaooaanaa 234

X. CONCLUSIONS ====-==c=-=ccccc-emoccocccccccccccncneennaa- 254
BIBLIOGRAPHY ===c-==c-cmcecoeocccaceccccceccececmc e 257

viii






Figure

10

11

12

13

LIST OF ILLUSTRATIONS

Page

Probability Distribution of ln R/Q ==--=---=---ccveccecoun-- 7
Allowable Load Ratio vs. D/L Ratio for Tension ====<<~---- 14
Allowable Moment Ratio vs. D/L Ratio for Section Strength

of Beams With Stiffened Compression Flanges =-=----~====----- 26
Allowable Moment Ratio vs. D/L Ratio for Section Strength

of Beams With Unstiffened Compression Flanges and Lateral
Buckling of Beams =--===-=--v-cv--ccccscraoccrncccc o mae 27
Allowable Shear Ratio vs. D/L Ratio for Shear Strength of
Beams --=~--c=---cccocccccccrrcn st c e s e e e 30
Allowable Shear Ratio vs. h/t Ratio for Shear Strength of
Beams ----=----cccccceccnrcccccrcrnn e ccc e s 31
Allowable Load Ratio vs. D/L Ratio for Combined Bending and
Shear in Beams - Case A ---=--=-=--ccosccccccancarncnnaca-- 40
Allowable Load Ratio vs. Span Length - Case A ---=-------- 42
Allowable Load Ratio vs. h/t Ratio for Combined Bending and
Shear in Beams - Case A ---=--c----ccccccvrcmnccnccccccaan- 44
Allowable Load Ratio vs. D/L Ratio for Combined Bending and
Shear in Beams - Case B ---~--~-+---co-vromcccccrrecnacoan- 45
Allowable Load Ratio vs. D/L Ratio for Combined Bending and
Shear in Beams - Case C ~=~=-=---===-c-csccceccaccncoccacaana- 47
Allowable Load Ratio vs. Span Length - Case C ------------ 49
Allowable Load Ratio vs. h/t Ratio for Combined Bending and
Shear in Beams - Case C -===<====cccecccccccccccccncccncnnn 30



Figure

14

15

16

17

18

19

20

21

22

23

24

25

LIST OF ILLUSTRATIONS (cont'd)

Allowable Load Ratio Vs.
Shear in Beams - Case D
Allowable Load Ratio vs.
Allowable Load Ratio vs.
Web Crippling - Case 1 -
Allowable Load Ratio vs.
and Web Crippling - Case
Allowable Load Ratio vs.
Web Crippling - Case 2 -
Allowable Load Ratio vs.
Web Crippling - Case 3 -
Allowable Load Ratio vs.
and Web Crippling - Case
Allowable Load Ratio vs.
Web Crippling - Case 4 -
Allowable Load Ratio vs.
and Web Crippling - Case
Allowable Load Ratio vs.
Allowable Load Ratio vs.
Buckling of Columns ----

Allowable Load Ratio vs.

Page

D/L Ratio for Combined Bending and

---------------------------------- 53
D/L Ratio for Web Crippling ----- 58
D/L Ratio for Combined Bending and
---------------------------------- 69
Span Length for Combined Bending

2 c=emmemmsecsmmmses-ssoseoosco-os=- 71
D/L Ratio for Combined Bending and
---------------------------------- 72
D/L Ratio for Combined Bending and
---------------------------------- 74
Span Length for Combined Bending

3 meeemcecmmceconcscaona- m————-- 75
D/L Ratio for Combined Bending and
---------------------------------- 77
Span Length for Combined Bending

4 ~mcecccccccccnccc e e 78

D/L Ratio for Column Buckling --- 84

Slenderness Ratio for Flexural



Figure

26

27

28

29

30

31

32

33

34

35

36

LIST OF ILLUSTRATIONS (cont'd)

Page
Allowable Load Ratio vs. D/L Ratio for Beam-Columns
Case B ----=-=---c-crmcmmcmcccccec e s e s c s 100
Allowable Load Ratio vs. D/L Ratio for Bgam-Columns
Case C ====-ee-eec-cmmemmccecm e e e e ce e o mem e mem o cmmmmm e 102
Allowable Load Ratio vs. D/L Ratio for Beam-Columns
Case D =~=--=meccercrer-cner s e e mm e e c e s e cm e s e e e e 103

Xi



LIST OF ILLUSTRATIONS (cont'd)

Figure Page

37 Allowable Load Ratio vs. Slenderness Ratio for Beam-Columns

Case I -===m===-==--=-c-sssscs-sssssmssoosoSsooosssoemETeTTT 115
38 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case K ======w-==-emec-eeccsssccssccscosooscsossnooosoos"" 118
39 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case [ =====cemsemceccer-cccssammccemesnosoooscosonanmons 119
40 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case M ==ev=e--c-omccemcccccenccnscer oo erm o m o m o 120
41 Allowable Load Ratio vs. Eccentricity for Beam-Columns

Case 1 ===--=+-ve--sccnmcemcsccnensccncamcm st a e 127
42 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case 1 -=<-=cc-ccmccccccmcnmcmnccnccacncasccccoccenannmann- 128
43 Allowable Load Ratio vs; Slenderness Ratio for Beam;Columns

Case ] ==-=<---womccmccmcccccccccc e e cc e e e a e ean 129
44  Allowable Load Ratio vs. Eccentricity for Beam-Columns

Case 2 -=-+-=-=cmcmccmcrccmcm e cecccacaccececcecccaeas 131
45 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case 2 ~==ccmcccommm e crcecedeneccceaaas 132
46 Allowable Load Ratio vs. D/L Ratio for Beam-Columns

Case 3 ==cccccmcmmc e 133
47 Allowable Load Ratio vs. Eccentricity for Beam-Columns

Case &4 ==cc-mmmmm e maaacaalll 135

xii



Figure

48

49

50

51

52

53

54

55

56

57

58

59

LIST OF

AllowablerLoad Ratio

Allowable Load Ratio

Spot and Arc Seam Welds

Allowable Load Ratio vs.

Allowable Load Ratio vs.

Seam Welds

Allowable Load Ratio vs.

Fillet Welds

Allowable Load Ratio vs.
Fillet and Flare Groove Welds

Allowable Load Ratio vs.

Flare Groove Welds

Allowable Load Ratio vs.

Allowable Load Ratio vs.

Distance of Bolts

vs.

xiii

ILLUSTRATIONS (cont'd)

Page

. D/L Ratio for Beam-Columns

--------------------------------------------------- 137
Eccentricity for Beam-Columns
--------------------------------------------------- 138
D/L Ratio for Beam-Columns
--------------------------------------------------- 139
D/L Ratio for Shear Failure of Arc
---------------------------------- 156
D/L Ratio for Arc Spot Welds ---- 157
D/L Ratio for Plate Tearing of Arc
----------------------------------------------- 158
D/L Ratio for Plate Tearing of
--------------------------------------------- 160
D/L Ratio for Weld Failure of
---------------------------- 161
D/L Ratio for Plate Tearing of
--------------------------------------- 164
D/L Ratio for Resistance Welds -- 165
D/L Ratio for Minimum Edge
---------------------------------------- 179



Figure

60

61

62

63

64

65

66

67

68

69

LIST OF ILLUSTRATIONS (cont'd)

Page
Allowable Load Ratio vs. D/L Ratio for Tension on Net
Section ===m---====e==csssesssesssSsSsoossSosoooToomoEIITOT 183
Allowable Load Ratio vs. D/L Ratio for Bearing Strength of
Bolted Connections --======-=====--==---ss==-s=-cossommaoonos 184
Allowable Load Ratio vs. D/L Ratio for Shear or Tension
Strength on A325 Bolts =-=-==--=======cc=cc-sssososoosooos 188

Allowable Load Ratio vs. D/L Ratio for Shear or Tension
Strength on A354 Grade B Bolts (1/4 in. € d < 1/2 in.) -- 189
Allowable Load Ratio vs. D/L Ratio for Shear or Temnsion
Strength on A449 Bolts (1/4 in. < d < 1/2 in.) ====-=---- 190
Allowable Load Ratio vs. D/L Ratio for Shear or Tension
Strength on A490 Bolts -=-=-==-<=vs-cccece-wm-vocooeo—ooo- 191
Allowable Load Ratio vs. D/L Ratio for Shear or Tension
Strength on A307 Bolts, Grade A ====-==c-e--cccccccoc-con- 192
Allowable Load Ratio vs. D/L Ratio for Tension Strength on ‘

A325 Bolts Subject to the Combination of Shear and Temsion

Case A ==-=--c-cscccrccccmcccccncc e c e e e e 195
Allowable Load Ratio vs. D/L Ratio for Tension Strength on
A325 Bolts Subject to the Combination of Shear and Tension
Case B =-----wcccccccnccc e cccccc i cdac e e c e neaaa 196

Allowable Load Ratio vs. D/L Ratio for Tension Strength on

A354 Grade BD Bolts Subject to the Combination of Shear and

Tension - Case A

xiv



Figure

70

71

72

73

74

75

76

77

LIST OF ILLUSTRATIONS (cont'd)

Allowable Load Ratio vs. D/L Ratio for Tension Strength on

Page

A354 Grade BD Bolts Subject to the Combination of Shear and

Tension - Case B ==~====~c-cccccncccccccccucoccncncccncnn~
Allowable Load Ratio vs. D/L Ratio for Tension Strength on

A449 Bolts Subject to the Combination of Shear and Tension

Allowable Load Ratio vs. D/L Ratio for Temnsion Strength on

A449 Bolts Subject to the Combination of Shear and Tension

Allowable Load Ratio vs. D/L Ratio for Tension Strength on

A490 Bolts Subject to the Combination of Shear and Tension

Allowable Load Ratio vs. D/L Ratio for Tension Strength on

A490 Bolts Subject to the Combination of Shear and Tension

Allowable Load Ratio vs. D/L Ratio for Tension Strength on
A307 Bolts, Grade A, Subject to the Combination of Shear
and Tension (1/4 in. < d < 1/2 in.) bttt
Allowable Load Ratio vs. D/L Ratio for Tension Strength on
A307 Bolts, Grade A, Subject to the Combination of Shear
and Tension (d 2 1/2 in.) ===-=cccecncccccacaccccnccaua—-
Allowable Load Ratio vs. D/L Ratio for Compression

Strength of Transverse Stiffeners - Case 1 =---===<-------

199

204

205

206

207



Figure

78

79

80

81

82

83

84

85

86

87

88

LIST OF ILLUSTRATIONS (cont'd)

Page
Allowable Load Ratio vs. D/L Ratio for Compression
Strength of Transverse Stiffeners - Case 2 ---==-====7=77"" 214
Allowable Load Ratio vs. D/L Ratio for Compression
Strength of Transverse Stiffeners - Case 3 =~=====-====°"°""< 215
Allowable Shear Ratio vs. D/L Ratio for Shear Strength of
Shear Stiffeners ====-====-s=====-os==c-ssssscssesSssosso=" 220
Allowable Load Ratio vs. D/L Ratio for Wall Studs in
Compression - Case 1 =---=-=s<sc=c=s=sc=cosccocoscensmsooeoo” 227
Allowable Load Ratio vs. D/L Ratio for Wall Studs in
Compression - Case 2 ==<--=-e-=--c-scwccccccccccnsmomomono=- 228
Allowable.Moment Ratio vs. D/L Ratio for Wall Studs in
Bending -~ Case 1 -=-=-e--cec-ccmcecccmccucccnnccnnocanannan 231
Allowable Moment Ratio vs. D/L Ratio for Wall Studs in
Bending - Case 2 ~===-=<=----ecccccccccccccnccncnnnccanccan- 232
Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case A ~~---=--mv~ceccen-- 242
Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case B -~=~=-==-ccacca-a- 243
Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case C ===ewe=cececcaax- 244
Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case D =======wcececae-- 245



LIST OF ILLUSTRATIONS (cont'd)
Figure Page
89 Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case E ~~-=------=-vcvu-- 246
90 Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case F -------v-ccecae-- 249
91 Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case G =====<--wccceaca- 250
92 Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case H ----=----covecca-- 251
93 Allowable Load Ratio vs. D/L Ratio for Wall Studs With
Combined Axial Load and Bending - Case I =<<--cec-cccccecaa- 252
94 Allowable Load Ratio vs. D/L Ratio for Wall Studs With

Combined Axial Load and Bending - Case J =~~-c<c==ccacca--- 253

xvii






LIST OF TABLES
Table Page
IV.1 Channels With Stiffened Flanges, 5 in. Depths - Case A -- 39
IV.2 5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges
for Various Lengths and Yield Points =---------=cccc-cc-- 41

IV.3 5 in. x 2 in. Channels With Stiffened Flanges for Fy =

50 KSj =====-cccrcecmmcnccccccec e nmmec s cme e c e e e 43
IV.4 Channels With Stiffened Flanges - Case B --==~w------oo-- 43
IV.5 Channels With Unstiffened Flanges, 6 in. Depths --------- 46

IVv.6 6 in. x 1.5 in. x 0.105 in. Channels With Unstiffened
Flanges for Various Lengths and Yield Points ==--==------ 48

IV.7 6 in. x 1.5 in. Channels With Unstiffened Flanges for

F_ = 50 KSi =====m====mcm-meceeceeeeecococcccceecceeeeo 48
Iv.8 Hat Sections (Positive Bending) ----‘ --------------------- 52
IV.9 Allowable Load for Web Crippling, Pa -------------------- S4
IV.10 Channels With Stiffened Flanges <----=-c-cecccccecncncaaa. 68

IV.11 5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges

for Various Lengths and Yield Points ==--==------c-cc0o-- 70
IV.12 Channels With Stiffened Flanges, 5 in. Depths ----------- 70
IV.13 Channel With Unstiffened Flanges ~--=-=-=cc-ccceccccecoa-- 73

IV.14 8 in. x 2 in. x 0.105 in. Channels With Unstiffened

Flanges for Various Lengths and Yield Points =------=----- 73
IV.15 I-Section With Stiffened Flanges =---=-==--w-ceccccccccn-. 76
IV.16 8 in. x 6 in. x 0.105 in. I-Sections With Stiffened

Flanges for Various Lengths and Yield Points --==--<-=--- 76

xviii



Table

VII.1

VII.2

VII.3

VIiI.4

VII.S

VII.6

VIiI.7

VII.8

VII.9

VII. 1O

VII.11

IX.1

LIST OF TABLES (cont'd)

Page
Allowable Shear per Spot for Resistance Welds =<~=------- 146
Nominal Shear Strength of Spot Welding =--=---------=c---- 152

Nominal Bearing Stress for Bolted Connections With Washers
Under Both Bolt Head and Nut -==-scc-cccccc-ccccccaccaa. 169
Nominal Bearing Stress for Bolted Connections Without

Washers Under Both Bolt Head and Nut, or With Only One

Allowable Shear and Tension Stresses for Bolts =--=-c-u-- 171
Allowable Tension Stress, F't, for Bolts Subject to the
Combination of Shear and Tension =--<-=-ccecacccmaao .. 172
Nominal Bearing Strength for Bolted Connections With

Washers Unde¥ Both Bolt Head and Nut -e-<=ceccamaao . 174
Nominal Bearing Strength for Bolted Connections Without

Washers Under Both Bolt Head and Nut, or With Only One

Washer ==-=-c-cccrmecccccccccc e et e e cmcccceacae 175
Nominal Tensile and Shear Strengths for Bolts =-=-~weeo--- 177
Nominal Tension Stress, F'nt’ for Bolts Subject to the

Combination of Shear and Tension ~==-ccceaeaaaoaa L ___ 178
Kb Values for Standard Bolts ==-=e<ecccmmamaaaoo_______ 186
Sheathing Parameters =-=--===-c-cmceaccammmaaaa L. ___ 224



I. INTRODUCTION

A. GENERAL

The 1986 Edition of the Specification for the Design of Cold-
Formed Steel Structural Members published by the American Iron and
Steel Institute (AISI) applies to steel members cold-formed to shape
from carbon or low-alloy steel sheet, strip, plate or bar not more than
one inch in thickness and used for 1load-carrying purposes in
buildings'. The specification is based upon the allowable stress con-
cept presented in terms of allowable moments and loads. In the design
of cold-formed steel members and connections, the actual moments and
loads are computed from service loads that include dead, live, snow,
wind, and earthquake loads. The allowable moments and loads are de-
termined by dividing the corresponding nominal capacities by appro-
priate factors of safety recommended by AISI for different types of
structural members and connections.

'The Load and Resistance Factor Design (LRFD) criteria for steel
members and connections have recently been developed by using prob-
abilistic and statistical techniques to account for the uncertainties
in design, fabrication, material properties, and applied loads. The
LRFD criteria for Thot-rolled shapes, built-up members, and
connections? have been included in the Load and Resistance Factor Design
Manuai of Steel Construction published by the American Institute of
Steel Construction’. For cold-formed steel structural meﬁbers, the Load
and Resistance Factor Design Specification was developed from a joint

research project entitled "Load and Resistance Factor Design of Cold-



Formed Steel" conducted at the University of Missouri-Rolla, Washington

University and the University of Minessota*™™.

B. PURPOSE OF INVESTIGATION

The primary purpose of this investigation was to study and compare
the proposed Load and Resistance Factor Design (LRFD) Criteria for
Cold-Formed Steel' with the existing Allowable Stress Design (ASD)
Criteria included in the 1986 Specification for the Design. of Cold-
Formed Steel Structural Members'. This comparison involved studies of
different variables used for the design of various types of structural

members and discussions of different load carrying capacities deter-

mined by these two methods.

C. SCOPE OF INVESTIGATION

This study compares the existing Allowable Stress Design Method
with the proposed Load and Resistance Factor Design Method for cold-

formed steel structural members generally used in building con-

struction. These shapes include channels with stiffened or unstiffened

flanges, I-sections made from channels, and hat sections with unrein-

forced webs. The yield points of steel range from 33 to 50 ksi.

The AISI Specification and the proposed LRFD Specification can

be used for the design of tension members, flexural wmembers, com-

pression members, members subjected to a combination of bending and

axial loads, bolted connections, welded connections, stiffeners, and
wall studs. Even though the allowable stress design provisions and

the proposed LRFD criteria were prepared for any combinations of dif-



ferent loads, only dead and live loads were used in this comparison
for each type of structural members. Ratios of load carrying capacities

were computed and evaluated for different shapes of structural members

which are used in typical design situations.






IT. REVIEW OF LITERATURE

A. GENERAL

Because of the growing need for a unified approach to structural
design for all types of construction materials, many studies have been
conducted in recent years. In early 1978, the LRFD criteria for hot-
rolled steel shapes'* were proposed by Galambos as alternative design
methods. This proposal was a result of a research project conducted
at Washington University under the sponsorship of the American Iron
and Steel Institute. This subject was subsequently discussed by
Galambos, Ravindra, Yura, Bjorhovde, Cooper, Hansell, Viest, Fisher,
Kulak, and Cornell in References 15 through 22. In addition, numerous
papers were publisbed in the proceedings of the American Society of
Civil Engineers (ASCE) Specialty Conference on Probabilistic Mechanics
and Structural Reliability held in January 1979. In Reference 23,
Grigoriu, Veneziano, and Cornell discuss the importance of decision
making in probability distribution modeling. Chalk and Cortis studied
a collection of live load data to develop a probabilistic format for
the determination of design live loads for building floors?‘.

During the period from 1979 to 1982, Ellingwood studied statis-
tical information in reinforced concrete®»*, wood?’’, and masonry*®
structures for developing a probability-based limit states design
criteria. In a recent study sponsored by the National Bureau of
Sténdards, Galambos, Ellingwood, MacGregor, and Cornell developed a

set of load factors, load combinations, and methodology for material

specification groups®~'. More recently, the ASCE Committee on Fatigue



and Fracture Reliability published a series of reports on fatigue
reliability®™*.

With regard to cold-formed steel design, a study on reliability
based criteria for temporary cold-formed steel buildings was conducted
by Knab and Lind® in 1975. A joint research project entitled "Load and
Resistance Factor Design of Cold-Formed Steel" was conducted by Rang,
Supornsilaphachai, Snyder, Pan, Galambos, and Yu at the University of
Missouri-Rolla and Washington University since 1976. This project was
also under the sponsorship of AISI. References 4 through 8 summarized
the studies of the LRFD criteria for cold-formed steel tension members,
beams, columns, beam-columns, and connections. The research findings
have been discussed at various engineering and specialty conferences
and published in several conference proceedings®~*. In September 1985,
the Tentative Recommendations on the LRFD Criteria for Cold-Formed
Steel Structural Members and Commentary'® were prepared according to
the 1980 edition of the AISI Specification for the allowable stress
design. These tentative recommendations were updated in 1987" on the
basis of the 1986 edition of thé AISI Specification'.

In Canada, the Canadian Standards Association uses the limit
states design principles in their standard for éold~formed steel*'.

B. LOAD AND RESISTANCE FACTOR DESIGN CRITERIA

The Load and Resistance Factor Design Specification for Cold-
Formed Steel'™ is based on the first-order principles of probabilistic

theory. The general format for the LRFD criteria is



j

R = 2 v, Q. (II.1)
k=1
In the above,
¢ = resistance factor
Rn = nominal resistance
Y = load factors
an = nominal load effects

On the left side of Eq. (I1I.1), the resistance factor, ¢, is a
nondimensional\factor less than or equal to one that accounts for the
uncertainties in calculating the nominal resistance. The nominal re-
sistance of the structure is the predicted ultimate resistance or load
determined from design formulas using specified mechanical properties
of material ‘and section properties. It could be a bending moment, axial
load, sgear force, or an interaction formula when load combinations
are presented.

On the right side of the equation, factor y is a nondimensional
load factor used to reflect the possiblity of overloads and uncer-
tainties in computing the load effect. Each load factor applies to a
nominal load effect Qn and the subscript k corresponds to different
types of loads. Only dead and live load effects were used to develop
the LRFD criteria for cold-formed steel.

Instead of a safety factor, a safety index is used to determine
structural reliability..Thé safety index, B, indicates the probability
of failure as shown in Figure 1. The distribution of the R/Q rétio was

assumed to be lognormal. The safety index can be determined by using

Eq. (II.2):**



R
In( m/Qm) (1I.2)

B =
VR +VQ
where
Rm = mean value of resistances
Qm = mean value of load effects
VR = coefficient of variation of resistances
VQ = coefficient of variation of load effects
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The target values of safety index used in the development of the LRFD
Specification for cold-formed structural members and connections are
2.5 and 3.5, respectively. A probability of failure of 9.8x107° is ob-
tained from the cumulative lognormal distribution for the value of
safety index equal to 2.5%.

Unlike the traditional design methods, the resistance of the
structure is considered to be a random variable because of variations
in mechanical properties and fabrication uncertainties involved in
calculations of the resistance. The mean value of the resistances was
assumed to be a product of several values as given in Eq. (II.3).

Rm = RanFum (I1.3)
where Mm, Fm and Pm are the mean values of nondimensional variables
reflecting the uncertainties in mechanical properties, sectional
properties, and calculation of the resistance.

In Eq. (II.3), M is the material factor which is determined by
the ratio of the tested mechanical properties to the specified values.
Mechanical properties include yield point, modulus of elasticity, and
tensile strength values. The fabrication factor, F, accounts for var-
iations of geometric dimensions and uncertainties caused by initial
imperfections and tolerances. The professional factor, P, accounts for
uncertainties that results from the use of approximations and simpli-
fications of complex design formulas based on ideal situatiomns. It is

obtained from the ratio of the tested failure loads to the predicted

failure loads computed from design formulas.



From statistical studies of applied loads and reliability
calculations®>*', the following load combinations and load factors were
used for cold-formed steel:®

1. 1.4Dn+Ln

2. 1.2Dn+1.6Ln+0.5(Lrn or Sn or Rn)

3. l.ZDn+1.6(Lrn or Sn or Rn)+(0.5Ln or 0.8Wn)
4. 1.2Dn+1.3wn+0.5Ln+0.5(Lrn or Sn or Rn)

5. 1.2Dn+1.5'En+(0.5Ln or O.ZSn)

6. 0.9Dn-(1.3wn or 1'5En)

where

Dn = nominal dead load

En = nominal earthquake load

Ln = nominal live load

L.~ nominal roof live load

Rn = nominal roof rain load

Sn = nominal snow load

W= nominal wind load (Exception: For wind load on

individual purlins, girts, wall panels and roof decks,
multiply the load factor for wn by 0.9)
Exception: The load factor om Ln in combination (3), (4), and (5) shall
be equal to 1.0 for garages, areas occupied as places of public as-
sembly, and all areas where the live load is. greater than 100 psf.
For roof and floor construction, the load combination for dead
load, weight of wet concrete, and construction load including equip-

ment, workmen and formwork is suggested in Section AS.1.(2)(a) of the

Commentary."



When the structural effects of F, H, P, or T are significant, they
shall be considered in design as the following factored loads: 1.3F,
1.6H, 1.2P, and 1.2T, where

F

loads due to fluids with well-defined pressures and
maximum heights
H = loads due to the weight and lateral pressure of soil and
water in soil
P = loads, forces, and effects due to ponding
T = self-straining forces and effects arising from contraction
or expansion resulting from temperature changes,
shrinkage, moisture changes, creep in component materials,
movement due to differential settlement, or combinations
thereof
The preceding load combinations are listed in Section A5.1.4 of the
LRFD Specification' and should be used in the computation of the load
effects. The combination of dead and live load with an assumed dead-
to-live load ratio of 1/5 were used to develop the LRFD criteria for
cold-formed steel.
The coefficient of variation of the resistances, VR’ is related

to the coefficient of variation of M, F, and P as follows:

2
P -

o 2 2
v, = [V, e (I1.4)
The coefficient of variation of the load effects, VQ’ can be computed
from the nominal dead-to-live load ratio and the coefficient of vari-

ation of the dead and live loads. For a dead-to-live load ratio equal

to 1/5, VQ is equal to 0.21.
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The resistance factor can be obtained from the following equation

developed in Reference 10.

1.521M F P
o = mmm (I1.5)

?)

exp(B VR2+VQ
All statistiéal data and calculations for material factors, fabrication
factors, professional factors, coefficients of variation of resist-
ances, and resistance factors can be found in References 4 through 13.
In the LRFD criteria, the factored nominal resistance for design

is ¢Rn. For the purpose of comparison, the unfactored load combination
(Dn+Ln) or allowable load can be computed from the nominal resistance
Rn’ the resistance factor ¢, and a given Dn/Ln ratio as follows:

R 2 c(l.ZDn+l.6Ln)

¢Rn 2 c(l.ZDn/Ln+1.6)Ln

®R, 2 (1.2D /L +1.6)((D +L )/ (D, /L +1)]
Therefore,

c(D +L ) < n

Y (12D /L +1.6)/(e(D /L +1)) (-
n'"n

where c is the deterministic influence coefficient to transform the

load to load effect.

From Eq. (II.6), the factor of safety against the nominal resistance

used in the LRFD is:

_(F.S.)LRFD = (1.2Dn/Ln+1.6)/[¢(Dn/Ln+1)] (I1.7)
Equation (II.6) was used in this study to compare the AISI Specifica-

tion for allowable stress design and the Load and Resistance Factor

Design Specification. The results are Presented and discussed in

Chapters III through IX.

11



ITI. TENSION MEMBERS

A. ALLOWABLE STRESS DESIGN (ASD)

According to Section C2 of the AISI Specification', cold-formed
steel tension members should be designed to satisfy the following re-

quirement:

"For axially loaded tension members, the applied tensile force

shall not exceed Ta determined as follows:

Ta = Tn/Qt (III.1)
where
Tn = Strength of member when loaded in tension
= AnFy (III.2)
Qt = Factor of safety for tension
= 1.67
An = Net area of the cross section

A

F_ = Design yield stress.'

B. LOAD AND RESISTANCE FACTOR DESIGN (LRFD)

Based on Section C2 of the proposed LRFD Specification', the
following provisions are used for the design of cold-formed steel

tension members:

"For axially loaded tension members, the factored nominal tensile

strength, ¢Tn, shall be determined as follows:

¢ = 0.95
T =AF (III.3)
n ny
where

12



¢ = Resistance factor for tension

Tn = Nominal strength of member when loaded in tension
An = Net area of the cross section

Fy = Design yield stress.”

C. COMPARISON

For a comparison between the allowable stress design and the LRFD
approach, the unfactored load can be calculated by using the following

equation for both design methods:

Py = PDL+PLL (II1.4)
where
PT = total unfactored load applied to the member

Py axial tension due to the nominal dead load

PLL= axial tension due to the nominal live load
This total unfactored load should be less than or equal to the allowable
load. For allowable stress design, the allowable load is

(Pa)ASD = AnFy/Qt = AnFy/1.67 (111.5)
For LRFD, the allowable load can be calculated by using Eq. (II.6).

(Pa)LRFD = ¢Tn(D/L+1)/(1.2D/L+1.6) (1I11.6)
Because Tn = AnFy’ Eq. (III.6) can be rewritten as

(Pa)LRFD = ¢AnFy(D/L+1)/(1.2D/L+1.6) (I11.7)

13



Allowable Load Ratio, (Pa)LRFD/(Pa)ASD
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Figure 2. Allowable Load Ratio vs. D/L Ratio for Tension
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where D/L is the ratio of the nominal dead load to the nominal live
load. From Eq. (III.7) it is clear that the allowable load based on
LRFD is a function of not only cross-sectional area and yield strength
of the steel but also the dead-to-live load ratio. This will be true
for all structural members designed by LRFD method.

Therefore, based on Egs. (III.5) and (111.7), the allowable load

ratio for tension members is

(P) D/L+1
a’LRFD
= 1.67¢) e (I1I.8)
(Pa)ASD 1.2D/1+1.6

For the value of ¢ = 0.95

(P )LRFD D/L+1

(I11.9)
(P)ssp 1.2D/L+1.6

Figure 2 shows the allowable load ratio versus dead-to-live load
ratio. When D/L < 1/25, the allowable load determined by the LRFD method
is slightly less than that determined by the allowable stress design.

For D/L = 1/5, ASD is about 3.2% conservative compared to LRFD.

15



IV. FLEXURAL MEMBERS

A. GENERAL

Cold-formed steel flexural members have several possible modes
of failure. In the design of beams, consideration should first be given
to the section strength based on either initiation of yielding in the
effective section or the inelastic reserve capacity as applicable.
For beams with inadequate lateral bracing, lateral buckling may limit
the moment-resisting capacity. Beam webs have to be designed for shear
and combined bending and shear. Because of highly localized concen-
trations of stress resulting from applied concentrated loads or re-
actions, web crippling and combined bending and web crippling have to
be checked. Excessive deflection due to service live loaQ could also

be a problem.

B. STRENGTH FOR BENDING ONLY

1. Allowable Stress Design. Based on Section C3.1 of the AISI
Specification, the following provisions are used for the design of
cold-formed steel flexural members based on bending strength:

"In flexural members, the applied moment uncoupled from axial
load, shear, and local concentrated forces or reactions shall not ex-

ceed the allowable Ma calculated as follows:

Ma = Mn/Qf (IV.l).
where
Mn = Smaller of the nominal moment strength calculated according

to Sections C3.1.1 and C3.1.2

16



Qf = Factor of Safety for bending

= 1.67

€3.1.1 Nominal Section Strength

Section strength shall be calculated either on the basis of ini-
tiation of yielding in the effective section (Procedure I) or on the
basis of the inelastic reserve capacity (Procedure II) as applicable.
(a) Procedure I - Based on Initiation of Yielding

Effective yield moment based on section strength, Mn’ shall be

determined as follows:

n ey

where

rry
]

Design yield stress as determined in Sectiom A5.2.1

wm
"

e Elastic section modulus of the effective section calculated
with the extreme compression or tension fiber at F
(b) Procedure II - Based on Inelastic Reserve Capacity

The inelastic flexural reserve capacity may be used when the

following conditions are met:

(1) The member is not subject to twisting or to lateral,
torsional, or torsional-flexural buckling.

(2) The effect of cold forming is not included in determining
the yield point Fy'

(3) The ratio of the depth of the compressed pottion of the web

to its thickness does not exceed Al.

(4) The shear force does not exceed 0.35Fy times the web area,

h x t.

17



(5) The angle between any web and the vertical does not exceed
30 degrees.

The nominal moment strength, Mn, shall not exceed either

1.253er determined according to Procedure I or that causing

a maximum compression strain of Cyey (no limit is placed on the

maximum tensile strain).

where

o
i

Yield strain = Fy/E

=
I

Modulus of elasticity

(@]
]

Compression strain factor determined as follows:
(a) Stiffened compression elements without intermediate
stiffeners

C =3 for w/t < Al

(9]
it

3-2[(w/t-)\1)/()\2-)\1)] for A} <w/t <A,

(]
]

1 for w/t 2 A2

where

>
i

1 1.11/]Fy/E (1Iv.3)
Az 1.28//Fy/E (IV.4)

(b) Unstiffened compression elements

c_.=1
y N
(c) Multiple-stiffened compression elements and compression
elements with edge stiffeners
c_=1
y .
When applicable, effective design widths defined in Section B3.1

shall be used in calculating section properties. Mn shall be calculated

considering. equilibrium of stresses, assuming an ideally elastic-

18



plastic stress-strain curve which is the same in tension as 1in com=
pression, assuming small deformation and assuming that plane sections
remain plane during bending. Combined bending and web crippling shall

be checked by provisions of Section C3.5.

C3.1.2 Lateral Buckling Strength
For the laterally unbraced segments of doubly- or singly-symmetric
sections subjected to lateral buckling, Mn shall be determined as
follows:
M= SC(MC/Sf) (Iv.5)
where
Sf = Elastic section modulus of the full unreduced section for the
extreme cqmpréssion fiber
S = Elastic section modulus of the effective section calculated at
a stress MC/Sf in the extreme compression fiber
Mc = Critical moment calculated according to (a) or (b) below:
(a) For I- or Z-sections bent about the centroidal axis
perpendicular to the web (x-axis):
For M& 2 2.78MY

c v (1v.e6)
For 2.78M_> M > 0.56M
y e y

Mc = (10/9)My(l-10My/36Me) . (Iv.7)

For M < 0.56M
e y

c e (IV.8)

where

MY = Moment causing initial yield at the extreme compression

19



fiber of the full section
= Sny (IV.9)
M = Elastic critical moment determined either as defined in (b)
below or as follows:
= n’ECb(dch/If) for doubly-symmetric I-sections (IV.10)
= andech/(ZL’) for point-symmetric Z-sections (IV.11)
L = Unbraced length of the member
ch= Moment of inertia of the compression portion of a section
about the gravity axis of the entire section parallel to
the web, using the full unreduced section
Other terms are defined in (b) below.
(b) For singly-symmetric sections (x-axis is assumed to be the axis
of symmetry):
For M > 0.5M
e y
Mc = My(l-My/AMe) (Iv.12)
For M < 0.5M
e y
M =M (IV.13)
where

My is as defined in (a) above

Elastic critical moment

=
]

Me = CbroAloeyct for bending about the symmetry axis (x-axis
is the axis of symmetry oriented such that the shear
center has a negative x-coordinate).

Alternatively, Me can be calculated using the formula

for doubly-symmetric I-sections given in (a) above

(IV.14)
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ex

o
ey

]

1}

E =

CsAcex[j+Cslj2+rO2(Gt/cex)]/CTF

for bending centrodial axis perpendicular to the
symmetry axis (IV.15)

+ 1 for moment causing compression on the shear center
side of the centroid

- 1 for moment causing tension on the shear center

side of the centroid

mE/ (KL, / rx)’ (IV.16)
nZ*r:/(KyLy/ry)2 (IV.17)
1/(Ary") [GJ+n2ECW/(KtLt)2] (1IV.18)

Full cross-sectional area
Bending coefficient which can conservatively be taken
as unity, or calculated from

1.7S+1.05(M1/M2)+0.3(M1/M2)2 < 2.3

M, is the smaller and M2 the larger bending moment at
the ends of the unbraced length, taken about the strong
axis of the member, and where M,/M,, the ratié of end
moments, is positive when Ml and MZ have the same sign
(reverse curvature bending) and negative when they are
of opposite sign (single curvature bending). When the
bending moment at any point within an unbraced length
is larger than that at both ends of this length, and

for members subject to combined axial load and bending

moment (Section C5), Cb shall be taken as unity.

Modulus of elasticity

21



where

Depth of section

0.6-0.4(M, /M)

M1 is the smaller and M2

the ends of the unbraced length, and where MI/MZ’ the

the larger bending moment at

ratio of end moments, is positive when Ml and M2 have
the same sign (reverse curvature bending) and negative
when they are of opposite sign (single curvature
bending). When the bending moment at any point within
an unbraced length is larger than that at both ends
of this length, and for members subject to combined
axial load and bending moment (Section C5), CTF shall
be taken as unity.

Polar radius of gyration of the cross section about

the shear center

/rx’+ry’+x0’ (IV.19)

s ry = Radii of gyration of the cross section about the
centroidal principal axes

G = Shear modulus

s Kt = Effective length factors for bending about the x- and
y-axes, and for twisting

s Lt = Unbraced length of compression member for bending about
the x- and y-axes, and for twisting

Xg = Distance from the shear center to the centroid along
the principal x-axis, taken as negative

J = St. Venant torsion constant of the cross section

22
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It

Torsional warping constant of the cross section

.
]

1/(ZIy)(ij’dA+ijy2dA) -X, (Iv.20)"

2. LRFD Criteria. Based on Section C3.1 of the LRFD
Specification'®, for flexural members subjected only to bending moment,
the factored nominal bending strength, ¢Mn, shall be the smaller of
the values calculated according to nominal section strength and lateral
buckling strength.

For nominal section strength, the factored nominal bending
strength, ¢Mn, shall be determined with ¢ = 0.95 and 0.90 for sections
with stiffened compression flanges and unstiffened compression flanges,
respectively, and the nominal section strength, Mn’ calculated exactly
the same as that specified in Section C3.1.1 of the AISI Specification.

For lateral buckling strength, the factored nominal strength of
the laterally unbraced segments of doubly- or singly-symmetric sections
subjected to lateral buckling, ¢M_, shall be determined with ¢ = 0.90
and Mn calculated exactly the same as that specified in Section C3.1.2
of the AISI Specification.

3. Comparison. The unfactored moment can be calculated by using

Eq. (IV.21) for both methods (ASD and LRFD) for comparison.

M = Mp MM | (Iv.21)
where
MTL = total unfactored moment

MDL moment due to the nominal dead load

MLL = moment due to the nominal live load

For allowable stress design, the allowable moment is determined

from either nominal section strength or lateral buckling strength with
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a factor of safety of 1.67. Therefore, the allowable moment for beams
is

(Ma)ASD = Mn/Qf = Mn/1.67 (Iv.22)

For LRFD, the allowable moment can be computed by using the fol-
lowing equation developed from Eq. (II.6).

(Ma)LRFD = ¢Mn(D/L+1)/(1.2D/L+1.6) (Iv.23)

The ratio of the allowable moments for both nominal section

strength and lateral buckling strength is

M) D/L+1
_ALRFD _ 67— (IV.24)
(M) asp 1.2D/L+1.6

For nominal section strength of sections with stiffened compression

flanges, ¢ = 0.95

(M) D/L+1
__a'LRFD _ | 54 (IV.25)
(Ma)ASD 1.2D/L+1.6

Figure 3 shows the allowable moment ratio versus dead-to-live load
ratio for beams with stiffened compression flanges based on the nominal
section strength. For D/L = 1/25 both design methods will give the same
value of allowable moment. However, LRFD will be conservative for D/L
< 1/25 and unconservative for D/L > 1/25 as compared with the allowable
stress design method.

For nominal section strength of sections with unstiffened compression

flanges and lateral buckling strength, ¢ = 0.90

M) D/L+1 4
_8LRFD _ ) 50 e (1V.26)
(M), sp 1.2D/L+1.6

Figure 4 shows the allowable moment rétio versus dead-to-live load

ratio for this case. Both design methods will give the same value for

24



D/L = 1/3. For D/L = 0.5, the allowable moment based on LRFD is about
2.3% larger than the value obtained from allowable stress design. When
the dead-to-live load ratio for cold-formed steel is less than 1/3,
the LRFD criteria are found to be conservative for nominal section
strength of sections with unstiffened compression flanges and lateral

buckling as compared with the allowable stress design method.

C. STRENGTH FOR SHEAR ONLY

There are three possible modes of shear failure in beam webs. For
a relatively small h/t ratio, shear yielding will be the failure mode.
For webs with large h/t ratios, the webs will fail in elastic shear
buckling. For moderate values of h/t, the shear buckling will be in
the inelastic range.

1. Allowable Stress Design. The shear force at any secgibn shall

not exceed the allowable shear, Va’ specified in Section C3.2 of the

AISI Specification as follows:
(a) For h/t < 1.38/Ekv/Fy
_ 2
Va = (.38t /kayE < 0.4Fyht 4 (Iv.27)
(b) For h/t > 1.38/Ekv/Fy

V, = 0.53Ek t/h (IV.28)
where |
t = Web thickness
h = Depth of the flat portion of the web measured along the plane
‘ of the web
k =

v Shear buckling coefficient determined as follows:
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Allowable Moment Ratio, (Ma)LRFD/(Ma)ASD

| Eq. (IV.25)
!
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' Dead-To-Live Load Ratio, D/L
Figure 3. Allowable Moment Ratio vs. D/L Ratio for Bending Strength

of Beams With Stiffened Compression Flanges
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Allowable Moment Ratio, (Ma)LRFD/(Ma)ASD

1.t0-ﬁ
1
1
1.0S -
Eq. (IV.26)
]
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Figure 4.

Allowable Moment Ratio vs. D/L Ratio for Section Strength

of Beams With Unstiffened Compression Flanges and Lateral
Buckling of Beams
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1. For unreinforced webs, kV = 5.34
2. For beam webs with transverse stiffeners satisfying the
requirements of Section Bé
when a/h < 1.0
k_ = 4.00+5.34/(a/h)> (Iv.29)
when a/h > 1.0

k_ = 5.34+4.00/(a/h)> (IV.30)

the shear panel length for unreinforced web element

[
I

distance between transverse stiffeners for web elements.
For a web consisting of two or more sheets, each sheet shall be
considered as a seperate element carrying its share of the shear force.
2. LRFD Criteria. According to Seétion C3.2 of the LRFD Spec-
ification, the factored nominal shear strength, ¢vvn’ at any section

shall be calculated as follows:

(a) For h/t < /Ekv/Fy

¢, = 1.0

V, = 0.577F ht (IV.31)
(b) For‘[fE;7f; < h/t < 1.415/?137?;

¢, = 0.90

v = 0.64t2jE;?§§r | (IV.32)
(¢) For h/t > 1.415/EE;7f;

v, = 0.90

v, = 0.905Ekvt3/h ' (1Iv.33)
where

¢v = Resistance factor for shear
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Vn = Nominal shear strength of the beam
3. Comparison. The unfactored shear force can be calculated for

both ASD and LRFD methods: by using the following equation.

= 1V.34)
VT VDL+VLL (
where

VT = total unfactored shear forée

\Y) =

DL shear force due to the nominal dead load

VLL = shear force due to the nominal live load
This total unfactored shear force should be less than or equal to the
allowable shear capacity. For allowable stress design, the allowable
shear load for beam webs is

(V)asp = v /@ (IV.35)
For LRFD, the allowable shear load equation was developed from Eq.
(I1.6) and is

(V) 1gpp = PyVq(D/L+1)/(1.2D/L+1.6) (IV.36)

The allowable shear force, Va’ for allowable stress design is

determined from shear yielding with a factor of safety of 1.44, from
the critical stress for elastic shear buckling with a factor of safety
of 1.71, and from the critical stress for inelastic shear buckling with
a factor of safety of 1.67. The limits of the h/t ratio were obtained

by equating the formulas for the three shear failure modes for both

allowable stress and LRFD criteria. Because each failure mode has a

and less than 1.415[Ekv/Fy, inelastic shear buckling will govern for
LRFD.
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Allowable Shear Ratio, (Va)LRFD/(Va)ASD
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Figure 5. Allowable Shear Ratio vs. D/L Ratio for Shear

Strength of Beams
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Allowable Shear Ratio, (Va)LRFD/(va)ASD

Figure 6. Allowable Shear Ratio vs. h/t Ratio for Shear
Strength of Beams
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The allowable shear ratios are:

For h/t < /Ekv/Fy and ¢V = 1.

(V) D/L+1
__8 LRFD _ 1.443¢
(Va)ASD 1.2D/1+1.6

0,

For /Ekv/Fy < h/t < 1.38/Ekv/Fy and ¢v = 0.90

(V) D/L+1
_ALRFD _ ) 6740
(va)ASD 1.2D/L+1.6

For h/t > 1.415/Ekv/Fy and ¢v

(v) D/L+1
2 IRED 17120, |
(V) asp 1.2D/1+1.6

Figure 5 shows the allowable
ratio for the three failure modes

determined according to LRFD may

obtained from allowable stress design. For D/L < 0.17, LRFD is gener-

ally conservative. When D/L > 0.65,

allowable shear capacity.

In Figure 6, the relationships of allowable shear ratio and h/t
ratio are shown graphically for dead-to-live load ratios equal to 1/5,

1/3, and 1/2. The transition zones between h/t limits can be seen

clearly in this figure.

D.

D/L+1
= 1.443 (IV.37)
1.2D/L+1.6
D/L+1
= 1.507 (IV.38)
1.2D/L+1.6
= 0.90
D/L+1
= 1.541 (Iv.39)
1.2D/L+1.6

shear ratio versus dead-to-live load
. For D/L = 0.5, the allowable shear

be up to 5% higher than the value

STRENGTH FOR_COMBINED BENDING AND SHEAR

32
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For continuous beams and cantilevers, maximum bending stress and
shear stress act simultaneously at supports. The beams will fail at a
lower stress than if only one stress were present. The interaction
between bending and shear must be checked.

1. Allowable Stress Design. For beams subjected to both bending
and shear, the following equations should be satisfied in accordance
with Section C3.3 of the AISI Specification.

For beams with unreinforced webs, the moment, M, and shear, V,
shall satisfy the following interaction equation: )

oM )2V % < 1.0 (IV.40)

For beams with transverse web stiffeners, the moment, M, and
shear, V, shall not exceed Ma and Va respectively. When M/Ma > 0.5 and
V/Va > 0.7, then M and V shall satisfy the following interaction
equation:

0.6(M/Ma)+(V/Va) < 1.3 (IV.41)

In the above equations:

Ma = Allowable moment determined according to Section C3.1.1
when bending alone exists excluding lateral buckling
Va = Allowable shear force when shear alone exists

2. LRFD Criteria. Section C3.3 of the LRFD Specification spec-

ifies that for beams with unreinforced webs, the bending moment, M
3 D,

and the shear force, VD’ computed on the basis of the factored loads

shall satisfy the following intefaction equation:
2 2
(Mp/SM ) +(Vp /0 V)¢ s 1.0 (17, 42)

For beams with transverse web stiffeners, the bending moment
3

Mp, and the shear force, Vp» computed on the basis of the factored loads

33



shall not exceed ¢Mn and ¢vvn’ respectively. When MD/(¢Mn) > 0.5 and
VD/(¢VVn) > 0.7, then MD and VD shall satisfy the following interaction
equation:

0.6(My/OM )+(Vp/d V) S 1.3 (IV.43)

In the above equations:

¢ = Resistance factor for bending

¢v = Resistance factor for shear

Mn = Nominal ultimate bending moment determined according to
Section C3.1.1 when bending alone exists

Vn = Nominal ultimate shear strength when shear alone exists

3. (Comparison. A typical design example was selected for com-
parison purposes. The example deals with a three-equal-span continuous
beam subjected to a uniforhly’ distributed dead and 1live load. The

combination of the following maximum moment and shear would occur at

the interior supports.

Mpp, = Moy = el (1V.44)

Vp = VotV = vl (1IV.45)
where ch and c, are the deterministic influence coefficients for ap-
plied moment and shear based on support conditions and number of spans
and Wop is the unfactored applied uniform load.

The allowable load based on allowable stress design was calculated

as follows:

2
1.667¢c w
= P = a*7" , (IV.46)

0.6M Ju!
n

M
M
a

n
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For h/t < 1.38/Ekv/Fy,

Ve

vV /1.674 v
n

1.674c wTL
= v (IV.47)

v
Va n

By substituting Eqs. (IV.46) and (IV.47) into Eq. (IV.40),

2 2 2,2 2

M \) 1.667¢ L 1.674¢c_ L
2 m v -
(2 o) - ).
Ma Va Mn Vn
Therefore,
1
(W) = (1V.48)
T7ASD 1.667c LY° [1.674c_\?
L L v
M v
n n
For h/t > 1.415]Ekv/Fy,
\') _ VT _ 1.712cvaL
- = = (1Iv.49)
Va Vn/1'712 Vn
By substituting Eqs. (IV.46) and (IV.49) into Eq. (IV.40),
M2 g v2 J[[1-667¢ 13\*  (1.712¢ 1)
- m ! \'4
Ma Va Mn Vn
Therefore,
1 .
(wp)psp = 5 = (IV.50)
L v

M

n \

1.667¢ L) 1.712¢
ju]
+
n
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The allowable uniform load based on LRFD was calculated as fol-

lows:
2
M 1.2D/1L+1.6 1.2D/1+1.6 (¢ _w. L™ 5
D _ [MTLJ= [ o' T J (1V.51)
¢Mn D/L+1 ¢Mn D/L+1 ¢Mn
\Y 1.2D/1+1.6 V 1.2D/1+1.6 rc_w.L
D _ [ T ]: [ vT ] (IV.52)
¢vvn D/L+1 ¢vvn D/L+1 ¢vvn
By substituting Egqs. (IV.51) and (IV.52) into Eq. (IV.42),
M 2 v 2 1.2D/L+1.6 2 c L2 2 c L 2
D D 2 m v
— + = wT + = 1
¢Mn q>vvn D/L+1 cpMn q>vvn/
Therefore,
D/L+1 1
(W) = (IV.53)
T'LRFD 4 op/1+1.6 c LY , 2
L (._ .
¢Mn ¢vvn

For the design example used in this comparison, the coefficients,
n and ¢, are equal to 0.10 and 0.60, respectively. Therefore, by using
® = 0.95 and 0.90 for sections with stiffened compression flanges and
unstiffened compression flanges, respectively, for nominal section

strength and ¢V = 0.90, the allowable uniform load ratios are as fol-

lows:
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For h/t < 1.38,/Ekv/Fy,

2
D/L+1 2.803+0.07716(V_L/M ) ‘
(wpdpgep _ Y/ o (1V.54)
.235+0.02778(V_L/ oM
(W) asp 1.2D/L+1.6 ] 1.235+0.02778(V /O n)
For h/t > 1.415 /Ekv/Fy,
2
(W) [RFD _ D/L+1 2.929+0.07716(VnL/Mn) (17.55)
- 2
) .235+0.02778(V_L/$M
(w1) asp 1.2D/L+1.6J 1.235+0.02778(V_L/¢ 2

Equations (IV.54) and (IV.55) can be expressed in the following form:

(wp)pgpp _  D/LH

(Kw) (1V.56)

(WT)ASD 1.2D/L+1.6

where Kw is a variable determined from section properties, material
strength, and span length for a particular design example.

For combined bending and shear, the allowable load ratio can be
determined by using Eq. (IV.56) as given above. It "is not only a
function of dead-to-live load ratio but is also a function of h/t,
sectional geometry, and material strength. Because of the complexity
involved in the comparison, several individual beam sections of dif-
ferent depths and thicknesses were studied.

Figure 7 shows the allowable load ratio versus dead-to-live load
ratio for 5 in. x 2 in. standard channel sections with stiffened flanges
which are listed in Table 1 of Part V of the AISI Design Manual®.
Different curves represent the relationships for different thickﬁesses
by using the same span length and material. Table IV.1l shows the sec-

tional properties and calculated values used to gbtain the curves which
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indicate that thinner members result in slightly lower values for the
allowable load ratio except t = 0.048 in. which is governed by Egq.
(IV.55) because of the higher h/t ratio.

In Figure 8, the span length was varied for a 5 in. x 2 in. x 0.105

in. channel with stiffened flanges for D/L = 1/5 and Fy 33 to 50
ksi. Span lengths and calculated values used to obtain the curves are
included in Table IV.2. It can be seen that the material strength has
little effect on the allowable uniform load ratio. This figure also
shows that for the channel section used in this comparison, the al-
lowable load permitted by LRFD is larger than that determined by ASD
for span length larger than 20 in.

Figure 9 shows the allowable uniform load ratio versus h/t ratio
for the 5 in. - deep channels used in Figure 7 and Table IV.1l for a
dead-to-live load ratio of 1/5 and a span length of 5 ft. Table 1IV.3
shows the calculated values for Fy = SO.ksi. For Fy = 33 and 50 ksi,
this figure shows that the smallest allowable load ratio occurs at h/t
= 75.

Figure 10 §hows the relationship of allowable load ratio and
dead-to-live load ratio for channels with stiffened flanges. Sectional
properties and other related data are included in Table IV.4. Deeper

sections with larger h/t ratios give smaller values of the allowable

load ratio as indicated in Figure 10.
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Table IV.1
Channels With Stiffened Flanges, 5 in. Depths - Case A.

Section

h/t

\’

M

o)y

(Kips) (K-3n.)  (K-in.) w
5x2x0.135  32.26 26.594 61.803  58.712 1.5790
0.105  42.05 16.088 49.625 47. 164 1.5761
0.075  62.17 8.208 36.917 35.071 1.5694
0.060  78.21 5.253 28.555 27.127 1.5646
0.048  98.26 3.343 21.795 20.705 1.5695

L = 60 in.

* F_ = 33 'ksi,
y

Channels with unstiffened flanges were also

shows the allowable load ratio versus dead-to-live load ratio for 6
in. x 1.5 in.
are listed in Table 2 of Part V of the AISI Design Manual.

curves represent the relationships for different thicknesses by using

the same span length and material.

properties and calculated values used to obtain the curves which in-

dicate that thinner members result in slightly higher values for the

allowable load ratio.
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Allowable Load Ratio, (wT)LRFD/(wT)ASD

1.18

e

5" x 2" x t Channels With

Stiffened Flanges

F_= 33 ksi
ﬂ y
] L = 60 in.
Eq. (IV.56)
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Dead-To-Live Load Ratio, D/L

Figure 7. Allowable Load Ratio vs. D/L Ratio for Combined
Bending and Shear in Beams - Case A
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Table IV.2

5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges
for Various Lengths and Yield Points

(kZY) (ii.) (Kigs) (K-1n.) (K?fg.> S
33 0 16.088 49.625 47. 144 .5065
25 16.088 49.625 47. 144 .5546

50 16.088 49.625 47 . 144 .5733

75 16.088 49.625 47. 144 .5785

100 16.088 49.625 47. 144 .5805

50 0 19.803 75.190 71.430 .5065
25 19.803 75.190 71.430 .5469

50 19.803 75.190 71.430 .5691

75 19.803 75.190 71.430 .5763

100 19.803 75.190 71.430 .5792
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Allowable Load Ratio, (WT)LRFD/(WT)ASD

1.04 -

5" x 2" x 0.105" Channel

With Stiffened Flanges
D/L = 1/5

Eq. (IV.56)
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Figure 8. Allowable Load Ratio vs. Span Length - Case A
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Table IV.3

43

5 in. x 2 in. Channels With Stiffened Flanges for Fy = 50 ksi
Section h/t v M ¢Mn Kw
(KiPs) (K-In.)  (K-in.)
5x2x0.135 32.26 32.735 93.640 88.958 1.5770
.105 42.05 19.803 75.190 71.430 1.5729
.075 62.17 10.103 54.626 51.895 1.5648
.060 78.21 6.466 39.016 37.066 1.5615
.048 98.26 3.343 30.687 29.153 1.5625
* L, = 60 in.
Table IV.4
Channels With Stiffened Flanges - Case B.
Section h/t v M oM K
(KiPs) (K-3n.)  (K-id.) v
9x3.25x0.105 80.14 16.088 152.534 144.907 1.5453
7x2.75x0.105 61.10 16.088 99.487 94.512 1.5607
5x2x0.105 42.05 16.088 49.625 47.144 1.5761
3.5x2x0. 105 27.76 16.088 30.531 .29.005 1.5804
* Fy = 33 ksi, L = 60 in.



Allowable Load Ratio, (wT)LRFD/(wT)ASD
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Figure 9. Allowable Load Ratio vs. h/t Ratio for Combined
Bending and Shear in Beams - Case A
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Allowable Load Ratio, (wT)LRFD/(wT)ASD
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Figure 10. Allowable Load Ratio vs. D/L Ratio for Combined

Bending and Shear in Beams - Case B
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In Figure 12, the span length was varied for a 6 in. x 1.5 in. x
0.105 in. channel with unstiffened flanges for D/L = 1/5 and Fy = 33
to 50 ksi. It can be seen that the material strength has small effect
on the allowable load ratio. This figure also shows that for the channel
section used in this comparison, the allowable load permitted by LRFD
is about 2% less than that determined by ASD for various span lengths.

Figure 13 shows the allowable load ratio versus h/t ratio for the
6 in.-deep channels used in Figure 11 and Table IV.5 for a dead-to-live
load ratio of 1/5 and a span length of 5 ft for Fy = 33 and 50 ksi.
This figure shows that higher h/t ratios give slightly larger values

of allowable load ratio.

Table IV.5
Channels With Unstiffened Flanges, 6 in. Depths

Section h/t \Y M oM K
(Kips) (K-3n.) (K-ifr.) w
6x1.5x0.135  39.67 26.594 58.667 52.800 1.5002
0.105 51.57 16.088 46.637 41.973 1.5004
0.075 75.50 8.208 31.788 28.609 1.5008
0.060 94.88 5.253 24.129 21.716 1.5011
0.048 119.09 2.758 18.314 . 16.483 1.5123

* F_ = 33 ksi, L = 60 in.
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Allowable Load Ratio, (WT)LRFD/(WT)ASD
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Figure 11.

Allowable Load Ratio vs. D/L Ratio for Combined
Bending and Shear in Beams - Case C
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Table IV.6
6 in. x 1.5 in. x 0.105 in. Channels With Unstiffened Flanges
for Various Lengths and Yield Points

F L M oyl K
(ks¥) (in.) (Kips) (K-3n.)  (K-ifi.) W
33 0 16.088 46.637 41.973 .5065
25 16.088 46.637 41.973 .5021
50 16.088 46.637 41.973 .5006
75 16.088 46.637 41.973 .5003
100 16.088 46.637 41.973 .5001
50 0 19.803 68.840 61.956 .5065
25 19.803 68.840 61.956 .5026
50 19.803 68.840 61.956 .5009
75 19.803 68.840 61.956 .5004
100 19.803 68.840 61.956 .5002

Table IV.7
6 in. x 1.5 in. Channels With Unstiffened Flanges, for Fy 50 ksi

Section h/t M oM K
(Kips) (K-In.)  (K-if.) v
6x1.5x0.135 39.67 32.735 88.890 80.001 .5004
0.105 51.57 19.803 68.840 61.956 .5006
0.075° 75.50 10.103 45.584 41.026 .5011
0.060 94.88 5.410 34.647 31.183 .5117
0.048 119.09 2.758 26.283 23.655 .5191

* L = 60 in.
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Allowable Load Ratio, (WT)LRFD/(WT)ASD
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Figure 12. Allowable Load Ratio vs. Span Length - Case C
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Allowable Load Ratio, (wT)LRFD/(wT)ASD
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Bending and Shear in Beams - Case C
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For hat sections, one web was assumed to carry one-half of the
load and, therefore, only half-sectional properties were used. Dimen-
sions and sectional properties of numerous hat sections are given in
Table 9 of Part V of the AISI Design Manual and Table IV.8 lists sec-
tional properties and calculated member strengths used in this com-
parison. Figure 14 shows the relationships between allowable uniform
load ratio and dead-to-live load ratio for three hat sections with a
yield point of 33 ksi and a span length of 5 ft. All 4 in. deep hat
sections resulted in the same curve regardless of h/t ratio. Hat
sections with larger depths or larger h/t ratios resulted in smaller
values of allowable load ratio.

I-sections made of two channels back-to-back wou;d result in the
same comparison and conclusions as the single channel sections.

From Figures 7 through 14, it can be seen that for dead-to-live
load ratios less than about 1/10, the LRFD criteria for combined
bending and shear are usually conservative compared with the allowable
stress design method. For D/L = 0.5, the differences range from 2.7%
to 7.8%. For large D/L ratios; ASD method is always conservative than
LRFD. Yield point of steel has little effect on the allowable load
ratio. The lower the yield point, the larger the difference. Span
length has little effect on the allowable uniform load ratio as shown
in Figs. 8 and 12. For channels and I-sections, smaller h/t rati&s
" result in a slightly larger difference between allowable uniform loads
obtained from these two design methods. For hat sections, smaller

depths result in a larger difference between the allowable loads.
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Table IV.8
Hat Sections (Positive Bending)

Section h/t Yn Mn ¢¥n Kw
(Kips) (K-in.) (K-in.)

4x2x0.075 48.83 8.208 15.086 14.331 1.5805
4x4x0. 105 32.52 16.088 29.374 27.906 1.5806
4x4x0.075 48.83 8.208 17.237 16.375 1.5798
4x6x0.135 24.85 26.594 43.978 41.779 1.5810
4x6x0.105 32.52 16.088 30.756 29.218 1.5803
6x9x0. 105 51.57 16.088 55.454 52.681 1.5745
10x5x0.075 128.83 6.225 72.671 69.037 1.5573

* FY = 33 ksi, L = 60 in.

E. WEB CRIPPLING STRENGTH

Beam webs should be checked for web crippling at locations of high
intensity loads. This would occur under concentrated loads or support
reactions.

1. Allowable Stress Design. To avoid crippling of unreinforced
flat webs of flexural members having a flat width ratio, h/t, equal
to or less than 200, concentrated loads and rgactions shall not exceed
the value of Pa given in Table IV.9 according to Section C3.4 of the
AISI Specificatioﬁ. Webs of flexural members for which h/t is greater
than 200 shall be provided with adequate means of transmitting con-

centrated loads and/or reactions directly into the webs.
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Allowable Load Ratio, (wT)LRFD/(wT)ASD

1.05 4

6" x 9" x 0.105"

Standard Hat Sections

F_ = 33 ksi
y
L = 60 in.
Eq. (IV.56)
0.95 4
AT e M A o e MRERE N0 o o o T
0.0 0.2 0.4 0.8 0.8 1.0
Dead~-To-Live Load Ratio, D/L
Figure 14. Allowable Load Ratio vs. D/L Ratio for Combined

Bending and Shear in Beams - Case D
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The formulas in Table IV.9 apply to beams when R/t<6 and to deck

when R/t<7, N/t<210 and N/h<3.5.

Table IV.9
Allowable Load for Web Crippling, Pa
Shapes Having Shapes Having
Single Webs Multiple Webs(l)
Stiffened | Unstiffened | Stiffened and Un-
Flanges Flanges stiffened Flanges
End
Opposing Reaction(3) Eq. IV.57 Eq. IV.58 Eq. IV.59
Loads
Spaced
>1.Sh(2) Interior
Reaction(h) Eq. IV.60 | Eq. IV.60 Eq. IV.61
End
Opposing Reaction(3) Eq. IV.62 | Eq. IV.62 Eq. IV.63
Loads
Spaced
sl.Sh(S) Interior
Reaction(a) Eq. IV.64 | Eq. IV.64 Eq. IV.65

Footnotes and Equation References to Table IV.9:

(1) I-sections made of two channels connected back to back or similar
sections which provide a high degree of restraint against rotation
of the web (such as I-sections made by welding two angles to a
channel). |

(2) At 1ocatioﬁs of one concentrated load or reaction acting either on
the top or bottom flange, when the clear distance between the

bearing edges of this and adjacent opposite concentrated loads or
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reactions is greater than 1.5h.

(3) For end reactions of beams or concentrated loads on the end of
cantilevers when the distance from the edge of the bearing to the
end of the beam is less than 1.5h.

(4) For reactions and concentrated loads when the distance from the
edge of bearing to the end of the beam is equal to or greater than
1.5h.

(5) At locations of two opposite concentrated loads or of a concentra-
ted load and an opposite reaction acting simultaneously on the top
and bottom flanges, when the clear distance between their adjacent
bearing edges is equal to or less than 1.5h.

Equations for Table IV.9:

2

t kC304C8[179-0.33(h/t)][1+0.01(N/t)] (IVl57)

tzkc3cace[117-o.15(h/t)][1+o.01(N/t)] (1V.58)

When N/t > 60, the factor [1+0.01(N/t)] may be increased to

0.714+0.015(N/t))

, X
t FyC6(5.O+O.63JN/t) (IV.59)
tzkclczcetzsl-o.ao(h/t)][1+o.oo7(N/t)] (1Iv.60)

When N/t > 60, the factor [1+0.007(N/t)] may be increased to

(0.75+0.011(N/t))

tzpycs(o.sa+o.12m)(7.50+1.63fﬁ7¥) (1V.61)
t2Kk€,C, Cg (132-0. 31(h/)) (1+0. 01(N/t)) (1V.62)
tZchS(o.64+0.31m)(5.0+0.63jﬁ7?) (1V.63)
tzkclczce[417-1.22(h/t)][1+0.0013(N/t)] (IV. 64)
tzpyc7(o.sz+o.15m)(7.so+1.63jﬁ72) (1IV.65)

In the above referenced formulas,
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P_ = Allowable concentrated load or reaction per web, kips

a
C1 = (1.22-0.22k) (Iv.66)
C2 = (1.06-0.06R/t)<1.0 (Iv.67)
C3 = (1.33-0.33k) (Iv.68)
C4 = (1.15-0.15R/t)<1.0 but not less than 0.50 (Iv.69)
C5 = (1.49-0.53k)20.6 (Iv.70)
C6 = 1+(h/t)/750, when h/t<150 (IV.71)

= 1.20, when h/t>150 (IV.72)
C7 = 1/k, when h/t<66.5 (IV.73)
= [1.10-(h/t)/665]/k, when h/t>66.5 (IvV.74)
Cg = [0.98-(h/t)/865]/k (IV.75)
Cg = 0.7+0.3(6/90)° (IV.76)
Fy = Design yield stress of the web, ksi
h = Depth of the flat portion of the web measured along the plane
of the web
k = Fy/33 (IV.77)
m = t/0.075 (Iv.78)

t = Web thickness, inches

N = Actual length of bearing, inches. For the case of two equal
and opposite concentrated loads distributed over unequal
bearing lengths, the smaller value of N shall be taken

R = Inside bend radius

6 = Aﬁgle between the plane of the web and the plane of the
bearing surface 2 450, but not more ehan 90°

2. LRFD Criteria. Section C3.4 of the LRFD Specification spec-

ifies that to avoid crippling of unreinforced flat webs of flexural

56



members having a flat width ratio, h/t, equal to or less than 200,
concentrated loads and reactions determined according to the factored
design loads shall not exceed the values of ¢an, with ¢w = 0.75 and
0.80 for single unreinforced webs and I-sections, respectively, and
Pn given in Table C3.4-1 of the LRFD Specification which is obtained
from the above listed equations by using a factor of safety of 1.85
for single unreinforced webs and 2.0 for multiple webs. For webs of
flexural members for which h/t is greater than 200 shall be provided
with adequate means of transmitting concentrated loads and/or reactions
directly into the webs.

3. Comparison. The unfactored concentrated load or reaction can
be calculated for both methods by using Eq. (IV.79):

P. =P . +P

T DL L (IV.79)

)
]

T total unfactored load

PDL = nominal dead load

o
i

LL nominal live load
The total unfactored load should be less than or equal to the allowable
load based on web crippling. For allowable stress design, the allowable

load is P_. For LRFD, the allowable load is computed from Eq. (II.6)

and is as follows:

(Pa)LRFD = ¢an(D/L+1)/(1.ZD/L+1.6) : (1v.80)
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Allowable Load Ratio, (Pa)LRFD/(Pa)ASD

1.10 - Lo
4 " Eq. (IV.82)
1.05 4
1
w s
1 Cd
{ ',"
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1.00 1
]
]
0.95 -

Eq. (IV.81)

1
0.85{ .
0.0 0.2 0.4 0.6 0.8 1.0
Dead-To-Live Load Ratio, D/L
Figure 15. Allowable Load Ratio vs. D/L Ratio for Web

Crippling
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For shapes with single webs, the allowable load is derived from
the ultimate value with a factor of safety of 1.85. For I-sections Or
similar shapes, the allowable load is derived from the ultimate web
crippling load using a factor of safety of 2.0. Therefore, the allow-
able load ratio are as follows:

For shapes with single webs and ¢w = 0.75,
D/L+1 D/L+1

_a Y - 1.85¢  e——— = 1.39 ——— (Iv.81)
(Pa)ASD > 1.2D/L+1.6 1.2D/L+1.6

For I-sections or similar shapes and ¢w = 0.80,

(P&)LRFD D/L+1 D/L+1
——— = 2.000 = 1.60 (1V.82)
(P )asp 1.2D/L+1.6 1.2D/L+1.6

Figure 15 shows the allowable load ratio versus dead-to-live load ratio
for both types of beams based on the comparison of web crippling loads.

For single web beams, LRFD is always conservative as compared with
ASD approach for D/L < 1.11. For I-sections, the ASD approach is always
conservative than LRFD. For D/L = 0.5, the allowable load permitted

by the allowable stress design method for I-sections is about 9% lower

than that permitted by the LRFD criteria.

F. COMBINED BENDING AND WEB CRIPPLING STRENGTH. The interaction be-
tween bending and web crippling is similar to that of combined bending
and shear and exists when a large berdding moment is applied élose to

co
ncentrated loads or support reactions. The web crippling capacity
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may be reduced according to the following interaction equations pro-
vided in the specificationms.

1. Allowable Stress Design. According to Section C3.5 of the
AISI Specification, unreinforced flat webs of shapes subjected to a
combination of bending and concentrated load or reaction shall be de-
signed to meet the following requirements:
(a) For shapes having single unreinforced webs:

1.2(P/Pa)+(M/Ma) < 1.5 (1Iv.83)

Exception: At the interior supports of continuous spans, the above
formula is not applicable to deck or beams with two or more single webs,
provided the compression edges of adjacent webs are laterally supported
in the negative moment region by continuous or intermittently connected
flange elements, rigid cladding, or lateral bracing, and the spacing
between adjacent webs does not exceed 10 inches.
(b) For shapes having multiple unreinforced webs such as I-sections
made of two channels connected back-to-back, or similar sections which
provide a high degree of restraint against rotation of the web (such

as I-sections made by welding two angles to a channel);

l'l(P/Pa)+(M/Ma) < 1.5 (IV.84)

Exception: When h/t = 2.33//(Fy/E) and A £ 0.673, the allowable

concentrated load or reaction may be determined by Section C3.4 of the

AISI Specification.

In the above formulas,

Concentrated load or reaction in the presence of bending

]

P

moment

Allowable concentrated load or reaction in the absence of

o
i
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bending moment determined in accordance with Section C3.4
of the AISI Specification
M = Applied bending moment at, or immediately adjacent to, the
point of application of the concentrated load or reaction
M = Allowable bending moment determined according to Section
C3.1.1 if bending alone exists excluding lateral buckling
w = Flat width of the beam flange which contacts the bearing
plate
t = Thickness of the web or flange
A = Slenderness factor
2. LRFD Criteria. Section C3.5 of the LRFD Specification spec~
ifies that unreinforced flat webs of shapes subjected to a combination
of bending and concentrated load or reaction shall be designed to meet
the following requirements:
(a) For shapes having single unreinforced webs:
1.07(Pp/d P )+(Mp/oM ) < 1.42 (IV.85)
Exception: At the interior supports of continuous spans, the above
formula is not applicable to deck or beams with two or more single webs,
provided the compression edges of adjacent webs are laterally supported
in the negative moment region by continuous or intermittently connected
flange elements, rigid cladding, or lateral bracing, and the spacing
between adjacent webs does not exceed 10 inches.
(b) For shapes having multiple unreinforced webs such as I-sections
made of two channels connected back-to-back, or similar sections which
provide a high degree of restraint against rotation of the web (such

as I-sections made by welding two angles to a channel);
b
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0.82(PD/¢an)+(MD/¢Mn) < 1.32 (IV.86)

Exception: When h/t < 2.33//(Fy/E) and A £ 0.673, the nominal

ultimate concentrated load or reaction may be determined by Section

C3.4 of the LRFD Specification.

In the

above formulas,

= Resistance factor for bending

= Resistance factor for web crippling

= Concentrated load or reaction computed on the basis of
factored loads in the presence of bending moment.

= Nominal ultimate concentrated load or reaction in the absence
of bending moment determined in accordance with Section C3.4
of the LRFD Specification.

= Applied bending moment at, or immediately adjagent'to, the
point of application of the concentrated load or reaction Phs
cémputed on the basis of factored loads

= Nominal ultimate bending moment determined according to
Section C3.1.1 of the LRFD Specification if bending alone

exists

Flat width of the beam flange which contacts the bearing plate
= Thickness of the web or flange

Slenderness factor

u
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3. Comparison. A simply supported beam with a concentrated load
at midspan was selected as a typical design example. This example has
a maximum moment obeL/A at midspan, under the concentrated load. The
allowable loads, PT’ were calculated for both design methods. Since
each design procedure utilizes separate design variable, the allowable
loads were determined using nominal resistances.

The allowable load based on allowable stress design was calculated

as follows:

M MTL PTL/4 0.4167PTL
-_—= = = (Iv.87)
M

a

0.6Mn O.6Mn M

n

For beams with single webs,

P ~ PT _ 1.85PT
.;. = = (1v.88)
a Pn/1.85 Pn
By substituting Eqs. (IV.87) and (IV.88) into Eq. (1v.83),
P M 2.22P 0.4167P
1.2 0— + === I + L = 1.5
Pa Ma Pn Mn
Therefore,
3.6Pn
(Pplagp = (IV.89)

5.328 + (P_L/M )
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For I-sections,

T
(IvV.90)

P
Pa Pn/2.00 Pn

By substituting Eqs. (IV.87) and (IV.90) into Eq. (IV.84),

P M 2.20PT 0.4167PTL

ll=— +— = + = 1.5
Pa Ma Pn Mn
Therefore,
3.6Pn
(Ppdasp = (IV.91)

5.280 + (PnL/Mn)

The allowable load based on LRFD criteria was calculated as fol-

lows:
M 1.2D/1L+1.6 7 1.2D/L+1.6 [P, L/4
R [MTL1= { T ] (IV.92)
oM D/L+1 oM D/L+1 oM
P 1.2D/L+1.6 ¢ P.
D . [ T ] (IV.93)
q>an D/L+1 ¢an

For beams with single webs, Eqs. (IV.92) and (IV.93) were substituted

into Eq. (IV.85) to obtain the following expression:

PD MD 1.2D/L+1.6 1.07 0.25L
1.07 + = (PT)[ + ]

¢ P oM D/L+1 o P, oM
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Therefore,

(Pr)irrp =

D/L+1 [ 5.6800 P (17.94)

1.2D/L+1.6 4.280+(¢WPnL/¢Mn)

For I-sections, Egs. (IV.92) and (IV.93) were substituted into Eq.

(IV.86) to obtain the following expression:

PD MD 1.2D/L+1.6 0.82 0.25L
0.82 + = (PT)[ + ] = 1.32
¢an ¢Mn D/L+1 ¢an ¢Mn
Therefore,
D/L+1 5.280¢an
(Pp)ppep = [ (IV.95)
1.2D/L+1.6 3.280+(¢anL/¢Mn)

The allowable load ratios based on the design examples for com-
bined bending and web crippling are given in Egs. (IV.96) and (IV.97)
for ¢ = 0.95 and 0.90 for nominal section strength of sections with

stiffened compression flanges and unstiffened compression flanges,

respectively.

For beams with single webs (¢w = 0.75),

(IV.96)

(P.I.)LRFD _ D/L+1 [ 6.305+1.183(PnL/Mn) }
(PT)ASD 1.2D/L+1.6

4.280+(0.7S/¢)(PnL/Mn)
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For I-sections (¢w = 0.80),

(Pr)1RFD
= (IV.97)

D/L+1 [ 6.195+1.173(PnL/Mn) ]

(P 1.2D/L+1.6 3.280+(0.80/¢)(PHL/Mn)

T)ASD

'Eqs. (IV.96) and (IV.97).can be expressed in the following form:

(P D/L+1

)
TLRED _ (K) (IV.98)
1.2D/L+1.6

(Pp)asp
where Kw is a variable determined from section properties, material
strength, and span length for a particular design example.

Because the interaction combines moment and web crippling, the
allowable load ratio is rather complex. It is not only a function of
dead-to-live load ratio but is aiso a function of span length, sec-
tional geometry, and material strength. Several individual beam

sections with different conditions were studied due to the complexity

involved in the comparison.

Figures 16 and 18 show the relationships between allowable load
ratio and dead-to-live load ratio for various channel sections with
stiffened flanges using L = 5 ft and Fy = 33 ksi. Tables IV.10 and IV.12
present section properties and calculated member strengths for several
channel sections with stiffened flanges selected from Table 1 of Part
V of the AISI Design Manual. In these two figures for D/L = 0.5, the
allowable web crippling loads determined by LRFD are from 1.1% to 1.5%
larger than that permitted by allowable stress design. The channel

sections with the smaller h/t ratios resulted in larger values of al-
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lowable load ratio. Therefore, with increasing h/t ratio, the dif-
ference between the allowable loads obtaiged from these two design
methods decreases.

Figure 17 shows how the span length and yield point of steel affect
the allowable load ratio for channels with stiffened flanges. Table
IV.11 presents calculated member strengths for different span lengths
and yield points. As shown in this figure, larger span lengths will
result in slightly higher values of the allowable load ratio. Also from
Figure 17, it can be seen that yield point of steel has a negligible
effect on the allowable load ratio.

Figure 19 shows the relaticnship between allowable load ratio and
dead-to-live load ratio for 8 in. x 2 in. x 0.105 in. channel with
unstiffened flanges with L = 5 ft and Fy = 33 ksi. Table IV.13 presents
section properties and calculated member strengths for this channel
section. For D/L = 0.5, the allowable web crippling load determined
by LRFD is 1.4% lower than that permitted by allowable stress design.

Figure 20 shows how the span length and yield point of steel affect
the allowable load ratio for channels with unstiffened flanges. Table
IV.14 presents calculated member strengths for different span lengths
and yield points. As shown invthis figure, larger span lengths will
result in slightly lower values of the allowable load ratio. Also from
Figure 17, it can be seen that yield point of steel has a negligible
effect on the allowable load ratio.

For I-sections made from two channels back~to-back, Figure 21
shows the relationship between allowable load ratio and dead-to-live

load ratio. Table IV.15 presents sectional properties and calculated
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values for the cold-formed I-section with FY = 33 ksi and L = 5 ft.
For the I-section with stiffened flanges shown in Figure 21, LRFD would
result in an allowable load about 7.1% higher than the load computed
from allowable stress design for D/L = 0.5.

Figure 22 shows how the span length and yield point of steel affect
the allowable load ratio. Table IV.16 presents calculated member
strengths for different span lengths and yield points. A higher yield
point of steel results in a larger value of the allowable load ratio.
As shown in Figure 22, span length has a greater effect on the allowable

load ratio for I-sections than it does on channel sections which are

shown in Figures 17 and 20. In general, large span lengths result in

lower values of the allowable load ratio.

Table IV.10
Channels With Stiffened Flanges

Section h/t P M oM K
(KipPs) (K-3n.)  (K-id.) v
8x3x0.105 70.62 7.144 124.769 118.531 1.4830

5x2x0.105 42.05 7.455 49.625 47.144 1.4890

* Fy = 33 ksi, L = 60 in., N = 6 in.
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

1.10 4

Channels With

Stiffened Flanges

L = 60 in.
N =6 in.
F_= 33 ksi
1 ’ :
Eq. (IV.96)
L T T T
0.0 0.2 0.4 0.6 0.8 1.0

Dead-To-Live Load Ratio, D/L

Figure 16. Allowable Load Ratio vs. D/L Ratio for Combined
Bending and Web Crippling - Case 1

69



Table IV.11
5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges
for Various Lengths and Yield Points

L

P

M

oM

F
(ks¥) (in.) (KiPs) (X-In.)  (K-in.) v
33 0 7.455 49.625 47. 144 1.4731
25 7.455 49.625 47. 144 1.4835
50 7.455 49.625 47. 164 1.4878
75 7.455 49.625 47. 144 1.4902
100 7.455 49.625 47. 144 1.4917
50 0 10.015 75.190 71.430 1.4731
25 10.015 75.190 71.430 1.4828
50 10.015 75.190 71.430 1.4871
75 10.015 75.190 71.430 1.4896
100 10.015 75.190 71.430 1.4911
Table IV.12
Channels With Stiffened Flanges, 5 in. Depths
Section h/t P M oM K
(Kips) (K-3n.)  (K-is.) v
5x2x0.075  62.17 4. 443 36.917 35.071 1.4876
0.048  98.26 2.148 21.795 20.705 1.4863

* Fy = 33 ksi, L = 60 in., N = 6 in.
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Allowable Load Ratio vs. Span Length for Combined
Bending and Web Crippling - Case 2
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

Stiffened Flanges

L = 60 in.
N = 6 in.
F_ = 33 ksi
y
Eq. (IV.96)
0.90 -
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Dead-To-Live Load Ratio, D/L
Figure 18. Allowable Load Ratio vs. D/L Ratio for Combined

Bending and Web Crippling - Case 2
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Table IV.13
Channel With Unstiffened Flanges

Section h/t P M oM Kw
(Kips) (R-In.)  (K-if.)
8x2x0.105 70.62 7.144 80.189 72.170 1.4458

* Fy = 33 ksi, L = 60 in., N = 6 in.

Table IV.1l4
8 in. x 2 in. x 0.105 in. Channels With Unstiffened Flanges
for Various Lengths and Yield Points

F L P M oM K
(ks{) (in.) (Kips) (x-In.)  (k-id) v
33 0 7.144 80.189  72.170 1.4731
25 7.144 80.189 72.170 1.4569
50 7.144 80.189 72.170 1.4483
75 7.1644 80.189 72.170 1.4429
100 7.1644 80.189 72.170 1.4392
50 0 9.597  115.222  103.700 1.4731
25 9.597  115.222  103.700 1.4577
50 9.597  115.222  103.700 1.4492
75 9.597  115.222  103.700 1.4438
100 9.597  115.222  103.700 1.4400
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Allowable Load Ratio, (PT)LRFD/(PT)ASD
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Figure 19. Allowable Load Ratio vs. D/L Ratio for Combined
Bending and Web Crippling - Case 3
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

0.97 4
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Figure 20. Allowable Load Ratio vs. Span Length for Combined

Bending and Web Crippling - Case 3
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Table IV.15
I-Section With Stiffened Flanges

Section h/t Pn Mn ¢Mn Kw
(Kips) (K-in.) (K-in.)
8x6x0.105 70.62 28.966 249,538 237.061 1.5708

* Fy = 33 ksi, L = 60 in., N = 6 in.

Table IV.16

8 in. x 6 in. x 0.105 in. I-Sections With Stiffened Flanges

for Various Lengths and Yield Points

F L P M oM K
(ks (in.) (Kips) (X-3n.)  (K-if.) v
33 0 28.966 249.538 237.061 1.8887
25 28.966 249.538 237.061 1.67?0
50 28.966 249.538 237.061 1.5920
75 28.966 249.538 237.061 1.5462
100 28.966 249.538 237.061 1.5175
50 0 31.406 361.223 343.162 1.8887
25 31.406 361.223 343.162 1.7111
50 31.406 361.223 343.162 1.6272
75 " 31.406 361.223 343.162 1.5873
100 31.406 361.223 343.162 1.5463
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

8" x 6" x 0.105"
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Figure 21. Allowable Load Ratio vs. D/L Ratio for Combined

Bending and Web Crippling - Case 4
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

8" x 6" x 0.105" I-Section

.20J \ With Stiffened Flanges
\ D/L = 1/5
| N N =6 in.
i Eq. (IV.97)
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Figure 22. Allowable Load Ratio vs. Span Length for Combined
Bending and Web Crippling - Case 4
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V. CONCENTRICALLY LOADED COMPRESSION MEMBERS

A. GENERAL

Cold-formed steel concentrically loaded compression members have
three possible modes of failure. Short and compact columns will fail
by yielding. Local buckling of an individual element could occur if
the flat-width to thickness ratio is large. Overall column buckling
of intermediate and long columns could occur in one of three buckling
modes: flexural buckling, torsional buckling, and torsional-flexural

buckling.

B. ALLOWABLE STRESS DESIGN

Section C4 of the 1986 AISI Specification contains the follo&ing
requirements for compression members in which the resultant of all
loads acting on the member is an axial load passing through the centroid
of the effective section calculated at the stress, Fn’ defined in that
section.

(a) The axial load shall not exceed Pa calculated as follows:

Pa = Pn/Qc (v.1)
where
Pn = Aan (v.2)
Ae = Effective area at the stress Fn.
Fn is determined as follows:
For Fe > Fy/2 Fn = Fy(l-Fy/AFe) (v.3)
For Fe SFy/Z Fn = Fe (V.4)
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Fe is the least of the elastic flexural, torsional and
torsional-flexural buckling stress.

Qc = Factor of safety for axial compression

= 1.92, except when Fe is determined according to Section C4.1

of the AISI Specification for fully effective sections having
wall thickness greater than 0.09 inches and Fe > Fy/2. In
this case,
Q_ = 5/3+(3/8)R-(1/8)R°

where
R = [(F/2F)

(b) For C and Z-shapes, and single-angle sections with unstiffened
flanges, Pn shall be taken as the smaller of Pn calculated above

and Pn calculated as follows:

p_ = an’E/[25.7w/t)*] (v.5)
where

A = Area of the full, unreduced cross section

w = Flat width of the unstiffened element

t = Thickness of the unstiffened element

(c) Angle sections shall be designed for the applied axial load, P,
acting simultaneously with a moment equal to PL/1000 applied about
the minor principal axis causing compression in the tips of the
angle legs.

(d) The slendermess ratio, KL/r, of all compression members preferably

should not exceed 200, except that during construction only, KL/r

preferably should not exceed 300.
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For doubly-symmetric sections, closed cross sections and any other
sections which can be shown not to be subject to torsiomal or
torsional-flexural buckling, the elastic flexural buckling stress,

Fe’ shall be determined as follows:

F, = nE/(KL/r)? (V.6)
where

E = Modulus of elasticity

K = Effective length factor

L = Unbraced length of member

r = Radius of gyration of the full, unreduced section

For sections subject to torsional or torsional-flexural buckling,
F, shall be taken as the smaller of Fe calculated above and F_ calcu-

lated as follows:

52!
]

[(cexwt)-j(c +.)2-4B0__a.)/(2B) v.7)

ex t ex t

o_ and O,y are as defined in Article IV of this report

B = 1-(xy/7)” (v.8)

Alternatively, a conservative estimate of Fe can be obtained using
the following equation:

Fe = ctoex/(ot+oex) (v.9)

For singly-symmetric sections, the x-axis is assumed to be the
axis of symmetry.

For shapes whose cross sectiéns do not have any symmetry, either

about an axis or about a point, Fe shall be determined by rational

analysis.
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C. LRFD CRITERIA

Based on Section C4 of the LRFD Specification, for members in
which the resultant of all loads acting on the member is an axial load
passing through the centroid of the effective section calculated at
the stress, Fn’ the factored axial strength, ¢an, shall be determined
with ¢c = 0.85 and the nominal axial strength, Pn, calculated exactly

the same as that specified in Section C4 of the AISI Specification.

D. COMPARISON
The unfactored load applied to the member can be computed for both

design methods by using the following formula:

PT = PDL+PLL (Vv.10)
where
PT = unfactored compressive load

PDL = compressive load due to the nominal axial dead load

PLL = compressive load due to the nominal axial live load
The total unfactored load should be less than or equal to the allowable
loads computed from allowable stress design and LRFD. For allowable
stress design, the allowable load is

(Pa)ASD = Pn/Qc | (V.11)
For LRFD, the allowable axial load can be computed by using the fol-

lowing equation developed from Eq. (II.6):

(Pa)LRFD = ¢an(D/L+1)/(l.2D/L+1.6) ' (V.12)
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Then, the allowable load ratio can be determined as follow:

D/L+1

(Podirpp _ Pcfn
(Pasp  Pn/Qc

(V.13)

D/L+1
[ ]= 0.85Q
1.2D/L+1.6

1.2D/L+1.6
For fully effective sections having wall thickness greater than 0.09
in. and F_ > F_/2,
e y
Q_ = 5/3+(3/8)R-(1/8)R>

Therefore, the allowable load ratio is

(P) 5 3 1 D/L+1
._a.iRF_D=0.85(.—+—R-—R3)— (V.14)
(Pa)ASD 3 8 8 1.2D/1+1.6

For all other cases, Qc = 1.92 = 23/12, therefore the allowable load

ratio is
(P) D/L+1 D/L+1
__a LRFD _ 0.85(23/12) —— = 1.629 ——_ (V.15)
(P s 1.2D/L+1.6 1.2D/L+1.6

Figure 23 shows the allowable load ratio versus dead-to-live load
ratio for the columns used to develop Eq. (V.15). For this case, the
LRFD criteria always permit larger allowable loads than the allowable
stress design. For D/L = 0.5, the LRFD criteria gives an allowable load
about 11% greater than the load obtained by using allowable stress

design.
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Allowable Load Ratio, (P )iprp/(P)agp
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Figure 23. Allowable Load Rati, VS, D/L Ratjo for Column
Buckling



Allowable Load Ratio, (Pa)LRFD/(Pa)ASD

1.10 4

1.05 4

1.00

D/L = 1/5

0.95-

Fully Effective Section

t > 0.09 in.

Fe > Fy/2
Eq. (V.14)
0.90
—T T
0 S0 100 150

Slenderness Ratio, KL/r

Figure 24. Allowable Load Ratio vs. Slenderness Ratio for
Flexural Buckling of Columns
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The allowable load ratio versus slenderness ratio, KL/r, for
columns having fully effective sections, t 2 0.09 in., and Fe > Fy/Z
is shown in Figure 24. For this case, the LRFD criteria were found to
be conservative for short columns as compared with allowable stress
design. As shown in Figure 24, higher yield point materials give

slightly higher values of the allowable load ratio.
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VI. BEAM-COLUMNS

A. GENERAL

Beam-columns are structural members subjected to combined axial
load and bending. The structural behavior of beam-columns depends on
the shape and dimensions of the cross section, the location of the
applied eccentric load, column length, and condition of bracing®.
Interaction formulas are used to analyze beam-columns for flexural and

torsional-flexural buckling.

B. ALLOWABLE STRESS DESIGN
In the 1986 edition of AISI Specification, the design criteria
for combined axial load and bending are stated in Section C5 as follows:
"The axial force and bending moments shall satisfy the following

interaction equations:
P/Pa+meMx/(Maxax)+CmyMy/(Mayay) < 1.0 (VI.1)
p/p_+M_/M__ +M_/M < 1.0 ) (VI.2)

ao x/ "axo 'y’ “ayo

When P/Pa < 0.15, the following formula may be used in lieu of the

the above two formulas:

P/Pa+Mx/Max+My/May < 1.0 (VI.3)

87



where
P = Applied axial load
Mx and My = Applied moments with respect to the centroidal
axes of the effective section determined for the
axial load alone. For angle sectioms, My shall be
taken either as the applied moment or the applied
moment plustL/IOOO, whichever results in a lower

value of P
a

Pa = Allowable axial load
P = Allowable axial load determined with F_ = F
ao n y
M and May = Allowable moments about the centroidal axes
M and M = Allowable moments about the centroidal axes
axo ayo
excluding lateral buckling
l/ax, 1/0y = Magnification factors
= 1/[1-(Qcp/Pcr)] (VI1.4)
Qc = Factor of safety used in determining Pa
_ .2 2
Pcr =1 EIb/(KbLb) (VI.5)
Ib = Moment of inertia of the full, unreduced cross
section about the axis of bending
Lb . = Actual unbraced length in the plane of bending
Kb = Effective length factor in the plane of bending
me, Cmy = Coefficients whose value shall be taken as follows:

1. For compression members in frames subject to
joint translation (sidesway)
C =0.85
m

2. For restrained compression members in frames
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braced against joint translation and not subject
to transverse loading between their supports in
the plane of bending
Cm = 0.6 - O.Q(MI/MZ) (VI.6)
where
MI/MZ is the ratio of the smaller to the larger
moment at the ends of that portion of the member
under consideration which is unbraced in the
- plane of bending. Ml/MZ is positive when the
member is bent in reverse curvature and negative
when it is bent in single curvature.
3. For compression members in frames braced against
. joint translation in the plane of loading and
subject to transverse loading between their
supports, the value of Cm may be determined by
rational analysis. However, in lieu of such
analysis, the following values may be used:
(a) for members whose ends are restrained,
Cm = 0.85,
(b) for members whose ends are unrestrained,
Cm = 1.0.
C. LRFD CRITERIA
According to Scetion C5 of the LRFD Specification, the design

values PD, MDX and MDY computed on the basis of factored loads, shall

satisfy the following interaction equations:
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+ M a < 1.0 (V1.7)
PD/¢CPn+meMDX/¢Mnxanx CmyMDY/¢ ny° ny
< 1.0 (V1.8)
PD/¢ano+MDX/¢Mnxo+MDY/¢Mnyo

When PD/¢ Pn < 0.15, the following formula may be used in lieu of the
c

above two formulas:

. VI.9
PD/q;anmDX/qmnmeY/qmny < 1.0 ( )
where

PD = Factored design axial load

MDX and MDY Factored design moments with respect to the

centroidal axes of the effective section determined
for the factored design axial loa& alone. For angle
sections, MDY shall be taken either as the factored

moment or the factored moment plus PDL/IOOO, which-

ever result in a lower value of Pn.

Pn = Nominal axial strength

p = Nominal axial strength determined with F_ = F

no n y

Mnx and Mny = Nominal beam strengths about the centroidal axes
Mnxo and Mnyo = Nominal beam strengths about the centroidal axes,

excluding lateral buckling
l/anx, l/any = Magnification factors
= 1/(1-PD/¢CPE) : (VI.10)

() = 0.95 or 0.90 for bending strength (Section C3.1.1)

or 0.90 for laterally unbraced beam (Section C3.1.2)
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C
my

0.85

rrzEIb/(KbLb)2 (VI.11)
Moment of inertia of the full, unreduced cross
section about the axis of bending

Actual unbraced length in the plane of bending
Effective length factor in the plane of bending
Coefficients whose value shall be taken as follows:

1. For compression members in frames subject to

joint translation (sidesway)

C =0.85
m

. For restrained compression members in frames

braced against joint translation and not subject
to transverse loading between their supports in
the plane of bending

C, = 0.6-0.4(;/M,) (VI.12)

where

M, /M, is the ratio of the smaller to the larger
moment at the ends of that portion of the member
under consideration which is unbraced in the
plane of bending. Ml/M2 is positive when the
member is Bent in reverse curvature and negative

when it is bent in single curvature.

. For compression members in frames braced against

joint tramslation in the plane of loading and
subject to transverse loading between their

supports, the value of Cm may be determined by

91



rational analysis. However, in lieu of such
analysis, the following values may be used:
(a) for members whose ends are restrained,
Cm = 0.85,
(b) for members whose ends are unrestrained,
Cm = 1.0.
D. COMPARISON

Because of the complexity of the interaction formulas, the com-
parison was studied by using two different kinds of sectionms, namely,
doubly-symmetric sections and singly-symmetric sections.

1. Doubly-Symmetric Sections. I-sections bending about the x-
axis were considered. A typical design example was selected and the
allowable axial loads were calculated by using three interaction
equations for each design method. The example used a beam-column with
equal moments applied to each end so that the member is bent in single
curvature. Since the end moments are independent of the axial load,
the ratio of the unfactored applied moment to the nominal moment ca-
pacity based on section strength, MT/Mno’ was considered to be a pa-
rameter in the equations for determining the allowable loads.

For allowable stress design the allowable axial loads were com-

puted as follows:

PT QcPT

P
- = = (VI.13)
P, P /Q. P
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Mp/M_ (M /M)
MT = MT no no’ n (VI.lQ)
0.6M 0.6

o
]

T applied unfactored axial load

MT = applied unfactored bending moment at each end of the member
Q
c

factor of safety of axially loaded compression members which

is defined in Article V

Substitution of Egs. (VI.13) and (VI.14) into Eq. (VI.1l) results in

the following expression :

QcPT + Cm(MT/Mno)(Mno/Mn) = 1.0

(VI.15)
Pn 0.6(1-QCPT/PCI)

By solving for PT in the first term of Eq. (VI.15), the following

equation for allowable load is obtained :

C,(Mp/M (M /M )yP
_ _ m no no’ n n
(PT)ASDl - [1

(VI.16)
0.6(1-QCPT/Pcr) Qc

Equation (VI.16) is based on Eq. (VI.1) for failure at the midlength

of the beam-column and requires a solution by iteratioms.

The following expressions were used to solve for the allowable

load based on Eq. (VI.2) :
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= __T _ T (VI.17)

Pao Pno/ Q c Pno

MOy

= = (VI.18)

M 0.6M 0.6
ao no

Substitution of Egs. (VI.17) and (VI.18) into Eq. (VI.2) results in

the following expression :

QCPT_+ (MT/Mno)

P 0.6
no

= 1.0 (VI.19)

By solving for PT in Eq. (VI.19), the following equation for allowable

load is obtained :

(VI.20)

(P.) _ [1_ (MT/Mno)]rPno
T/ASD2 0.6 Q
Cc
Equation (VI.20) is based on Eq. (VI.2) for failure at the braced
points.
When P/Pa < 0.15, Eq. (VI.3) can be used in lieu of Egs. (VI.1)
and (VI.2). Equation (VI.3) can be written in the following form by

using Egs. (VI.13) and (VI.14) :

QcPT+ (MT/Mno)(Mno/Mn)

P 0.6
n

=1.0 (VI.21)
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By solving for P, in Eq. (VI.21), the following equation for allowable

T

load is obtained :

(P 1 (VI.22)

asos = |
T/ASD3 0.6 Q_

O/ 0 /M) J Py

Equation (VI.22) is based on Eq. (VI.3) for flexural failure when the
effect of the secondary moment is neglected.
For LRFD, the allowable axial loads were computed in accordance

with Eq. (II.6) as follows :

p 1.2D/L+1.6 ¢ P

D . [ T ] (VI.23)
P /11 (9P
M 1.2D/T4+1.6 ( (M/M_ )M /M )"

D = MT no no’ 'n (VI.24)
oM D/L+1 ®

n

P 1.2D/L+1.6 ¢ P

D . [ T ] (VI.25)
o Py /141 Lo P

Substitution of Egs. (VI.23), (VI.24), and (VI.25) into Eq. (VI.7)

results in the following expression :

= 1.0(VI.26)

1.2D/L+1.6{ Py C (Mp/M (M /M) }

+
D/L+1 L o_P_ ¢[1-(1.2D/L+1.6)PT/(D/L+1)¢CP£

By solving for PT in the first term of Eq. (VI.26), the following

equation for allowable load is obtained :
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D/L+1 C (LM (M /M)
. m MT no’ * no’ n .}¢ P (VI.27)
] cn

(P
1.2D/1L+1.6 ¢[1-(1.2D/L+1.6)PT/(D/L+1)¢CPE

TILRFD1 {

Equation (VI.27) is based on Eq. (VI.7) for flexural failure at the
midlength of the beam-column and requires a solution by iterationms.
The following expressions were used to solve for the allowable

load based on Eq. (VI.8)

P, 1.2D/L+1.6[ P ]
= (VI.28)
q><:Pno D/1+1 CDano
My 1.2D/L+1.6 [(MT/MnO)}
= (VI.29)
oM D/L+1 ¢

no

Substitution of Eqs. (VI.28) and (VI.29) into Eq. (VI.8) results in

the following expression :

1.2D/L+1.6 Py (MT/Mno)
+ =1.0 (VI.30)

D/1+1 cpano ®

By solving for PT in Eq. (VI.30), the following equation for allowable

load is obtained :

D/L+1 (MT/Mno)

(P ®.P (VI.31)

) =
T’LRFD2 [1.2D/L+1.6 o
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Equation (VI.31) is based on Eq. (VI.8) for failure at the braced
points.

When PD/(¢an) < 0.15, Eq. (VI.9) can be used in lieu of Egs.
(VI.7) and (VI.8). Equation (VI.9) can be written in the following form

by using Egs. (VI.23) and (VI.24)

= 1.0 (VI.32)

1.2D/L+1.6 [ PT . (MT/Mno)(Mno/Mn) _
D/L+1 ¢an ¢
By solving for PT in Eq. (VI.32), the following equation for allowable

load is obtained :

D/L+1 ) (Mp/M O (M M) ® P (VI.33)

) =
T”LRFD3 [’1.2D/L+1.6 ® cn

(P

Equation (VI.33) is based on (VI.9) for flexural failure when the ef-
fect of the secondary moment is neglected.

Equations (VI.16), (VI.20), and (VI.22) for determining the al-
lowable axial load based on allowable stress design and Eqs. (VI.27),
(VI.31), and (VI.33) for determining the allowable axial load based
on LRFD are very complex and utilize iterations with multiple vari-
ables. The allowable load ratios, (PT)LRfD/(PT)ASD’ for various lengths
combined with different applied end moment ratios, MT/Mno’ with respect
to the beam strength of the member were studied. Typical I-sections
and their section properties used in this study were obtained from

Tables 5 and 6 of Part V of the AISI Cold-Formed Steel Design Manual.
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An I-section (3.5 in. x 4 in. x 0.105 in.) with stiffened flanges
was studied with a yield point of 33 ksi. Figure 25 shows the allowable
load ratio versus dead-to-live load ratio for a 4 ft length with various
end moment ratios, MT/Mno. This figure is based on Egs. (VI.16) and
(VI.27) for flexural failure at the midlength of the beam-column. For
a D/L ratio around 0.35, the LRFD criteria gives an allowable load about
9% more than the value computed from allowable stress design for all
end moment ratios indicated in the figure. For other values of the D/L
ratio, the difference between the allowable loads computed by using
these two methods depends on the end moment ratio as shown in Figure
25. For D/L > 0.35, the larger the end moment ratio, the higher the
allowable load ratio. For example, for D/L. = 0.5, the

(P ratios are 1.137 and 1.117 for MT/M = 0.3 and 0.1,
no

Drrro/ Prasp
respectively.
Figure 26 shows the allowable load ratio based on Eqs. (VI.20)
and (VI.31) versus dead-to-live load ratio for the same I-section used
in Figure 25. Figure 26 is based on failure at the braced points which
corresponds to Egs. (VI.20) and (VI.31). For D/L = 0.05, the LRFD
criteria give an allowable load about 3% more than the value computed
from allowable stress design for all end moment ratios shown in the

figure. It also can be seen from this figure that LRFD design will

always give a larger allowable load than allowable stress design.
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Allowable Load Ratio, (PT)LRFD/(PT)ASD
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Figure 25. Allowable Load Ratio vs. D/L Ratio for Beam-
Columns - Case A
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Allowable Load Ratio, (PT)LRFD/(PT)ASD
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Figure 26. Allowable Load Ratio vs. D/L Ratio for Beam-

Columns - Case B
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Figures 27 and 28 show the relationships between allowable load
ratio and dead-to-live load ratio for end moment ratios of 0.2 and 0.3,
respectively. The different curves in each figure represent different
lengths of the 3.5 in. x 4 in. x 0.105 in. I-section. With end moment
ratio of 0.2 and D/L = 0.5, ASD would provide conservative values up
to 12.9% for column lengths equal to 4 ft, 7 ft, and 9 ft as compared
with the LRFD method. For the same column lengths and an end moment
ratio of 0.3, ASD would be conservative (13.7% to 14.8%) as compared
with the LRFD method for D/L = 0.5.

The ralationships between the allowable load ratio and column.
length are shown in Figures 27 and 28 for various D/L ratios. Figures
29 and 30 show the allowable load ratio versus slenderness ratio,
KL/ry, for end moment ratios of 0.2 and 0.3, respectively. Each curve
in the figure represents a different D/L ratio for the same I-section
used in Figures 25 through 28. As shown in these two figures, the al-
lowable load ratio increases with increasing slenderness ratios for
large D/L ratios. For small D/L ratios, the slenderness ratio has small
effect on the allowable load ratio. These two figures also show that
for all three D/L ratios, the LRFD method would permit a larger load

than the ASD method.
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Allowable Load Ratio, (PT)LRFD/(PT)ASD
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Figure 27. Allowable Load Ratio vs. D/L Ratio for Beam-
Columns - Case C
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Allowable Load Ratio, (PT)LRFD/(PT)ASD
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Figure 28. Allowable Load Ratio vs. D/L Ratio for Beam-
Columns - Case D
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Allowable Load Ratio, (PT)LRFD/(PT)ASD

Beam~Columns - Case C
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A deeper I-section (6 in. x 5 in. x 0.105 in.) with stiffened
flanges was also studied for a length of 5 ft. Figure 31 shows the
allowable load ratio based on Egs. (VI.16) and (VI.27) versus dead-
to-live load ratio for various end moment ratios. This figure is also
based on flexural failure at the midlength of the beam-column which
governs the design for this case. The curves without star symbols are
for Cm = 1.0. They are the same as those shown in Figure 25 for the 4
in. deep I-section. For this case, the yield point of steel would not
affect the allowable load ratio. For D/L = 0.5 and MT/Mno = 0.1, the
allowable load computed from LRFD is 11.6% greater than the value de-
termined from allowable stress design. However, for D/L = 0.5 and
MT/Mno = 0.3, the allowable load computed from LRFD is 13.6% higher
than the value computed from allowable stress design.

The curves with star symbols in Figure 31 are for the same I-
section except that the coefficient, Cm’ is 0.85. The value of 0.85
is used for unbraced beam-columns and beam-columns with restrained ends
subject to transverse loading between its supports. For small end mo-
ment ratios, the Cm value has a negligible effect on the allowable load
ratio. The effect of Cm on the allowable load ratio increases as the
end moment ratio increases as shown in Figure 31. It can be seen that
for D/L < 1/3, the allowable load ratios computed for Cm = 0.85 are
larger than those for Cm = 1.0.

Figure 32 showslthe relationship between allowable load ratio and
dead-to-live load ratio for the 6 in. deep I-section used in Figure
31 with a consideration of flexural failure at the braced points. This

figure is the same as Figure 26 for the 4 in. deep I-section. The curves

106



shown in Figure 32 are applicable for yield points ranging from 33 to
50 ksi and all values of Cm'

I-sections with unstiffened flanges were studied in a similar
manner. Figure 33 shows the allowable load ratio versus dead-to-live
load ratio for an I-section (4 in. x 2.25 in. x 0.105 in.) having un-
stiffened flanges with Fy = 33 ksi and an effective column length of
4 ft. This figure is based on flexural failure at the midlength of the
beam-column which would govern the design in this case. The allowable
load ratio was determined from Eqs. (VI.16) and (VI.27). Figure 33 is
similar to Figure 25 prepared for an I-section with stiffened flanges.
For D/L = 0.5 and MT/Mno = 0.1, the allowable load obtained from LRFD
is 11.7% larger than the value obtained from allowable stress design.
For D/L = 0.5 and MT/Mno = 0.3, LRFD would result in an gllowable load
14.6% higher than the value determined from allowable stress design.

Figure.34 shows the relationship between allowable load ratio and
dead-to-live load ratio for the same I-section used in Figure 33 by
considering flexural failure at the braced points. Equations (VI.20)
and (VI.31) are used for this type of failure. For D/L = 0.5, the
allowable loads obtained from LRFD are from 11.6% to 13.6% greater than
the allowable loads determined from allowable stress design for end

moment ratios from 0.1 to 0.3.
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Figures 35 and 36 show the allowable load ratio versus dead-to-
live load ratio for end moment ratio of 0.1 and 0.2, respectively.
Different curves represent different lengths of the I-section (4 in.
X 2.25 in. x 0.105 in.) with Fy = 33 ksi. These two figures are similar
to Figures 27 and 28 which were prepared for I-section with stiffened
flanges. For the values of MT/Mno between 0.1 and 0.2 and D/L = 0.5,
the allowable ‘load values obtained from LRFD vary from 11.7% to 15.3%
larger than the values obtained from the allowable stress design
method.

Figure 37 shows the relationship between allowable load ratio and
slenderness ratio, KL/ry, for the same I-section used in previous
figures and for an end moment ratio of 0.1. Each curve in the figure
reprgsenﬁ§ a different D/L ratio. The relationship in Figure 37 is
similar to the relationship indicated in Figures 29 and 30 which are
used in the study of I-sections with stiffened flanges. As shown in
this figure, the allowable load ratio increases with increasing
slenderness ratio for large D/L ratios. For small D/L ratios, the
slenderness ratio has small effect on the allowable load ratio. This
figure also shows that for all three D/L ratios, the LRFD method would

permit a larger load than the ASD method.
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A deeper I-section (6 in. x 3 in. x 0.105 in.) with unstiffened
flanges was also included in this study for a length of 5 ft. The re-
lationship between allowable load ratio and dead-to-live load rétio
for the I-section is shown in Figure 38 for various end moment ratios.
This figure is based on flexural failure at the midlength of the member.
The curves computed for Fy = 33 ksi are similar to the curves shown
in Figure 31 obtained for an I-section with stiffened flanges. For D/L
= 0.5, the allowable load ratios vary from 1.12 to 1.14 for MT/Mno
ratios ranging froﬁ 0.1 to 0.3.

The lines with star symbols in Figure 38 represent the allowable
load ratios determined for the same I-section by using Fy = 50 ksi.
It can be seen that the allowable load ratios computed for Fy = 50 ksi
are lower than thét computed for.Fy = 33 ksi when D/L < 1/3. This effect
would be negligible for beam-columns with small end moment ratios as
shown in Figure 38. This comparison does not agree with the results
of a study of I-sections with stiffened flanges, for which the yield
point had no significant effect on the allowable load ratio for the
I-section with stiffened flanges illustrated in Figure 31.

Figure 39 shows how the Cm coefficient affects the allowable load
ratio for the I-section having unstiffened flanges. The curves without
star symbols are plotted for Cm = 1.0. The lines with star symbols
represent the allowable load ratios calculated by using Cm = 0.85. It
should be noted that the relationship shown in Figuré 39 is very similar
to the rélationship illustrated in Figure 31 obtained for an I-section
with stiffened flanges. For D/L < 1/3, the allowable load ratios are

larger for Cm = 0.85 as compared to the allowable load ratios computed
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with Cm = 1.0 In general, the effect of the Cm value on the allowable
load ratio is more important for beam-columns with large end moment
ratios.

Figure 40 shows the allowable load ratio versus dead-to-live load
ratio for the same I-section used in Figures 38 and 39 but for flexural
failure at the braced points. For D/L = 0.5, the LRFD criteria result
in a larger allowable load than the value obtained from allowable
stress design. For MT/Mno ratios ranging from 0.1 to 0.3, the differ-
ences vary from 11.6% to 13.6%.

2. Singly-Symmetric Sections. The allowable eccentric axial
loads were calculated for allowable stress design and LRFD. The applied
end momenfs are a result of the eccentric axial loads and can be cal-
culated using the following equation:

MT = eTPT (VI.34)
where
er T e - e
e = eccentricity of the axial load with respect to the centroidal
axis of the full section, negative when on the shear center
side of the centroid
e = distance between the centroid of the full section and the

centroid of the effective section, negative. when on the shear

center side of the centroid of the full section
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Substitutions similar to the ones made to solve for the allowable
loads of beam-columns with doubly-symmetric shapes in Part 1 of this
section were used to solve for the allowable loads for members with
singly-symmetric shapes.

Equation (VI.1) for allowable stress design is based on flexural
failure at the midlength of the beam-column. Equations (VI.13) and

(VI.34) were substituted into Eq. (VI.1l) to obtain the following ex-

pression:
QP C e P
cT 4 mTT = 1.0 (VI.35)
Pn 0.6Mn(1-QCPT/Pcr)

By solving for PT in Eq. (VI.35), the following equation for allowable

load is obtained :

1.0
(VI.36)

(Pp)aspy =
Q Ce
c + m T

Pn 0.6Mn(1-QCPT/Pcr)

Equation (VI.36) requires a solution using iterations, since the al-

lowable axial load is a function of the actual axial load , PT'
Equation (VI.2) for allowable stress design is based on flexural

failure at the braced_points. Equations (VI.17), (VI.18), and (VI.34)

were substituted into equation (VI.2) to obtain the following ex-

pression:
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QP e.P
cT, °TT _ ., (VI.37)

P 0.6M
no no

By solving for PT in Eq. (VI.37), the following equation for allowable
load is obtained :

1.0

(P (VI.38)

TasD2 = 5
c eT
+

- 0.6M
no no

For allowable stress design, Eq. (VI.3) is based on flexural
failure when the effect of secondary moment is neglected. Equations
(VI.13) and (VI.34) were substituted into Eq. (VI.3) to obtain the

following expression:

QcPT eTPT

+ = 1.0 (VI.39)
P 0.6M .
n n

The following equation for allowable load is obtained by solving for

P.. in Eq. (VI.39):

T

T)asD3 = _ (VI.40)
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For LRFD, Eq. (VI.7) is based on flexural failure at the midlength
of the beam-column. Equations (VI.23), (VI.25), and (VI.34) were sub-

stituted into Eq. (VI.7) to obtain the following expression:

1.2D/L+1.6{ Pr C_erPr

+ = 1.0(VI.41)
D/L+1 ® P q;Mn[l-(l.2D/L+1.6)PT/(D/L+1)¢CPE]

By solving for PT in Eq. (VI.41), the following equation for allowable

load is obtained :

(D/L+1)/(1.2D/L+1.6)

(PT)LRFDl = (VI.42)
1 C e
+ m T

®.P ¢Mn[1-(1.2D/L+1.6)PT/(D/L+1)¢CPE]

Equation (VI.42) requires a solution by using iterations, since the

allowable axial load is also a function of the actual axial load.
Equation (VI.8) for LRFD is based on flexural failure at the

braced points. The following expression was obtained by substituting

Eqs. (VI.28), (VI.29), and (VI.34) into Eq. (VI.8):

1.2D/L+1.6 F P e
[ T . T'T J=1.o (VI.43)

D/L+1 ¢ano ¢Mno

By solving for PT in Eq. (VI.43), the foilowing equation for allowable

load is obtained :
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(D/L+1)/(1.2D/L+1.6)

1 °1

+
¢ P oM

Cc no no

(VI.44)

Equation (VI.9) for LRFD is based on flexural failure when the
effect of secondary moment is neglected. Equations (VI.23) and (VI.34)

were substituted into Eq. (VI.9) to obtain the following expression:

= 1.0 (VI.45)

1.2D/L+1.6 [ PT N eTPT]
D/L+1 ¢cpn ¢Mn

The following equation for allowable load was obtained by solving for

PT in Eq. (VI.45):

(D/L+1)/(1.2D/L+1.6)

(P (VI.46)

T)LRFD3 =

The equations to be used for the allowable eccentric axial load
for allowable stress design and LRFD are very complex and utilize it-
erations with wmultiple variables. The allowable Jload ratios,
(PT)LRFD/(PT)ASD’ for various )engths and eccentricities were studied.
Typical channel sections and their section properties used in this
study, were obtained from Tables 1 and 2 of Part V of the AISI Cold-

Formed Steel Design Manual.
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A channel (4 in. x 2 in. x 0.105 in.) with stiffened flanges was
studied as a beam-column subjected to an eccentric load applied at each
end. Figure 41 shows the allowable load ratio versus eccentricity for
the channel with an effective length of 5 ft, D/L = 0.5, and Cm = 1.0.
From this figure, it can be seen that the smaller the eccentricity the
larger the allowable load ratio and this relationship holds for both
positive and negative eccentricities.

The top line in Figure 41 represents the same channel section with
a yield point of 50 ksi. The allowable load ratios in this case are
slightly greater than that computed with FY = 33 ksi.

Figure 42 shows the relationship between allowable load ratio and
dead-to-live load ratio for the 4 in. deep channel with e = + 1.29 in.
The two curves represent yield points of 33 and 50 ksi for the 5 ft
long beam-column. The higher yield point steels result in slightly
higher values of the allowable load ratio as seen in Figure 41 and 42.
From the computer output, the value of Fy has a negligible effect on
the allowable load ratio for the same channel with - 0.25 in. < e < +
0.25 in. and effective length equals to 5 ft.

Figure 43 shows the allowable load ratio versus slenderness ratio,
KL/ry, for the channel (4 in. x 2 in. x 0.105 in.) with stiffened
flanges and D/L = 1/5. The curves represent yield points of 33 and
50 ksi for the channel with e =+ 1.29 in. For Fy = 33 ksi, the allowable
load ratio increases slightly as the slenderness ratio increases up
to KL/rY = 160. For KL/ry > 160, the allowable load ratio decreases
as the slenderness ratio increases. The slenderness ratio has a larger

effect on the allowable load ratio for the channel with Fy = 50 ksi
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as compared with FY = 33 ksi. For Fy = 50 ksi, the allowable load ratio
increases as the slendermess ratio increases up to KL/ry = 130. For
KL/ry > 130, the allowable load ratio decreases as the slenderness
ratio increases.

A channel (6 in. x 2.5 in. x 0.105 in.) with stiffened flanges
was also studied. The relationship between allowable load ratio and
eccentricity for the channel with a length of 5 ft and D/L = 0.5 is
shown in Figure 44. The bottom line represents the curve for Cm = 1.0
which would be used for braced frames. For this case, the curve is
similar to that shown in Figure 41 for the 4 in. deep channel.

The top line in Figure 44 represents the same channel with Cm =
0.85. This value of Cm is used for unbraced frames and beam-columns
with restrained ends subjected to transverse loading betwgen its sup-
ports. The curve for Cln = 0.85 is similar to the curve for Cm = 1.0
except that ém = 0.85 results in a higher allowable load ratio than
Cm = 1.0. The effect of the value of Cm on the allowable load ratio
is neglegible for - 0.25 in. < e < 4+ 0.25 in. as shown in Figure 44.

Figure 45 shows the allowable load ratio versus dead-to-live load
ratio for the channel used in Figure 44. The curves represent the al-
lowable load ratios for various eccentricities by using Fy = 33 ksi
and Cm = 1.0. It can be seen from this figure that the eccentricity
does not affect the shape of the curve but does affect the value of

the allowable load ratio.
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The relationship between allowable load ratio and dead-to-live
load ratio for the 6 in. deep channel (6 in. x 2.5 in. x 0.105 in.)
is shown in Figure 46 for various lengths and eccentricities. The
curves without star symbols represent the values of allowable 1load
+ 1.73 in. and effective lengths of 3 and 11 ft. It

ratios for e =

should be noted that the effective length has a small effect on the
allowable load ratio.

The curves with staxr symbols in Figure 46 represent the allowable
load ratios determined for the same channel section with e = - 1.73
in. and effective lengths of 3 and 11 ft. It can be seen that for larger
effective length, the allowable load ratios determined for e = - 1.73
in. are larger than those determined for e = + 1.73 in.. For smaller
effective length, the allowable load ratios determined for e = - 1.73
in. are slightly smaller than those determined for e = + 1.73 in.

Channels with unstiffened flanges were studied in a similar man-
ner. Figure 47 shows the allowable load ratio versus eccentricity for
a channel (4 in. x 1.125 in. x 0.105 in.) with unstiffened flanges and
an effective length of 5 ft. The curves in the figure are allowable
load ratios computed for yield points of 33 and 50 ksi, respectively.
These curves indicate similar relationships as compared with the curves
in Figure 41 obtained from a 4 in. deep channel with stiffened flanges.
As shown in Figure 47, allowable load ratios computed for F = 33 ksi

are larger than those computed for Fy = 50 ksi.
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Columns - Case 2
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The curves in Figure 48 are for the same channel used in Figure
47 with an effective length of 4 ft. The yield points of steel vary
from 33 to 50 ksi. This figure shows. that the yield point has no effect
and the sign of eccentricity has negligible effect on the allowable
load ratio for various D/L ratios with L = 4 ft.

Figure 49 shows the allowable load ratio versus slenderness ratio,
KL/ry, for the same channel used in Figures 47 and 48 for D/L = 1/5
and e = + 1.20 in. The curves without star symbol represent the values
‘of allowable load ratio for e = + 1.20 in; the curves with star symbols
represent the values of allowable load ratio for e = - 1.20 in. The
sign of eccentricity has negligible effect. The curve computed for
yield point of 33 ksi indicates that the allowable load ratio increases
slightly with increasing slenderness ratio up to KL/ry = 170. For
KL/ry > 170, the allowable load ratio decreases as the slenderness
ratio increases. The same relationships hold for Fy = 50 ksi but with’
the dividing point of KL/ry = 130. The curves also show that for
KL/ry = 150.47 (L = &4 ft), the allowable load ratios for Fy = 33 and
50 ksi are the same. When KL/ry < 150.47, the allowable load ratios

computed for Fy = 50 ksi are larger than those computed for Fy = 33

ksi. For KI./ry > 150.47, the allowable load ratio computed for Fy

33 ksi are larger than those computed for Fy = 50 ksi.
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A deeper channel (6 in. x 1.5 in. x 0.105 in.) with unstiffened
flanges was also studied. Figure 50 shows the allowable load ratio
versus eccentricity for the 5 ft long channel with D/L = 0.5 and Fy =
33 ksi. The curves shown in the figure are obtained for Cm values of
1.0 and 0.85. It is similar in shape and magnitude to the allowable
load ratio curve shown in Figure 47 for a 4 in. deep channel with un-
stiffened flanges and Fy = 33 ksi. Figure 50 shows that Cm.value has
negligible effect on the allowable load ratio. Also as shown in Figures
47 and 50, small eccentricities will result in relatively high allow-
able load ratios.

The relationship between allowable load ratio and dead-to-live
load ratio for the channel used in Figure 50 is shown in Figure 51 for
various lengths. The curves without star symbol represent the values
of allowable loéd ratio for e = + 1.00 in; the curves with star symbols
represent the values of allowable load ratio for e = - 1.00 in..The
effective lengths used in this figure are 3 and 7 ft. This figure is
similar to Figure 46 which was obtained from a channel of equal depth
but with stiffened flanges. As shown in this figure, the effective
length has a small effect on the allowable load ratio. It also shows
that the sign of eccentricity has no effect for L = 3 ft and has neg-

ligible effect for L = 7 ft on the allowable load ratio.
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VII. CONNECTIONS

A. GENERAL

Connections are required for joining individual structural members
together and are used to fabricate structural members from sheet steel
or structural components. The AISI Specification and the Specification
for Load and Resistance Factor Design include requirements for welded
and bolted connections which are frequently used in cold-formed steel
construction. All connections should be designed to transmit the max-

imum load with proper regard for eccentricity.

B. WELDED CONNECTIONS

Welds are classified as fusion welds and resistance welds. Weld
shearing and plate tearing are the common failure modes for welded
connections.

1. Allowable Stress Design. Welded connections shall be designed
to transmit the maximum load in the connected member. Proper regard
shall be given to eccentricity.

a. Arc Welds. Arc welds are fusion welds produced by bﬁ;ning
the metal to a molten state at the surface to be joined without the
application of mechanical pressure or blows*. Pekoz and McGuire*
studied the welding of sheet steel and provided most of the statistical
data used for the development of the AISI design provisions for al-

lowable stress design and the LRFD criteria for arc welds. According
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to Section E2 of the AISI Specification, the load on each arc weld shall

not exceed Pa calculated as follows:

P =P /Q (VII.1)
a n’ w
where
Qw = Factor of safety for arc welded connections
= 2.50
P_ = Nominal strength of welds determined according to the

following formulas.

i. Arc Spot Welds. Arc spot welds are produced by burning a hole
in the top sheet and filling it with weld metal which fuses it to the
bottom sheet or structural member. They are sometimes referred to as
puddle welds. Arc spot welds permitted by the AISI Specification are
for welding sheet steel to thicker supporting members in the flat po-
sition. Arc spot welds (puddle welds) shall not be made on steel where
the thinnest connected part is over 0.15 inch thick, nor through a
combination of steel sheets having a total thickness over 0.15 inch.

Weld washers shall be used when the thickness of the sheet is less
than 0.028 inch. Weld washers shall have a thickness between 0.05 and
0.08 inch with a minimum prepunched hole of 3/8-inch diameter.

Arc spot welds shall be specified by minimum effective diameter
of fusgd area, de' Minimum allowable effective diameter is 3/8 inch.

The nominal shear load, Pn’ on each arc spot weld between sheet
or sheets and supporting member shall not exceed the smaller of either

Pn = 0.625de2Fxx; or (VII.2)

For (da/t) < 0.815[(E/Fu):
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P = 2.20td_F (VII.3)
n au

For 0.815/(E/Fu) < (da/t) < 1.397](E/Fu):

P = 0.280[1+(5.59t/E)/(d_[F ))td F (VII.4)

u

For (da/t) 2 1.397I(E/Fu):

P
n

where

[}

ii.

1.40td F (VII.5)
au

Visible diameter of outer surface of arc spot weld

Average diameter of the arc spot weld at mid-thickness of t
[where d, = (d-t) for a single sheet, and (d-2t) for multiple
sheets (not more than four lapped sheets over a supporting
member)]

Effective diameter of fused area

0.7d-1.5t but < 0.55d (VII.6)
Total combinedAbase steel thickness (exclusive of coatings) of
sheets involved in shear transfer

Stress level designation in AWS electrode classification
Specified minimum tensile strength of steel

Arc Seam Welds. Arc seam welds are produced in the same

manner as arc spot welds except that a seam is formed. Arc seam welds

covered by the AISI Specification apply only to the following joints:

(a)

Sheet to thicker supporting member in the flat position.

(b) Sheet to sheet in the horizontal or flat position.

According to Section E2.3 of the AISI Specification, the shear load,

Pn’ on each arc seam weld shall not exceed either

Pn = (de’/4+Lde/3)(2.5Fxx); or (VII.7)
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Pn = 2.StFu(0.25L+0.96da) (VII.8)
where
d = Width of arc seam weld
L = Length of seam weld not including the circular ends (For
computation purposes, L shall not exceed 3d)
da = Average width of seam weld
where ,
da = (d-t) for a single sheet, and (V1.9
(d-2t) for a double sheet (VII.10)
de = Effective width of arc seam weld at fused surfaces
d, = 0.7d-1.5¢t (VII.11)

iii. Fillet Welds. Fillet welds are used to connect lap joints
and T-joints. Fillet we%ds covered by the AISI Specification apply to
the welding of joints in any position, either

(a) Sheet to sheet, or
(b) Sheet to thicker steel member.
According to Section E2.4 of the AISI Specification, the shear load,
Pn’ on a fillet weld in lap and T-joints shall not exceed the féllowing:
For longitudinal loading:
For L/t < 25:
Pn = (1-0.01L/t)tLFu . (VII.12)
For L/t 2 25:
Pn = 0.7StLFu (VII.13)
For transverse loading:
P = tLF (VII.14)

n u

where
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t = Least value of t1 or t2

In addition, for t > 0.150 inch the allowable load for fillet weld

in lap and T-joints shall not exceed:

P = 0.75t LF (VII.15)
n W XX
where
L = Length of fillet weld
tw = Effective throat = 0.707w1 or 0.707w2, whichever is smaller.

A larger effective throat may be taken if it can be shown by
measurement that a given welding procedure will consistently
give a larger value providing the particular welding procedure
used for making the welds that are measured is followed.

w, and wy = leg on weld

1

iv. Flare Groove Welds. Flare groove welds are used in cold-

formed steel construction to join rolled corners to sheets and to join
two rolled corners. Flare groove welds covered by the AISI Specifi-
cation apply to welding of joints in any position, either:

(a) Sheet to sheet for flare-V groove welds, or

(b) Sheet to sheet for flare-bevel groove welds, or

(c) Sheet to thicker steel member for flare-bevel groove welds.
According to Section E2.5 of the AISI Specification, the shear load,
Pn’ on a weld shall be governed by the thickness, t, of the sheet steel
adjacent to the weld. The load shall not exceed:
For flare-bevel groove welds, tramsverse loading:

P = 0.833tLF ' (VII.16)
For flare groove welds, longitudinal loading:

For t < t, < 2t or if the lip height is less than weld length, L:
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P_ = 0.75tLF (VII.17)

n u
For t, > 2t and the lip height is equal to or greater than L:

P_ = 1.50tLF (VII.18)

n u
In addition, if t > 0.15 inch, then: )

P = 0.75t LF (VII.19)

n wooXX /

b. Resistance Welds. Resistance welding is a group of welding
processes wherein coalescence is produced by the heat obtained from
resistance to electric current through the work parts held together
under presure by electrodes*. They are mostly used for shop welding
in cold-formed steel fabrication. According to Section E2.6 of the AISI
Specification, in sheets joined by spot welding the allowable shear

per spot, Pa’ shall be as follows (the safety factor is included in

Table VII.1):

. TABLE VII.1
Allowable Shear per Spot for Resistance Welds
Thickness of Allowable Shear Thickness of Allowable Shear
Thinnest Outside | Strength per Thinnest Qutside Strength per
Sheet, in. Spot, kips Sheet, in. Spot, kips
0.010 0.050 0.080 1.330
0.020 0.175 0.094 1.725
0.030 0.400 0.109 2.395
0.040 0.570 0.125 2.880
0.050 0.660 0.188 4.000
0.060 0.910 0.250 : 6.000

2. LRFD Criteria
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a. Arc Welds. According to Section E2 of the LRFD Specification,
the force on each weld computed on the basis of factored loads shall

not exceed the factored nominal strength, ¢Pn,

where
¢ = Resistance factor for arc welded connections
Pn = Nominal strength of welds

i. Arc Spot Welds. Arc spot welds permitted by the LRFD Spec-
ification are for welding sheet steel to thicker supporting members
in the flat position. Arc spot welds (puddle welds) shall not be made
on steel where the thinnest connected part is over 0.15 inch thick,
nor through a combination of steel sheets having a total thickness over
0.15 inch.

Weld washers shall be used when the thickness of the sheet is less
than 0.028 in;h. Weld washers shall have a thickness between 0.05 and
0.08 inch with a minimum prepunched hole of 3/8-inch diameter.

Arc spot welds shall be specified by minimum effective diameter
of fused area, de‘ Minimum allowable effective diameter is 3/8 inch.

The factored nominal shear strength, ¢Pn, of each arc spot weld
between sheet or sheets and supporting member shall be determined by

using the smaller of either

(a) & = 0.60
P =0.589d °F__; or (VII.z20)
n e XX .
(b)For (da/t) < 0.815/(E/Fu):
¢ = 0.60
Pn = 2.20tdaFu (VII.21)

o

For

.815 (E/Fu) < (da/t) < 1.397](E/Fu):
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0.50

<
]

P_ = 0.280(1+5.59[E/F_/(d /t))td F (VII.22)

For (d /t) = 1.397J(E/F):

¢ = 0.50
P = 1.40td_ F (VII.23)
n au
where
® = Resistance factor for welded connections
Pn = Nominal ultimate shear strength of an arc spot weld
d = Visible diameter of outer surface of arc spot weld
da = AVerage diameter of the arc spot weld at mid-thickness of t

( where da = (d-t) for a single sheet, and (d-2t) for multiple

sheets (not more than four lapped sheets over a supporting

member))

de = Effective diameter of fused area

de = 0.7d-1.5t but = 0.55d (YII.ZA)

t = Total combined base steel thickness (exclusive of coatings) of
sheets involved in shear transfer

Fxx= Stress level designation in AWS electrode classification

ii. Arc Seam Welds. Arc seam welds covered by the LRFD Spec-
ification apply only to the following joints:
(a) Sheet to thicker supporting member in the flat position.
(b) Sheet to sheet in the horizontal or flat position.
The factored nominal shear strength, ¢Pn, of arc seam welds shall be
determined by using the smaller of either

(a) ¢ = 0.60
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= 2 -

Pn (nde /4+Lde)(0.75Fxx), or (VII.25)
(b) ¢ = 0.60

P = 2.5tF (0.25L+0.96d ) (VII.26)

n u a
where

¢ = Resistance factor for welded connections

Pn = Nominal ultimate shear strength of an arc seam weld

d = Width of arc seam weld

L = Length of seam weld not including the circular ends (For

computation purposes, L shall not exceed 3d)
da = Average width of seam weld

iii. Fillet Welds. TFillet welds covered by the LRFD Specifica-
tion apply to the welding of joints in any position, either
(a) Sheet to sheet, or
(b) Sheet to thicker steel member.
The féctored nominal shear strength, ¢Pn, of a fillet weld shall be
determined as follows:

(a)For longitudinal loading:

For L/t < 25:
¢ = 0.60
Pn = (1-0.01L/t)tLFu (VII.27)

For L/t 2 25:

¢ = 0.55
P = 0.75tLFu (VII.28)
(b)For transverse loading:

¢ = 0.60

149



(VII.29)

where

ot
]

Least value of t1 or t2

In addition, for t > 0.150 inch the factored nominal strength

determined above shall not exceed the following value of ¢Pn:

¢ = 0.60
Pn = 0.75twLFxx (VII.30)
where

® = Resistance factor for welded connections

Pn = Nominal ultimate strength of a fillet weld

L = Length of fillet weld

t, = Effective throat = 0.707w1 or 0.707w2, whichever is smaller.
A larger effective throat may be taken if it can be shown by
measurement that a given welding procedure will consistently
give a larger value providing the particular welding procedure
used for making the welds that are measured is followed.

W, and w, = leg on weld

iv. Flare Groove Welds. Flare groove welds covered by the LRFD

Specification apply to welding of joints in any position, either:

(a) Sheet to sheet for flare-V groove welds, or

(b) Sheet to sheet for flare-bevel groove welds, or

(c) Sheet to thicker steel member for flare-bevel groove welds.
The factored nominal shear strength, ¢Pn, of a flare groove weld shall
be determined as follows:
(a)For flare-bevel groove welds, transverse loading:

¢ = 0.55
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P = 0.833tLF (VII.31)
n u

(b)For flare groove welds, longitudinal loading:

(1)For t = tw < 2t or if the lip height is less than weld length, L:
¢ = 0.55

0.7StLFu (VII.32)

g -]
i

(2)For tw 2 2t and the lip height is equal to or greater than L:
® = 0.55

P = 1.50tLFu (VII.33)

In addition, if t > 0.15 inch, the factored nominal strength de-
termined above shall not exceed the following value of ¢Pn:
¢ = 0.60

P = 0.75t LF (VII.34)
n W XX

b. Resistance Welds. The factored nominal shear strength, ¢Pn,
of spot welding shall be determined as follows:

¢ = 0.65

Tabulated value given in Table VII.2

g~ ]
1
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TABLE VII.2

Nominal Shear Strength of Spot Welding

Thickness of Shear Strength Thickness of Shear Strength
Thinnest Outside per spot Thinnest Outside per spot
Sheet, in. kips Sheet, in. kips
0.010 0.125 0.080 3.325
0.020 0.438 0.094 4.313
0.030 1.000 0.109 5.988
0.040 1.425 0.125 7.200
0.050 1.650 0.188 10.000
0.060 2.275 0.250 | 15.000

3. Comparison. The allowable load per weld for allowable stress
design is Pa computed from Eq. (VII.1l). For the LRFD criteria, the
allowable load per weld can be calculated from the follwoing equation
developed from Eq. (II.6):

(P )rgpp = PP, (D/L+1)/(1.2D/L+1.6) (VII.35)

a. Arc Spot Welds. Equation (VII.2) from allowable stress design
and Eq. (VII.Zb) for LRFD criteria are based on shearing of the weld.
The allowable load ratio based on ghearing of ar; spot welds aﬁd ¢ =

0.60 is as follows:
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(P.) 0.589 D/L+1 D/L+1
a LRFD _ (2.5¢) ——— = 1.416 ——————  (VII.36)
(Pa)ASD 0.625 1.2D/L+1.6 1.2D/L+1.6

Figure 52 shows the allowable load ratio versus dead-to-live load
ratio determined from Eq. (VII.36) for weld shear failure of arc spot
welds. For D/L = 0.5, the allowable load per spot determined from the
LRFD criteria is 3.6% less than the value obtained from allowable
stress design. As shown in the figure, LRFD is conservative for shear
failure in arc spot welds for D/L < 0.9.

Equations (VII.3), (VII.4), and (VII.5) from allowable stress
design and Egs. (VII.21), (VII.22), and (VII.23) for LRFD are based
on failure in the plate. The allowable load ratios for plate failure

are as follows:

For (da/t) < 0.815/(E/Fu) and ¢ = 0.60,

(P.) D/L+1 D/L+1
_ 3 LRFD _ s = 1.50 —— (VII.37)
() asp 1.2D/L+1.6 1.2D/L+1.6

For 0.815 /(E/Fu) < (d/t) < 1.397/(E/Fu) and ¢ = 0.50,
(P.) D/L+1 D/L+1
_AIRFD s 2 1.25 e (VII.38)
(P)asp 1.2D/L+1.6 1.2D/L+1.6

For (d /t) 2 1.397/(E/Fu) and ¢ = 0.50
(P.) D/L+1 D/L+1
__8'LRFD _ 2.5 ——— =1.25 — (VII.39)
(P asp - 1.2D/L+1.6 1.2D/L+1.6

Equations (VII.37), (VII.38), and (VII.39) are shown in Figure
53 and are based on plate failure of arc spot welds. As seen from the

figure, for D/L = 0.5, the allowable load ratios computed from LRFD
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and ASD vary from about 0.85 to 1.02 depending upon the da/t ratio used
in the connection. For the range of D/L ratios used in cold-formed
steel, LRFD is conservative for the design of arc spot welds compared
with allowable stress design.

b. Arc Seam Welds. Equation (VII.7) from allowable stress design
and Eq. (VII.25) for LRFD criteria are based on shearing of the weld.
The allowable load ratio based on shear failure of arc seam welds and
¢ = 0.60 is as follows:

D/L+1 D/L+1

= 0.75n¢ = 1,416 — (VII.40)
1.2D/L+1.6 1.2D/L+1.6

(Pa)LRFD

(P)asp

Equation (VII.40) is identical to Eq. (VII.36) which is the al-
lowable load ratio for arc spot welds based on weld shearing. Figure
52 shows the relationship between allowable load ratio and dead-to-live
load ratio for this type of failure. As shown in the figure, LRFD is
conservative for shear fa;lure of arc seam welds compared with allow-
able stress design for D/L < 0.90.

Equation (VII.8) from allowable stress design and Eq. (VII.26)
for LRFD criteria are based on plate tearing. The allowable load ratio

for plate failure and ¢ = 0.60 is as follows:

(Pa)LRFD D/L+1 D/L+1
= 2.5¢ = 1.50
(Pa)ASD ‘ 1.2D/L+1.6 1.2D/L+1.6

(VII.41)

Figure 54 shows the allowable load ratio versus dead-to-live load
ratio determined from Eq. (VII.41) for plate tearing failure. Both
design methods result in the same value of allowable load for a D/L

ratio of 1/3. The allowable load based on LRFD is 2.3% greater than
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the value based on allowable stress design for D/L = 0.5. However, LRFD
is conservative for D/L < 1/3 compared with allowable stress design.
c. Fillet Welds. Equations (VII.1l2), (VII.13), and (VII.1l4) from
allowable stress design and Eqs. (VII.27), (VII.28), and (VII.29) for
LRFD design are based on plate tearing. The allowable load ratio can

be computed using the following formula:

(P) D/L+1
_AIRFD _ o sy (VII.42)
(Pa)ASD 1.2D/L+1.6

For longitudinal loading with L/t < 25, the resistance factor is 0.60.

Therefore, the allowable load ratio can be computed using the following

equation:
(P.) D/L+1
_a'LRFD _ ) 50— (VII.43)
(P ,sp 1.2D/L+1.6

For longitudinal loading with L/t 2 25, the resistance factor is 0.55.
Therefore, the following equation can be used to calculate the allow-

able load ratio:

(P) D/L+1
a’LRFD _ , 545 (VII.44)
(Pa)ASD 1.2D/L+1.6

For transverse loading with ¢ = 0.6, Eq. (VII.45) can be used to cal-

culate the ailowable load ratio.

(P) D/L+1
_8LRFD _ ) 50 . (VII.45)
(Pa)ASD 1.2D/L+1.6
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The relationship between allowable load ratio and dead-to-live
load ratio is shown in Figure 55 for plate tearing failure based on
Eqs. (VII.43), (VII.44), and (VII.4S). For longitudinally loaded
fillet welds with L/t < 25 and D/L = 0.5, the allowable load computed
from LRFD is 2.3% higher than the value computed from allowable stress
design. For longitudinally loaded fillet welds with L/t 2 25 and D/L
= 0.5, the allowable load computed from LRFD is 6.1% lower than the
value computed from allowable stress design.

For transverse loading of fillet welds, the allowable load based
on the LRFD criteria is also 2.3% higher than the value based on al-
lowable stress design for D/L = 0.5.

When the thickness of the plate is greater than 0.15 in., weld
shearing has to be checked. Equation (VII.15) from allowable stress
design and Eq. (VII.30) for LRFD design are based on weld.shearing of
fillet welds. The allowable loéd ratio can be computed using the

following formula with ¢ = 0.60:

(P) D/L+1 D/L+1
_a LRFD _ 2.5¢ =1.50 ————— (VII.46)
(P asp 1.2D/L+1.6 1.2D/L+1.6

The relationship between allowable load ratio and dead-to-live
load ratio for weld failure of fillet welds is shown in Figure 356.
From the figure, LRFD criteria result in an allowable load 2.3% larger

than the value computed from allowable stress design for D/L = 0.5.
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d. Flare Groove Welds. Equations (VII.16), (VII.17), and

(VII.18) from allowable stress design and Eqs. (VII.31), (VII.32), and
(VII.33) for LRFD design are based on plate failure. The allowable load
ratio can be computed using the following formula:

D/L+1
(VII1.47)

1.2D/L+1.6

For flare-bevel groove welds loaded in the transverse direction and ¢

= 0.55, the following equation can be used for allowable load ratio:

D/L+1 .
(VII.48)

(P)asp 1.2D/L+1.6

For flare groove welds loaded in the longitudinal direction and ¢ =
0.55, the allowable load ratio can be computed as follows:

(P) D/L+1
a’LRFD _ 1 375 (VII.49)

(P)asp 1.2D/L+1.6

Figure 57 shows the relationship between allowable load ratio and
dead-to-live load ratio computed from Egs. (VII.48) and (VII.49). For
transverse loading of flare-bevel groove welds and D/L = 0.5, the al-
lowable load computed from LRFD is 6.3% lower than the value computed
from allowable stress design. The same is true for flare groove welds
loaded in the longitudinal direction. As shown in the figure, the LRFD
criteria for flare‘groovg welds are slightly conservative for the
values of D/L ratios generally used in cold-formed steel construction.

For flare groove welds on sheets thicker than 0.15 in., weld

shearing may govern the design. Equation (VII.19) from allowable stress
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design and Eq. (VII.34) for LRFD design are based on shear failure of

the weld. With ¢ = 0.60, the allowable load ratio can be computed as

follows:
(P) D/L+1 D/L+1
aLRFD _ 5 s = 1.50 (VII.50)
(P asp 1.2D/L+1.6 1.2D/1+1.6

Equation (VII.50) is identical to Eq. (VII.46) which is the al-
lowable load ratio for fillet welds based on the same type of failure.
Figure 56 shows the allowable load ratio versus dead-to-live load ratio
for weld failure of fillet and flare groove welds. The allowable load
ratio based on LRFD is 2.3% larger than the value based on allowable
stress design for D/L = 0.5.

e. Resistance Welds. The allowable loads per spot weld for al-
lowable stress design in Table VII.1l were derived from the values in
Table VII.2 using a factor of safety of 2.5. Therefore, the following

equation for allowable load ratio can be used for ¢ = 0.65:

(P)) D/L+1 D/L+1

A LRFD o s e = 1.625 — (VII.51)
+1.

(P asp 1.2D/L+1.6 1.2D/L+1.6

The relationship between allowable load ratio and dead-to-live
load ratio is shown in Figure 58 for resistance welds. As shown from
the figure, LRFD criteria alyays result in higher values of allowable
load than allowable stress design for all dead-to-live load ratios.

For D/L = 0.5, the difference between the allowable loads is 10.8%.
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C. BOLTED CONNECTIONS

The AISI Specification and the LRFD Specification for bolted
connections of cold-formed steel structural members apply to members
in which the thickness of the thinnest comnnected part is less than 3/16
in. The AISC Specification should be used for bolted connections when
the thickness of the thinnest connected part is greater than or equal
to 3/16 in.

1. Allowable Stress Design. According to Section E3 of the AISI
Specification, the following requirements govern bolted connections
of cold-formed steel structural members in which the thickness of the
thinnest connected part is less than 3/16 inch and there are no gaps
between connected parts. For bolted connections in which the thinnest
connected part is equal to or greater than 3/16 inch, refer to AISC
Specification.

a. Spacing and Edge Distance. The minimum spacing and edge
distance in the line of the stress has to be checked to prevent tearing
of the steel sheet due to shear. According to Section E3.1 of the AISI
Specification, 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 as follows:

e in = eQe (VII.52)
where
‘@ = P/Fut (VII.53)

(a) When Fu/FSY 2 1.15:

Qe = Factor of safety for sheet tearing
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= 2.0

(b) When Fu/Fsy < 1.15:

Qe = Factor of safety for sheet tearing
= 2.22
where
P = Force transmitted by bolt
t = Thickness of thinnest connected part
Fu = Tensile strength of the connected part
FSy = Specified yield point of the connected part
b. Tension in Connected Part. Tearing of the net section in

tension is caused by stress concentrations resulting from the presence
of holes and the concentrated force transmitted by the bolt to the
sheets. According to Section E3.2 of the AISI Specification, the ten-
sion force on the net section of a bolted connection shall not exceed

Ta from Section C2 of the AISI Specification or Pa calculated as fol-

lows:

Pa = Pn/Qt (VII.54)
where

Pn = AnFt

An = Net section area

F_ and Qt are defined as follows:
(a) When t =2 3/16 in.:
. Use AISC Specification

(b) When t < 3/16 inch and washers are provided under both the bolt

head and nut

Ft = (1.0-0.9r+3rd/s)Fu < Fu (VII.55)

167



Qt = Factor of safety for tension on the net section
= 2.0 for double shear
= 2.22 for single shear
(c) When t < 3/16 inch and either washers are not provided under the

bolt head and nut, or only one washer is provided under either

the bolt head or nut

Ft = (1.O-r+2.5rd/s)Fu < Fu (VII.S56)
Qt = Factor of safety for temsion on the net section
=2.22
where
r = Force transmitted by the bolt or bolts at the section

considered, divided by the tension force in the member at that

section. If r is less than 0.2, it may be taken equal to zero

7
"

Spacing of bolts perpendicular to line of stress. In the case
of a single bolt, s = width of sheet

F, = Nominal tension stress limit on net section

d = Diameter of bolt

¢. Bearing. Bearing failure occurs when the steel sheet piles

up in front of the bolts. This occurs when the edge distance or lon-
gitudinal spacing of the bolts is relatively large. According to Sec-
tion E3.3 of the AISI Specification, the bearing force shall not exceed

Pa calculated as follows:

Pa = Pn/Qb ' (VII.57)
where

P = det (VII.58)

Qb = Safety factor for bearing
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= 2.22

Fp = Nominal bearing stress as given in Tables VII.3 and VII.&4
Table VII.3
Nominal Bearing Stress for Bolted Connections
With Washers Under Both Bolt Head and Nut
Thickness of F /F___ ratio of Nominal
s u' s ;
connected part Type of joint connddted part bearing
in. stress, F
%
Inside sheet of 21.15 3.33Fu
double shear
connection < 1.15 3.00Fu
2 0.024
but < 3/16 Single shear
and outside
sheets of No limit 3.00Fu
double shear
connection
=2 3/16 See AISC Specification
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Nominal Bearing Stress for Bolted Connections
Without Washers Under Both Bolt Head and Nut,

Table VII.4

or With Only One Washer

Thickness of Fu/FS ratio of Nominal
connected part Type of joint connezted part bearing
in. stress, F
p
Inside sheet of :
double shear 2 1.15 3.00Fu
connection
2 0.036
but < 3/16 Single shear
and outside
sheets of =2 1.15 2.22F
double shear u
connection
2 3/16 See AISC Specification

d. Shear and Tension in Bolts.

The strengths of the bolts in

shear and tension have to be checked for bolted connections. According

to Section E3.4 of the AISI Specification, the bolt force resulting

from shear, tension or combination of shear and tension shall not ex-

ceed allowable bolt force, Pa’ calculated as follows:

Pa = AbF

where

%

F is given by F_, F,_ or Ft' in Tables VII.S and VII.6
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Table

VII.S5

Allowable Shear and Tension Stresses for Bolts

Allowable shear

Stress

, F_, ksi
\

Description Threads not Threads Ex- Allowable Tension]
of Bolts Excluded from cluded from Stress, Ft’ ksi
Shear Plane Shear Plane
A325 Bolts 21 30 44
A354 Grade B Bolts
(1/4 in. = d 24 40 49
< 1/2 in.)
A449 Bolts
(1/4 in. = d 18 30 40
< 1/2 in.)
A490 Bolts 28 40 54
A307 Bolts, Grade A
(1/4 in. = d 9 18
< 1/2 in.)
A307 Bolts, Grade A
(d 2 1/2 in.) 10 20

When bolts are subject to a combination of shear and tension, the

tension force shall not exceed to a combination of shear and tension,

the tension force shall not exceed the allowable force, Pa’ based on

Ft', given in Table VII.6, where fv’ the shear stress produced by the

same forces, shall not exceed the allowable value Fv given in Table

VII.S.
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Table VII.6
Allowable Tension Stress, F_', for Bolts
Subject to the Combination of ghear and Tension

Threads Not Excluded | Threads Excluded from
Description of Bolts from Shear Planes Shear Planes
A325 Bolts 55 - 1.8fV < 44 55 - 1.4fv < 44
A354 Grade BD Bolts 61 - 1.8fv < 49 61 - 1./+fv < 49
A449 Bolts 50 - 1.8fV < 40 50 - 1.4fV < 40
A490 Bolts 68 - l.8fv < 54 68 - l.hfV < 54

A307 Bolts, Grade A
When 1/4in. £d<1/2 im. 23 - 1.8fv < 18

When d21/2in. 26. - 1.8fv s 20

2. LRFD Criteria. According to Section E3 of the LRFD Specifi-
cation, the following LRFD design criteria govern bolted connections
used for cold-formed steel structural members in which the thickness
of the thinnest connected part is less than 3/16 inch. For bolted
connections in which the thickness of the thinnest connected part is
equal to or greater than 3/16 inch, refer to AISC Specification.

a. Spacing and Edge Distance. According to Section E3.1 of the
LRFD Specification, the factored nominal shear strength, ¢Pn, of the
connected part along two parallel lines in the direction of applied
force shall be determined as follows:

Pn = teFu (V1I1.60)

(a) When Fu/Fsy 2 1.15:-
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¢ =10.70

(b) When Fu/Fsy < 1.15:

® = 0.60
where

0] = Resistance factor

Pn = Nominal resistance per bolt

e = The distance 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

t = Thickness of thinnest connected part

Fu = Tensile strength of the connected part

Fsy = Specified yield point of the connected part

b. Tension in Connected Part. According to Section E3.2 of the
LRFD Specification, the factored nominal tensile strength, ¢Pn, on the
net section of the connected part shall be determined as follows:

(a) Washers are provided under both the bolt head and the nut

Pn = (1.0-0.9r+3rd/s)FuAn s FuAn (VII.61)
¢ = 0.65 for double shear connection
¢® = 0.55 for single shear connection

(b) Either washers are not provided under the bolt head and nut, or only

one washer is.provided under either the bolt head or nut

¢ = 0.65

Pn = (1.0—r+2.5rd/s)FuAn s FuAn (VII.62)

In addition, the factored nominal tensile strength shall not exceed

the following value:

¢ =0.95
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(VII.63)

Pn = syAn
where

An = Net area of the comnnected part

d = Diameter of bolt

r = Force transmitted by the bolt or bolts at the section
considered, divided by the tension force in the member 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 the case

of a single bolt, s = Width of sheet
c. Bearing. According to Section E3.3 of the LRFD Specification,
the factored nominal bearing strength, ¢Pn, shall be determined by the
values of ¢ and Pn given in Tables VII.7 and VII.8 for the applicable
thickness and Fu/Fsy ratio of the connected part and the type of joint

used in the connection.

~ TABLE VII.7
Nominal Bearing Strength for Bolted Connections
With Washers Under Both Bolt Head and Nut

Thickness of Fu/Fs ratio of | Resistance| Nominal
Connected Part | Type of Joint y Factor |Resistance
in. Connected Part ) Pn

Inside sheet of 21.15 0.55 3.33F dt
double shear “
2 0.024 connection < 1.15 0.65 3.00F dt
but 4
< 3/16 Single shear
and outside
sheets of No limit . 0.60 3.00F_ dt
double shear v
connection
2 3/16 See Section E3
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TABLE VII.8
Nominal Bearing Strength for Bolted Connections
Without Washers Under Both Bolt Head and Nut,
or With Only One Washer

Thickness of Fu/Fs ratio of | Resistance| Nominal
Connected Part | Type of Joint y Factor ResistancJ
in. Connected Part 1) Pn

Inside sheet of
double shear 21.15 0.70 3.00Fudt
2 0.036 connection
but
< 3/16 Single shear
and outside
sheets of 21.15 0.65 2.22Fudt
double shear
connection
2 3/16 See Section E3

d. Shear and Tension in Bolts.

According to Section E3.4 of the

LRFD Specification, the bolt force in shear or tension produced by

factored loads shall not exceed the factored nominal strength, ¢Pn,

determined as follows:

©
]

n AbFn

Ab=

Resistance factor given in Table VII.9

Gross cross-sectional area of bolt

F_ is given by an or Fnt in Table VII.9.

(VII.64)

When bolts are subject to a combination of shear and tension

produced by factored loads, the tension force shall not exceed the

factored nominal strength, ¢Pn, based on ¢ = 0.75 and Pn

]
where F 0t

1
AbF nt’

is given in Table VII.10, in which f, is the shear stress

produced by the same factored loads. The shear force shall not exceed
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the factored shear strength, ¢Aban, determined in accordance with
Table VII.9.

3. Comparison. The allowable load per bolt for allowable stress
design can be determined as Pa = Pn/Q. For the LRFD criteria, the al-
lowable load per bolt can be calculated from the follwoing equation
developed from Eq. (II.6):

(Pa)LRFD = ¢Pn(D/L+1)/(1.2D/L+1.6) (VII.65)

a. Spacing and Edge Distance. For allowable stress design, the
allowable load can be computed for a given edge distance by solving
for P in Eqs. (VII.52) and (VII.53).

For Fu/Fsy 2 1.15,

(Pa)ASD = 0.5teF (VII.66)
For Fu/FSy < 1.15,

(Pa)ASD = 0.45teFu (VII.67)

The allowable load for LRFD can be computed using Eq. (VII.65).
The allowable loads from Eqs. (VII.66) and (VII.67) were derived from
the ultimate load in Eq. (VII.60) using a factor of 2.00 and 2.22,
respectively. Therefore, the allowable load ratios based on plate
shearing around the bolt can be computed from the following:

For Fu/Fsy 2 1.15, ¢ = 0.70:

(P)1RFD _ D/L+1
= 1.4 (VII.68)
(P )asp 1.2D/L+1.6
For F /Fe < 1.15, ¢ = 0.60:
(P)rReD _ D/L+1
= 1.332 (VII.69)
(P)asp 1.2D/L+1.6
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TABLE VII.9
Nominal Tensile and Shear Strengths for Bolts

Description of Bolts

Tensile Strength

.

Shear Strength

are excluded
from shear planes

Resistance [Nominal Resistance | Nominal
Factor ¢ Stress Factor ¢ Stress
F
nt nv
A307 Bolts, Grade A
(1/4 in. s d < 1/2 in.) 0.75 40.5 0.65 24.0
A307 Bolts, Grade A
(d 2 1/2 in.) 45.0 27.0
A325 bolts, when threads
are not excluded 90.0 54.0
from shear planes
A325 bolts, when threads
are excluded 90.0 72.0
from shear planes
A354 Grade B Bolts
(1/4 in. < 4 < 1/2 in.), 101.0 59.0
when threads are not
excluded from shear planes
A354 Grade B Bolts (1/4 in.
< d < 1/2 in.), when threads 101.0 90.0
are excluded from shear plans
449 Bolts (1/4 in. < d < 1/2
in.), when threads are not 81.0 47.0
excluded from shear planes
A449 Bolts (1/4 in. < d <
1/2 in.), when threads are 81.0 72.0
excluded from shear planes
A490 Bolts, when threads
are not excluded 112.5 67.5
from shear planes
A490 Bolts, when threads
112.5 90.0

177




TABLE VII.10
Nominal Tension Stress, Flnt’ for Bolts

Subject to the Combination of Shear and Tension

Threads Not Excluded Threads Excluded from
Description of Bolts from Shear Planes Shear Planes
A325 Bolts 113-2.4fv < 90 113-1.9fV < 90
A354 Grade BD Bolts 127-2.4fV < 101 127-1.9fV < 101
A449 Bolts 101-2.4fV < 81 101-1.9fV < 81
A490 Bolts 141-2.4fv < 112.5 141-1.9fV < 112.5

A307 Bolts, Grade A
when 1/46 in. < 4 < 1/2
in. 47-2.4fv < 40.5

when d 2 1/2 in. 52-2.4fV S 45

Figure 59 shows the relationships between allowable load ratio
. and dead-to-live load ratid for Eqs. (VII.68) and (VII.69). For D/L =
0.5, the allowable loads based on the LRFD criteria are from 4.5% to

9.2% lower than the values based on allowable stress design.
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b. Tension in Connected Parts. For allowable stress design, the

allowable tension on the net section can be computed by Eq. (VII.70).
(Pa)ASD = AnFt/Qt ' (VII.70)

For LRFD, the allowable tension on the net section can be computed
using Eq. (VII.65).

The allowable load for double shear connections with washers based
on allowable stress design was derived from the nominal tensile load
and a factor of safety of 2.0. For single shear connections without
washers, a factor of safety of 2.22 was used for allowable stress de-
sign. The yielding criteria for the net section was studied in Chapter
IIT of this report. The allowable load ratios can be computed as fol-

lows:

For double shear connections with washers and ¢ = 0.65,

(P) D/L+1 D/L+1
a’LRFD
= 2.00 = 1.30 (VII.71)
(Pa)ASD 1.2D/L+1.6 1.2D/L+1.6
For single shear connections with washers and ¢ = 0.55,
(Pa)LRFD D/L+1 D/L+1
— = 2.220 = 1.221 (VII.72)
(Pa)ASD 1.2D/1+1.6 1.2D/L+1.6
For connections without washers and ¢ = 0.65,
(Pa)LRFD D/L+1 D/L+1
= 2.22¢ = 1.443 (VII.73)
(Pa)ASD 1.2D/L+1.6 1.2D/L+1.6

Figure 60 shows the allowable load ratio versus dead-to-live load
ratio for the three cases represented by Egqs. (VII.71), (VII.72), and
(VI1.73). As shown in the figure, the criteria for tension on the net

section result in a wide range of allowable load ratios. For D/L = 0.5,
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the allowable loads based on the LRFD criteria are from 1.8% to 16.7%
lower than the values based on allowable stress design. The difference
depends on the use of washers and the type of connections. Figure 60
also shows that LRFD is very conservative for connections with washers
under the bolt head and nut compared with allowable stress design.
c. Bearing. The allowable load based on allowable stress design
can be computed using the following equation:
(Pa)ASD = Fptd/Qb (VII.74)
For LRFD, Eq. (VII.65) can be used to calculate the allowable load.
The factor of safety used in the development of the allowable
stress design formulas was 2.22. Therefore, the allowable load ratios
can be computed as follows:
(i) Connections with washers:
For inside sheets of double shear connections with
Fu/Fsy > 1.15 and ¢ = 0.55,

(P) D/L+1
a’LRFD _ 1 921 (VII.75)

. +1.6
(Pa)ASD 1.2D/L

For inside sheets of double shear connections with
F /F__<1.15 and ¢ = 0.65,

u sy
D/L+1

= 1,443 cm————

1.2D/L+1.6

Pa)rreD (VII.76)

(Pa)asp
For single shear and outside sheets of double shear
connections with ¢ = 0.60,

D/L+1
(VII.77)

2D/L+1.6
(P)asp 1.2D/

(ii) Connections without washer or with only one washer:
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For inside sheets of double shear connections with

Fu/F 2 1.15 and ¢ = 0.70,

sy

(P D/L+1

a’LRFD _ 4 .s54 (VII.78)
(P)asp 1.2D/L+1.6
For single shear and outside sheets of double shear
connections with Fu/Fsy 2 1.15 and ¢ = (.65,
(P.) D/L+1

3’ LRFD = 1 443 (VII.79)
(Pa)ASD 1.2D/L+1.6

The relationships between allowable load ratio and dead-to-live
load ratio for Eqs. (VII.75) through (VII.79) are shown in Figure 61.
As shown in the figure, the criteria for bearing strength of bolted
connections result in a wide range of values for allowable load ratio.
For D/L = 0.5, the allowable loads based on LRFD are from 6% higher
to 16.7% lower than the values obtained from allowable stress design.
The difference between the allowable loads will depend upon the use
of the washers, the shear conditions, and the Fu/FSy ratio. Inside
sheets of double shear bolted connection with washers designed using
LRFD will be very conservative compared with allowable stress design.

d. Shear and Tension in Bolts. The allowable load based on al-
lowable stress design can be computed as follows:

(Palasp = AF | (VII.80)
For LRFD, Eq. (VII.65) can be used to calculate the allowable load.

Therefore, the allowable load ratio for shear or tension of bolts

is:
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(P) A, F D/L+1 oF D/L+1
a’LRFD - Ab n [ - 11[ (VII.81)
(Pa)ASD AbF 1.2D/L+1.6 F L1.2D/L+1.6
Equation (VII.81) can be expressed in the following form:
(P.) D/L+1
_a’LRFD _ (K) ———— (VII.82)
(P.)asp 1.2D/L+1.6
where
Kb = ¢Fn/F (V11.83)

Table VII.11 lists the values of Kb calculated from the values
of F, Fn’ and.¢ provided in Tables VII.5 and VII.9. Figures 62 through
66 show the relationships between allowable load ratio and dead-to-live
load ratio for the bolts in Table VII.1l1l using Eq. (VII.82).

Figure 62 shows the allowable load ratio versus dead-to-live load
ratio for A325 bolts based on shear and tension strengths. As seen from
this figure, for D/L = 0.5, the allowable tensile load based on LRFD
design is 4.6% larger than the value based on allowable stress design.
Also for D/L = 0.5, when threads are included in the shear plane, the
allowable shear load based on LRFD design is 13.9% larger than the value
based on allowable stress design; when threads are not included in the
shear plane, the allowable shear load based on LRFD design is 6.4%
larger than the value based on allowable stress design. It can also
be seen from this figure that LRFD design will always result in a larger
allowable shear load than allowable stress design when threads are

included in the shear plane.
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Table VII.11
Kb values for Standard Bolts

Shear Strength

Description Threads not Threads Ex- Tension Strength
of Bolts Excluded from cluded from
Shear Plane Shear Plane
BSZS Bolts 1.671 1.560 1.534
A354 Grade B Bolts
(1/4 in. s d 1.598 1.463 1.546
< 1/2 in.)
AL49 Bolts
(1/6 in. < d 1.697 1.560 1.519
< 1/2 in.)

A490 Bolts 1.567 1.463 1.563

A307 Bolts, Grade A
(1/4 in. < d 1.733 1.688
< 1/2 in.)

A307 Bolts, Grade A
(d = 1/2 in.) 1.755 1.688

Figure 63 shows the allowable load ratio versus dead-to-live load
ratio for A354 Grade B bolts (1/4 in. £ d < 1/2 in.) based on shear
and tension strengths. As seen from this figure, for D/L = 0.5, the
allowable tensile load based on LRFD design is 5.4% larger than the
value based on alloyable stress design. Also for D/L = 0.5, when threads
are included in the shear plane, the allowabie shear load based on LRFD
design is 9% ‘larger than the value based on allowable stress desién;
when threads are not included in the shear plame, the allowable shear

load based on LRFD design is the same as the value based on allowable

186




stress design. It can also be seen from this figure thgt LRFD design
will always result in a larger allowable shear load than allowable
stress design when threads are included in the shear plane.

Figure 64 shows the allowable load ratio versus dead-to-live load
ratio for A449 bolts (1/4 in. £ d < 1/2 in.) based on shear and tension
strengths. As seen from this figure, for D/L = 0.5, the allowable
tensile load based on LRFD design is 3.6% 1afger than the value based
on allowable stress design. Also for D/L = 0.5, when threads are in-
cluded in the shear plane, the allowable shear load based on LRFD design
is 15.7% larger than the value based on allowable stress design; when
threads are not included in the shear plane, the allowable shear load
based on LRFD design is 6.4% larger than the value based on allowable
stress design. It can also be seen from this figure that LRFD design
will always result in a larger allowable shear load than allowable
stress design when threads are included in the shear plane.

Figure 65 shows the allowable load ratio versus dead-to-live load
ratio for A490 bolts based on shear and tension strengths. As seen from
this figure, for D/L = 0.5, the allowable tensile load based on LRFD
design is 6.6% larger than the value based on allowable stress design.
Also for D/L = 0.5, when threads are included in the shear plane, the
allowable shear load based on LRFD design is 6.8% larger than the value
based on allowable stress design; when threads are not included in the
shear plane, the allowable shear load based on LRFD désign is the same

as the value based on 4llowable stress design.
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Allowable Load Ratio, (Pa)LRFD/(Pa)ASD

1.154

1.08S 4

Dead-To-Live Load Ratio, D/L

Figure 65. Allowable Load Ratio vs. D/L Ratio for Shear
or Tension Strength on A490 Bolts

191
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Figure 66 shows the allowable load ratio versus dead-to-live load
ratio for A307 Grade A bolts based on shear and tension strengths. As
seen from this figure, for D/L = 0.5, the allowable tensile load based
on LRFD design is 15.1% larger than the value based on allowable stress
design. Also for D/L = 0.5, when 1/4 in. £ d < 1/2 in., the allowable
shear load based on LRFD design is 18.2% larger than the value based
on allowable stress design; when d 2 1/2 in., the allowable shear load
based on LRFD design is 19.7% larger than the value based on allowable
stress design. It can also be seen from this figure that LRFD design
will always result in a larger allowable load than allowable stress
design for all three cases.

When bolts are subject to a combination of shear and tension, the
unfactored shear force can be calculated for both ASD and LRFD methods

using the following equation:

VT = VDL + VLL (VII.84)

V. = total unfactored shear force

T
VDL = shear force due to the nominal dead load
VLL = shear force due to the nominal live load

The factored shear force for LRFD design can be expressed as Eq.

(VII.85) by using Eq. (II.6):

1.2D/L+1.6
(VII.85)

D T D/L+1
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Therefore, the allowable load ratio for tensile strength when

bolts are subject to a combination of shear and tension can be developed

as follows by using Eq. (VII.65):

1.2D/L+1.6
(Pa)LRFD D/L+1 D/L+1

(VII.86)
(Pa)ASD C - Df 1.2D/L+1.6
where
¢ = 0.75
f = VT/Ab

C and D are tabulated in Table VII.6
C1 and D1 are tabulated in Table VII.1O0

Figures 67 through 76 show the relationships between allowable
load ratio and dead-to-live load ratio for tensile strength of bolts
which are subject to a combination of shear and tension by using Eq.
(VII.86).

Figure 67 shows the allowable load ratio versus dead-to-live load
ratio for A325 bolts when threads are included in shear plane. The
different curves in this figure represent different unfactored shear
stresses f. For D/L ratio around 0.18, both design methods would result
in the same allowable tensile load for the unfactored shear stresses
f shown in the figure. For D/L > 0.18, the larger the unfactored shear
stress, the higher the allowable load ratio. For example, for D/L =
0.5, the (P )rpen/(P.),op ratios are 1.162 and 1.066 for £ = 21 ksi

and 7 ksi, respectively.
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on A325 Bolts Subject to the Combination of Shear and
Tension - Case A
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Allowable Load Ratio, (Pa)LRFD/(Pa)ASD
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Figure 68 shows the allowable load ratio versus dead-to-live load
ratio for A325 bolts when threads are excluded in shear plane. The
different curves in this figure represent different unfactored shear
stresses f. For D/L ratio around 0.28, the LRFD criteria gives an
allowable load about 2% more than the value computed from allowable
stress design for all unfactored shear stresses f shown in the figure.
For D/L > 0.28, the larger the unféctored shear stress, the higher the
allowable load ratio. For D/L = 0.5, the (Pa)LRFD/(Pa)ASD ratios are
1.143 and 1.062 for £ = 29 ksi and 10 ksi, respectively.

Figure 69 shows the allowable load ratio versus dead-to-live load
ratio for A354 Grade BD bolts when threads are included in shear plane.
The different curves in this figure represent different unfactored
shear stresses f. For D/L ratio aropnd 0.1, both design methods would
result in the same allowable tensile load for the unfactored shear
stresses f shown in the figure. For D/L > 0.1, the larger the unfactored
shear stress, the higher the allowable load ratio. For D/L = 0.5, the
(Pa)LRFD/(Pa)ASD ratios are 1.222 and 1.085 for f = 24 ksi and 8 ksi,
respectively.

Figure 70 shows the allowable load ratio versus dead-to-live load
ratio for A354 Grade BD bolts when threads are excluded in shear plane.
The different curves in this figure represent different unfactored
shear stresses f. For D/L ratio around 0.2, the LRFD criteria give
an allowable load about 2% more than the Qalue computed from allowable
stress design for all unfactored shear stresses f shown in the figure.

For D/L > 0.2, the larger the unfactored shear stress, the higher the
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allowable load ratio. For D/L = 0.5, the (Pa)LRFD/(Pa)ASD ratios are
1.287 and 1.079 for f = 36 ksi and 10 ksi, respectively.

Figure 71 shows the allowable load ratio versus dead-to-live load
ratio for A449 bolts when threads are included in shear plane. The
different curves in this figure represent different unfactored shear
stresses f. For D/L ratio around 0.27, both design methods would result
in the same allowable tensile load for the unfactored shear stresses
f shown in the figure. For D/L > 0.27, the larger the unfactored shear
stress, the higher the allowable load ratio. For D/L = 0.5, the
(Pa)LRFD/(Pa)ASD ratios are 1.094 and 1.042 for f = 18 ksi and 6 ksi,
respectively.

Figure 72 shows the allowable load ratio versus dead-to-live load
ratio for A449 bolts when threads are excluded in shear plane. The
different cur&es in this figure represent different unfactored shear
stresses f. For D/L ratio around 0.38, the LRFD criteria gi&es an
allowable load about 2% more than the value computed from allowable
stress design for all unfactored shear stresses f shown in the figure.
For D/L > 0.38, the larger the unfactored shear stress, the higher the
allowable load ratio. For D/L = 0.5, the (Pa)LRFD/(Pa)ASD ratios are
1.098 and 1.039 for f = 29 ksi and 10 ksi, respectively.

Figure 73 shows the allowable load ratio versus dead-to-live load
ratio for A490 bolts when threads are included in shear plane. The
different curves in this figure represent different unfactored shear
stresses £. For D/L ratio around 0.12, both design methods would result

in the same allowable tensile load for the unfactored shear stresses

f shown in the figure. For D/L > 0.12, the larger the unfactored shear
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stress, the higher the allowable load ratio. For D/L = 0.5, the
(Pa)LRFD/(Pa)ASD ratios are 1.211 and 1.079 for f = 27 ksi and 9 ksi,
respectively.

Figure 74 shows the allowable load ratio versus dead-to-live load
ratio for A490 bolts when threads are excluded in shear plane. The
different curves in this figure represent different unfactored shear
stresses f. For D/L ratio around 0.22, the LRFD criteria give an al-
lowable load about 2% more than the value computed from allowable
stress design for all unfactored shear stresses f shown in the figure.
For D/L > 0.22, the larger the unfactored shear stress, the higher the

allowable load ratio. For D/L = 0.5, the (Pa)LRF ratios are

p/ (Padasp
1.182 and 1.074 for f = 36 ksi and 12 ksi, respectively.

Figure 75 shows the allowable load ratiq versus dead-to-live load
ratio for A307 Grade A bolts when 1/4 in. < d < 1/2 in.. The different
curves in this figure represent different unfactored shear stresses
f. For D/L ratio around 0.2, both design methods would result in the
same allowable tensile load for the unfactored shear stresses f shown
in the figure. For D/L > 0.2, the larger the unfactored shear stress,
the higher the allowable 1load ratio. For D/L = 0.5, the
(Pa)LRFD/(Pa)ASD ratios are 1.152 and 1.059 for f = 9 ksi and 3 ksi,
respectively.

Figure 76 shows the allowable load ratio versus dead-to-live load
ratio for A307 Grade A bolts when d = 1/2 in.. The different curves
in this figure represent different unfactored shear stresses f. For

D/L ratio around 0.32, both design methods would result in the same

allowable tensile load for the unfactored shear stresses f shown in
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the figure. For D/L > 0.32, the larger the unfactored shear stress,
the higher the allowable 1load ratio. For D/L = 0.5, the
(Pa)LRFD/(Pa)ASD ratios are 1.074 and 1.030 for £ = 10 ksi and 3.5 ksi,

respectively.
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VIII. STIFFENERS

A. TRANSVERSE STIFFENERS

1. Allowable Stress Design. According to Section B6.1 of the
AISI Specification, transverse stiffeners attached to beam webs at
points of concentrated loads or reactiomns, shall be designed as com-
pression members. Concentrated loads or reactions shall be applied
directly into the stiffeners, or each stiffener shall be fitted accu-
rately to the flat portion of the flange to provide direct load bearing
into the end of the stiffener. Means for shear transfer between the
stiffener and the web shall be provided according to Chapter E of the
AISI Specification. The concentrated loads or reactions shall not

exceed the smaller of the allowable loads, Pa’ given by (a) and (b)

as follows:

= (VIII.1)
(a) Pa Pn/Qst
where
= (VIII.2)
Pn FwyAc
Qst = 2.00
A = 18t*+A , for transverse stiffemers at interior support and
c ]
under concentrated load (VIII.3)
A = 10t*+A_, for transverse stiffeners at end support(VIII.4)
c s
Fwy = Lower value of beam web, Fy or stiffener section, Fys
= (VIII.S5)
(b) Pa Pn/Qc
where
P = Nominal axial load evaluated according to Section C4(a) of
n
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the AISI Specification with Ae replaced by Ab
Q = Factor of safety for axial compression evaluated according

to Section C4(a) of the AISI Specification

Ab = b1t+AS, ‘for transverse stiffeners at interior support and
under concentrated load (VIII.6)

Ab = b2t+As, for transverse stiffemers at end support(VIII.7)

AS = Cross sectional area of tranéverse stiffeners

b, = 25t(0.0024(Lst/t)+0.72] < 25t (VIII.8)

b, = 12t[0.0041+(Lst/t)+0.83] < 12t (VIII.9)

LSt = Length of transverse stiffener

t = Base thickness of beam web

The w/tS ratio for the stiffened and unstiffened elements of
cold-formed steel transverse stiffeners shall not exceed 1.28jfﬁ7f;;3
and 0.37](57?;;3 respectively, where Fys is the yield stress, Fy’ and
ts the thickness of the stiffener steel.

2. LRFD Criteria. According to Section B6.1 of the LRFD Spec-
ification, transverse stiffeners attached to beam webs at points of
concentrated loads or reactions, shall be designed as compression
members. Concentrated loads or reactions shall be applied directly into
the stiffeners, or each stiffener shall be fitted accurately to the
flat portion of the flange to provide direct load bearing into the end
of the stiffener. Means for shear transfer between the stiffener and
the web shall be provided'according to Chapter E of the LRFD Specifi-
cation. The concentrated loads or reactions determined on the basis

of factored loads shall not exceed the factored nominal strength,

® P, where ¢ = 0.85 and P is the smaller value given by provisions
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(a) and (b) in Section B6.1 of the LRFD Specification which are the
same as those specified in Section B6.1 of the AISI Specification
mentioned above.

3. Comparison. The unfactored load applied to the stiffener can

be computed for both design methods by using the following formula:

PT = PDL+PLL (VIII.1O0)
where

PT = unfactored compressive load

PDL = compressive load due to the nominal axial dead load

PLL = compressive load due to the nominal axial live load

The total unfactored load should be less than or equal to the allowable

loads computed from allowable stress design and LRFD. For allowable

stress design, the allowable loads are
= VIII.

Pnl/QSt (VIII.11)

(P sz = Pa2/% _

For LRFD, the allowable axial loads can be computed by using the fol-

(Py)asp1
(VIII.12)

lowing equations developed from Eq. (II.6):

= : 1.6 VIII.13
(P rpppy = PcPa1(D/L+1)/(1.2D/L+1.6) ( ]
= . -6 VIII. 14

where

Nominal compression strength specified in provision (a)

p

nl
of Section B6.1

5 = Nominal compression strength specified in provision (b)
n

of Section B6.1

In order to study the allowable load ratios, three different cases

were considered:
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(1) Case 1: Pn < P then Egs. (VIII.1l1l) and (VIII.13) can be used

1 n2’

to determine the allowable load ratio as follow:

D/L+1 D/L+1
= Q. =1.7
¢1.2D/L+1.6 1.2D/L+1.6

(P)
a” LRFD (VIII.15)

(Pa)asp

(2) Case 2: Pnl > Pn2 and Pnl/Qst > Pn2/¢c’ then Eqs. (VIII.12) and

(VIII.14) can be used to determine the allowable load ratio as follow:

(P.) D/L+1 D/L+1
a’LRFD _ Q %, = 0.85Q_ (VIII.16)
(P, 4sp 1.2D/L+1.6 1.2D/L+1.6
where
a_ = 5/3+(3/8)R-(1/8)R° (VIII.17)

R = ,(Fy/ZFe) (VIII.18)

(3) Case 3: Pn > P and Pnl/Qst < P

1 n2 /Q_, then Egs. (VIII.11) and

n2

(VIII.14) can be used to determine the allowable load ratio as follow:

(Pa)LRFD P, [ D/L+1 ] P, [ D/L+1

=Q b = 1.7
st :
°p . l1.2p/1+1.6 p 1.2D/L+1.6

](v111.19)
(Po)asp nl

nl

Figure 77 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined
by Eq. (VIII.1S5). For this case, the LRFD criteria always permit larger
allowable loads than the allowable stress‘desigﬁ. For B/L = 0.5, the
LRFD criteria give an allowable load about 16% greater than the load

obtained by using allowable stress design.
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Figure 78 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined
by Eq. (VIII.16). Different curves represent different values of Qc.
For ()c values from 1.67 to 1.92 and D/L = 0.5, the allowable 1loads
determined by LRFD criteria are from 3.2% lower to 11.2% higher than
the allowable loads determined by the allowable stress design.

Figure 79 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined
by Eq. (VIII.19). Different curves represent different values of

For PnZ/P values from 0.835 to 1.0 and D/L = 0.5, the al-

PnZ/Pnl' nl

lowable loads determined by LRFD criteria are from 3.2% lower to 16%
higher than the allowable loads determined by the allowable stress

design.

B. SHEAR STIFFENERS

1. Allowable Stress Design. According to Section B6.2 of the
AISI Specification, where shear stiffeners are required, the spacing
shall be such that the web shear force shall not exceed the allowable
shear force, Va’ permitted by Section C3.2 of the AISI Specification,
and the ratio a/h shall not exceed [260/(h/t)]? nor 3.0.

The actual moment of inertia, Is’ of a pair of attached shear
stiffeners, or of a single shear stiffener, with reference to an axis
in the plane of the web, shall have a minimum value of

Topin = sht’(h/a-0.7Ca/h)] 2 (h/50)* (VIII.20)

The gross area of shear stiffeners shall be not less than

Age = ((1-C)/2}{a/h-(a/h)?/ ((a/h)+ [TF(a/m)?)} Yont (VIII.21)
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where

CV = 45,000kv/[Fy(h/t)’] when Cv < 0.8 (VIII.22)
c, = [190/(h/t)](jEV_/F_y) when C_ > 0.8 (VIII.23)
kv = 4.00 + 5.34/(a/h)* when a/h £ 1.0 (VIII.24)
kv = 5.34 + 4.00/(a/h)* when a/h > 1.0 (VIII.25)

a = Distance between transverse stiffeners

Y = Yield point of web steel/Yield point of stiffener steel

D = 1.0 for stiffeners furnished in pairs

D = 1.8 for single-angle stiffeners

D = 2.4 for single-plate stiffeners

2. LRFD Crjteria. According to Section B6.2 of the LRFD Spec-
ification, where shear stiffeners are required, the spacing shall be
such that the web shear force determined on the basis of factroed loads
shall not exceed the factored nominal shear strength, ¢vvn’ permitted
by Section C3.2, and the ratio a/h shall not exceed [260/(h/t)]? nor
3.0.

The requirements for the actual moment of inertia and gross area
of shear stiffeners are the same as those specified in Section B6.2
of the AISI Specification.

3. Comparison. The unfactored shear force can be calculated for

both ASD and LRFD methods by using the following equation.

VT = VDL+VLL (VIII.26)
where '

VT. = total unfactored shear force

VoL = shear force due to the nominal dead load

VLL = shear force due to the nominal live load
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This total unfactored shear force should be less than or equal to the
allowable shear capacity. For allowable stress design, the allowable

shear load is

(Va)ASD = Vn/Q - (VIII.27)
For LRFD, the allowable shear load equation was developed from Eq.
(II1.6) and is

(Va)LRFD = ¢vVn(D/L+1)/(1.2D/L+1.6) (VIII.28)

The allowable shear force, Va’ for allowable stress design is
determined from shear yielding with a factor of safety of 1.44, from
the critical stress for elastic shear buckling with a factor of safety
of 1.71, and from the critical stress for inelastic shear buckling with
a factor of safety of 1.67. The limits of the h/t ratio were obtained
by equating the formulas for the three shear failure modes for both
allowable stress and LRFD criteria. Because each failure mode has a
different factor of safety, the h/t limits are slightly different for
both design criteria. For example, for h/t greater than 1.38/EE;7f;
and less than 1.415fEE;7f;, inelastic shear buckling will govern for
LRFD.

The allowable shear ratios are:

For h/t < /Ekv/Fy and ¢_ = 1.0,

(v.) D/L+1 D/L+1
a’LRFD ‘
= 1.443¢v —— = 1,443 (VIII.29)
(va)ASD 1.2D/L+1.6 1.2D/L+1.6
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For,/Ekv/Fy < h/t < 1.38JEkV/Fy and ¢v = 0.90

(V) D/L+1 D/L+1
_ALRFD _ 1 6749 =1.507 —— (VIII.30)
(V) asp 1.2D/L+1.6 1.2D/L+1.6

For h/t > 1.415 /Ekv/Fy and ¢ = 0.90

(V) D/L+1 D/L+1

_3 LRFD _ 17120 ———— = 1.54] ———— (VIII.31)
(V) asp 1.2D/L+1.6 1.2D/L+1.6

Figure 80 shows the allowable shear ratio versus dead-to-live load

ratio for the three failure modes. For D/L = 0.5, the allowable
determined according to LRFD may be up to 5% higher than the
obtained from allowable stress design; For D/L < 0.17, LRFD is

ally conservative. When D/L > 0.65, LRFD gives larger values

shears

values

gener-

of the

allowable shear capacity. It can be seen that this figure is identical

to Figure 5 which was obtained for the shear strength of the beam webs.
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Allowable Shear Ratio, (va)LRFD/(Va)ASD
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IX. WALL STUDS AND WALL STUD ASSEMBLIES

A. WALL STUDS IN COMPRESSION

1.

Allowable Stress Desjgn. According to Section D4.1 of the

AISI Specification, for studs having identical sheathing attached to

both flanges, and neglecting any rotational restraint provided by the

sheathing, the applied axial load, P, shall not exceed Pa calculated

as follows:

n
(a) To

Aan/Qc (IX.1)

Effective area determined at Fn

= Factor of safety for axial compression
= The lowest value determined by the following three conditions:

prevent column buckling between fasteners in the plane of the

wall, Fn shall be calculated according to Section C4 of the AISI

Specification with KL equal to two times the distance between

fasteners.

(b) To prevent flexural and/or torsional overall column buckling, Fn

shall be calculated in accordance with Section C4 of the AISI

Specification with Fe taken as the smaller of the two O., values

CR

specified for the following section types, where Scr is the

theoretical elastic buckling stress under concentric loading.

(1)

g

g

CR

CR

‘Singly-symmetric channels and C-Sections

oey+Q

1/(28)[(0 g, +0,q) - J(O, ¥0,q)*-(4Ba 0 )] (IX.3)

= a (IX.2)
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(c)

(2) Z-Sections

Ocr = 9:*Q

= A Y 0 2.
C’CR - 1/2{(cex+cey+qa) [(Uex+oey+Qa) a(cexcey

(3) I-Sections (doubly-symmetric)

Ocr = %ey*Qa

CcR T %ex

In the above formulas

Q
i

= nmE/(K_L_/r )?

ex x"x/ Tx
O oxy” (n‘EIxy)/(ALz)

Coy = ME/(K L /7))

o, = 1/(4r ) (BI+'EC /(K L )?)
ctQ: °t+6t

(IX.4)

- n71/2
+0era-cexy )] }

(IX.5)

(I1X.6)

(IX.7)

(IX.8)
(IX.9)
(IX.10)
(IX.11)

(1X.12)

Q = QB = Design shear rigidity for sheathing on both sides of the

wall assembly

Nell
]

(see Table IX.1)

B = Stud spacing

q, = Wa
A = Area of full unreduced cross section
L = Length of stud
0 = (042 2
q, = (Qe*)/(4Ar )
d = Depth of section
I = Product of inertia
Xy

(IX.13)

Design shear rigidity for sheathing per inch of stud spacing

(IX.14)

(IX.15)

To prevent shear failure of the sheathing, a value of Fn shall be

used in the following equations so that the shear strain of the
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sheathing, y, does not exceed the permissible shear strain, Y.

The shear strain, y, shall be determined as follows:

v = (n/L)[C,+(E,d/2)] (IX.16)
where

C1 and El'are the absolute values of C1 and El specified below for

each section type:

(1) Singly-Symmetric Channels

¢, = (F,C )/ (o -F Q) (IX.17)

ey n ‘a

F [((6__-F )(r E -x D )-F x (D -x E )]
E=n ex 1n o O 0o no O OO0 (IX.lS)

(cex-Fn)roz(ctQ-Fn)-(ano)z

(2) Z-Sections

Fn[co(oex-Fn)-Docexy]

c, = — (1X.19)
- - - 2

(Gey Fn+Qa)(°ex Fn) cexy
E1 = (FnEo)/(ctQ-Fn) (IX.20)
(3) I-Sections
C1 = (FnCO)/(cey-Fn+Qa) (IX.21)
El =0
where

X, = distance from shear center to centroid along principal x-axis,

in. (absolute value)

Co’ Eo, and Do are initial column imperfections which shall be

assumed to be at least

Co = L/350 in a direction parallel to the wall - (IX.22)
Do = L/700 in a direction perpendicular to the wall (IX.23)
Eo = 1L/(dx10,000), rad., a measure of the initial twist of the stud

from the initial, ideal, unbuckled shape. (IX.24)
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s, O ., O and

If Fn > O'SFy’ then in the definitions for o ex’ Texy

y

Oiq the parameters E and G shall be replaced by E' and G',

respectively, as defined below

E‘l

- 2 X.25
AEFn(Fy Fn)/Fy (I )

G' G(E'/E) (IX.26)
Sheathing parameters ﬁo and Y may be determined from representative
full-scale tests, conducted and evaluated as described by published

documented methods, or from the small-scale-test values given in

Table IX.1
TABLE IX.1
Sheathing Parameters(l)
. (2) q §3) ) V.
Sheathing k?ln. in./in.
3/8 to 5/8 in. thick gypsum 2.0 0.008
Lignocellulosic board : 1.0 0.009
Fiberboard (regular or impregnated) 0.6 0.007
Fiberboard (heavy impregnated) 1.2 0.010
(1) The values given are subject to the following limitations:
All values are for sheathing on both sides of the wall assembly.
All fasteners are No. 6, type S-12, self-drilling drywall screws
with pan or bugle head, or equivalent, at 6-to 12-inch spacing.
(2) All sheathing is 1/2-inch thick except as noted.
(3) g= 60(2-3/12) (I1X.27)

where s = fastener spacing, in.

For other types of sheathing, E; and ¥ may be determined conservatively
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from representative small-specimen tests as described by published
documented methods.

2. LRFD Criteria. According to Section D4.1 of the LRFD Spec-
ification,_ for studs having identical sheathing attached to both
flanges, and neglecting any rotational. restraint provided by the
sheathing, the factored nominal axial strength, ¢Pn, shall be calcu-
lated as follows:

¢ = 0.85
P =AF (IX.28)

n en

Pn is the same as that specified in Section D4.1 of the AISI Specifi-

cation.

3. Comparison. The unfactored load applied to the member can

be computed for‘both design methods by using the following formula:

PT = PDL+PLL (I1X.29)
where

PT = unfactored compressive load

PDL = compressive load due to the nominal axial dead load

PLL = compressive load due to the nominal axial live load

The total unfactored load should be less than or equal to the allowable

loads computed from allowable stress design and LRFD. For allowable

stress design, the allowable load is

(P)4sp = Pa/%% (1X.30)

For LRFD, the allowable axial load can be computed by using the fol-
lowing equation developed from Eq. (II.6):
= . +1.6 IX.31
(Pa)LRFD ¢an(D/L+1)/(1 2D/ L ) ( )
Then, the allowable load ratio can be determined as follows:
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D/L+1

P P D/L#1
(Padirep _ ®cfn [ / (1X.32)

]= 0.85Q_
P /0 Li.2p/1+1.6
n [

1.2D/L+1.6
(Pa)ASD /
For fully effective sections having wall thickness greater than 0.09
in. and F_ > Fy/z,
Q_ = 5/3+(3/8)R-(1/8)R’

Therefore, the allowable load ratio is

(P ) 5 3 1 D/L+1
aLRFD=0.85(-+—R-—R3 (IX.33)
(P) 4sp 3 8 8 1.2D/L+1.6

For all other cases, Qc = 1.92 = 23/12, therefore the allowable load

ratio is
(P) D/L+1 D/L+1
2 LRFD _ § 85(23/12) — = 1.629 —— (IX.34)
(P )asp 1.2D/L+1.6 1.2D/L+1.6

Figure 81 shows the allowable load ratio versus dead-to-live load
ratio for the wall studs used to develop Eq. (IX.34). For this case,
the LRFD criteria always permit larger allowable loads than the al-
lowable stress design. For D/L = 0.5, the LRFD criteria gives an al-

lowable load about 11% greater than the load obtained by using

allowable stress design.
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Allowable Load Ratio, (Pa)LRFD/(Pa)ASD
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Eq. (IX.34)
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Figure 81. Allowable Load Ratio vs. D/L Ratio for Wall

Studs in Compression-Case 1

227



Allowable Load Ratio, (Pa)LRFD/(Pa)ASD
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Figure 82 shows the allowable load ratio versus dead-to-live load
ratio for the wall studs used to develop Eq. (IX.33). Different curves
represent different values of R. For R varies from O to 1 and D/L =
0.5, the allowable loads determined by LRFD criteria are from 3.2%
lower to 16% higher than the allowable loads determined by the allow-

able stress design.

B. WALL STUDS IN BENDING
1. Allowable Stress Design. According to Section D4.2 of the

AISI Specification, for studs having identical sheathing attached to
both flanges, and neglecting any rotational restraint provided by the

sheathing, the allowable moments are Maxo and Mayo’ where

M and M = Allowable moments about the centroidal axes
axo ayo
determined in accordance with Section C3.1 of the

AISI Specification, excluding the provisions of

Section C3.1.2 (lateral buckling)

2. LRFD Criteria. According to Section D4.2 of the LRFD Spec-

ification, for studs having identical sheathing attached to both

flanges, and neglecting any rotational restraint provided by the

sheathing, the factored nominal moments are oM o, and ¢Mnyo as follows:

where
¢ = 0.95 for sections with stiffened compression flanges
= 0.90 for sections with unstiffened compression f}anges
Mnxo and Mn 0 = Nominal moments about the centroidal axes determiﬁed

in accordance with Section C3.1, excluding the

provisions of Section C3.1.2 (lateral buckling)
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3. Comparison. The unfactored moment can be calculated by using

Eq. (IX.35) for both methods (ASD and LRFD) for comparison.

MTL = MDL+MLL (1IX.35)
where

MTL = total unfactored moment

MDL = moment due to the nominal dead load

MLL = moment due to the nominal live load

For allowable stress design, the allowable moment is determined
from nominal section strength with a factor of safety of 1.67. There-
fore, the allowable moment for beams is

(Ma)ASD = Mn/Qf = Mn/1‘67 (IX.36)

For LRFD, the allowable moment can be computed by using the fol-
lowing equation developed from Eq. (II.6).

(Ma)LRFD = ¢Mn(D/L+1)/(1.2D/L+1.6) (IX.37)

The ratio of the allowable moments is

M) D/L+1
LRFD
2 = 1.67¢ (IX.38)
(M) asp 1.2D/L+1.6
For sections with stiffened compression flanges, ¢ = 0.95
M) D/L+1
a’LRFD
= 1.58 (IX.39)
(Ma)ASD 1.2D/L+1.6
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Allowable Moment Ratio, (Ma)LRFD/(Ma)ASD

1.154

Eq. (IX.39)
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Figure 83 shows the allowable moment ratio versus dead-to-live
load ratio for wall studs with stiffened compression flanges. For D/L
= 1/25 both design methods will give the same value of allowable moment.
However, LRFD will be conservative for D/L < 1/25 and unconservative
for D/L > 1/25 as compared with the allowable stress design method.
For sections with unstiffened compression flanges, ¢ = 0.90

D/L+1
(1X.40)

(M) asp 1.2D/L+1.6
Figure 84 shows the allowable moment ratio versus the dead-to-live
load ratio for this case. The two design methods give the same value
for D/L = 1/3. For D/L = 0.5, the allowable moment based on LRFD is
about 2.3% larger than the value obtained from allowable stress design.
When the dead-to-live load ratio for cold-formed steel is less than

1/3, the LRFD criteria are found to be conservative for sections with

unstiffened compression flanges as compared with the allowable stress

design method.

C. WALL STUDS COMBINED AXTAL LOAD AND BENDING

1. Allowable Stress Design. According to Section D4.3 of the

AISI Specification, the axial load and bending moments shall satisfy

the interaction equations of Section C5 of the AISI Specification with

the following redefined terms:

P = Allowable axial load determined according to Section D4.1 of

the AISI Specification
M and M__ in Equations C5-1 and C5-3 shall be replaced by allowable
ax ay

respectively.
moments, Maxo and Mayo’ P y
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2. LRFD Criteria. According to Section D4.3 of the LRFD Spec-
ification, the factored axial load and bending moments shall satisfy
the interaction equations of Section C5 of the LRFD Specification with
the following redefined terms:

Pn = Nominal axial strength determined according to Section Dé4.1

of the LRFD Specification

Mnx and Mny in Equations C5-1 and C5-3 shall be replaced by nominal

moments, Mnxo and Mnyo’ respectively.

3. Comparison. Wall studs made by channel sections bending about
the x-axis were considered. A typical design example was selected and
the allowable axial loads were calculated by using three interaction
equations for each design method. The example used a wall stud with
equal moments applied to each end so that the member is bent in single
curvature. Since the end moments are independent of the axial load,
the ratio of the unfactored applied moment to the nominal moment ca-
pacity based on section strength, MT/Mno’ was considered to be a pa-
rameter in the equations for determining the allowable loads.

For allowable stress design the allowable axial loads were com-

puted as follows:

= (IX.41)

(IX.42)
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where

)
-3
il

applied unfactored axial load

MT = applied unfactored bending moment at each end of the member

(@)
[

c factor of safety of axially loaded compression members which
is defined in Article V

Substitution of Egs. (IX.41) and (VI.42) into Eg. (VI.1l) results in

the following expression :

QP C (M/M_ )
c T + m MT no = 1.0
P 0.6(1-QCPT/PCr)

(IX.43)

By solving for PT in the first term of Eq. (VI.43), the following

equation for allowable load is obtained :

C_(M./M_) P
(Pp)pspy = [1- n "1 Mo = (1X.44)
0.6(1-Q P/P ) ) Q

Equation (IX.44) is based on Eq. (VI.1) for failure at the midlength

of the beam-column and requires a solution by iterations.

The following expression was used to solve for the allowable load

based on Eq. (VI.2) :

(IX.45)
Pao Pno/Qc Pno
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Substitution of Egs. (IX.45) and (IX.42) into Eq. (VI.2) results in

the following expression :

QP M./M_ )
c T+ MT no’ _ 1.0 (IX.46)

P 0.6
no

By solving for PT in Eq. (IX.46), the following equation for allowable

load is obtained :

(P 1-

(IX.47)

( M'I'/ MHO) } Pno

0.6 Q
c

T)ASD2 = [

Equation (IX.47) is based on Eq. (VI.2)'for failure at the braced
points.

When P/Pa < 0.15, Eq. (VI.3) can be used in lieu of Egqs. (VI.1)
and (VI.2). Equation (VI.3) can be written in the following form by

using Eqs. (IX.41) and (IX.42)

Q<:PT + M'l'/Mno =

P 0.6
n

1.0 |  (IX.48)

By solving for PT in Eq. (IX.48), the following equation for allowable

load is obtained :

M /M P
(Pp)ashs = [1' - 6n? '5? (IX.49)
) c
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Equation (IX.49) is based on Eq. (VI.3) for flexural failure when the
effect of the secondary moment is neglected.
For LRFD, the allowable axial loads were computed in accordance

with Eq. (II.6) as follows :

P 1.2D/L+1.6 P
2 - [ T ] (IX.50)
®_P_ /11 | 0P
1.2D/T+1.6 { M./M
. ) no] (IX.51)
¢Mno D/L+1 L ¢

(IX.52)

, ,
Py 1.2D/1+1.6 PT]

® Pp D/L+1 [ 9 Pg

Substitution of Egs. (IX.50), (IX.51), and (IX.52) into Eq. (VI.7)

results in the following expression :

+ } = 1.0(IX.53)

1.2D/L+1.6 [ Pg cm(MT/Mno)
{qacpn ¢£1-(1.2D/L+1.s)PT/(D/L+1)¢CPEJ

D/L+1

By solving for P in the first term of Eq. (IX.53), the following

equation for allowable load is obtained :

D/L+1 C (M./M_)
(P.) = e a1/ o &cban(IX.SA)
T’LRFDL ~ |7 op/i+1.6  ¢[1-(1.2D/L+1.6)P,/(D/L+1)o P
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Equation (IX.54) is based on Eq. (VI.7) for flexural failure at the
midlength of the beam-column and requires a solution by iteratioms.

The following expression was used to solve for the allowable load

based on Egq. (VI.8) :

T
¢ano

(IX.55)

=

PD 1.2D/L+1.6 [ P ]

D/L+1

Substitution of Egs. (IX.55) and (IX.51) into Eq. (VI.8) results in

the following expression :

= 1.0 (IX.56)

1.2D/1+1.6 P (M/M_ )
[ T + M'I‘ no J
D/L+1 ¢ano )

By solving for PT in Eq. (IX.56), the following equation for allowable
load is obtained :

(P ¢ P (IX.57)

¢ no

D/L+1 (/M)
1.2D/L+1.6 ® J

T)LRFD2 = [
Equation (IX.57) is based on Eq. (VI.8) for failure at the braced
points.

When PD/(¢an) s 0.15, Eq. (VI.9) can be used in lieu of Egs.
(VI.7) and (VI.8). Equation (VI.9) can be written in the following form

by using Eqs. (IX.50) and (IX.51) :
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(IX.58)

1.2D/1+1.6 P (MM )
[ L "1/ ] =1.0
D/L+1 ®.P_ ®

By solving for PT in Eq. (IX.58), the following equation for allowable

load is obtained :

¢ P (IX.59)

(P
cn

T LRFD3 = [ . (MT/M“O)}

1.2D/L+1.6 )
Equation (IX.59) is based on (VI.9) for flexural failure when the ef-
fect of the secondary moment is neglected.

Equations (IX.44), (IX.47), and (IX.49) for determining the al-
lowable axial load based on allowable stress design and Eqs. (IX.54),
(1X.57), and (IX.59) for determining the allowable axial load based
on LRFD are very complex and utilize iterations with multiple vari-
ables. The allowable load ratios, (PT)LRFb/(PT)ASD’ for various lengths
combined with different applied end moment ratios, MT/Mno’ with respect
to the bending strength of the member were studied. The wall studs used
gypsum board with No. 6 type S-12 self-

in this study use 1/2 in.
drilling screws at 12 in. spacing and the spacing of the channel is
24 in.. Typical channel sections and their section properties used in
this study were obtained from Tables 1 and 2 of Part V of the AISI
Cold-Formed Steel Design Manual.

A channel section (7 in. x 2.75 in. x 0.075 in.) with stiffened

flanges was studied with a yield point of 50 ksi. Figure 85 shows the

allowable load ratio versus dead-to-live load ratio for a 15 ft length
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with various end moment ratios, MT/Mno. For a D/L ratio around 0.05,
the LRFD criteria give an allowable load about 3% more than the value
computed from allowable stress design for all 'end moment ratios indi-
cated in the figure. For other values of the D/L ratio, the difference
between the allowable loads computed by using these two methods depends
on the end moment ratio as shown in Figure 85. For D/L > 0.05, the
larger the end moment ratio, the higher the allowable load ratio. For

example, for D/L = 0.5, the (P ratios are 1.202 and

) 1rrp’ Prlasp
1.131 for MT/Mno = 0.3 and 0.1, respectively.

Figure 86 shows the relationship between allowable load ratio and
dead-to-live load ratio for end moment ratio of 0.2. The different
curves in the figure represent different lengths of the 7 in. x 2.75
in. x 0.075 in. channel section. With end moment ratio of 0.2 and D/L
= 0.5, ASD would provide conservative values up to 16.2% for effective
lengths equal to 10 ft, 12 ft, 15 ft, and 20 ft ;s compared with the
LRFD method. It can also be seen that effective length has a negligible
effect on the allowable load ratio.

A shallower channel section (4 in. x 2 in. x 0.075 in.) with
stiffened flanges was also studied for an effective length of 10 ft.
Figure 87 shows the allowable load ratio versus dead-to-live load ratio
for various end moment ratios. The curves without star symbols are
for Fy = 33 ksi and- the curves with star symbols are for Fy = 50 ksi.
They are the same as those shown in Figure 85 for the 7 in. deep channel
section. For this case, the yield point of steel would not affect the

allowable load ratio. For D/L = 0.5 and MT/Mno = 0.1, the allowable

load computed from LRFD is 13.4% greater than the value determined from
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allowable stress design. However, for D/L = 0.5 and MT/Mno = 0.3, the
allowable load computed from LRFD is 20.7% higher than the value com-
puted from allowable stress design.

The curves without and with star symbols in Figure 88 are for Cm
= 1.0 and 0.85, respectively, and for FY = 33 ksi. The value of 0.85
is used for unbraced wall studs and wall studs with restrained ends
subject to transverse loading between its supports. For small end mo-
ment ratios, the Cm value has a negligible effect on the allowable load
ratio. The effect of Cm on the allowable load ratio increases as the
end moment ratio increases as shown in Figure 88. It can be seen that

for D/L < 0.05, the allowable load ratios computed for Cm = 0.85 are

larger than those for Cm = 1.0,

The curves without and with star symbols in Figure 89 are for Cm‘
= 1.0 and 0.85, respectively, and for Fy = 50 ksi. For small end moment
ratios, the Cm value.has a negligible effect on the allowable load
ratio. The effect of Cm on the allowable load ratio increases as the
end moment ratio increases as shown in Figure 88. It can be seen that

for D/L < 0.05, the allowable load ratios computed for Cm = 0.85 are

larger than those for Cm = 1.0.
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Channel sections with unstiffened flanges were studied in a sim-
ilar manner. Figure 90 shows the allowable load ratio versus dead-
to-live load ratio for a channel section (7 in. x 1.5 in. x 0.075 in.)
having unstiffened flanges with Fy = 50 ksi and an effective length
of 15 ft. For D/L = 0.5 and MT/Mno = 0.1, the allowable load obtained
from LRFD is 11.7% larger than the value obtained from allowable stress
design. For D/L = 0.5 and MT/Mno = 0.3, LRFD would result in an al-
lowable load 13.9% higher than the value determined from allowable
stress design.

Figure 91 shows the allowable load ratio versus dead-to-live load
ratio for end moment ratio of 0.2. Different curves represent different
lengths of the channel section (7 in. x 1.5 in. x 0.075 in.) with FY
= 50 ksi. For MT/Mno = 0.2 and D/L = 0.5, the allowable load values
obtained from LRFD vary from 12.4% to 12.7% larger than the values
obtained from the allowable stress design method. It can also be seen
that effective length has a negligible effect on the allowable 1load
ratio.

A shallower channel section (4 in. x 1.125 in. x 0.075 in.) with
unstiffened flanges was also included in this study for an effective
length of 10 ft. The relationship between allowable load ratio and
dead-to-live load ratio for the channel section is shown in Figure 92
for various end moment ratios and Fy values. The curves computed for
F = 33 ksi are similar to the curves shown in Figure 90.which was
obtained for 7 in. deep channel channel. For D/L = 0.5, the allowable

load ratios vary from 1.12 to 1.14 for MT/Mn° ratios ranging from 0.1

to 0.3.
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The curves with star symbols in Figure 92 represent the allowable
load ratios determined for the same channel section by using Fy = 50
ksi. It can be seen that the allowable load ratios computed for Fy =
50 ksi are the same as those computed for Fy = 33 ksi. From this figure
it can also be seen that the yield point has no significant effect on
the allowable load ratio for the channel section with unstiffened
flanges.

Figures 93 and 94 show how the Cm coefficient affects the allow-
able load ratio for the channel section having unstiffened flanges for
F_ = 33 ksi and 50 ksi, respectively. The curves without star symbols
are plotted for Cm = 1.0. The curves with star symbols represent the
allowable load ratios calculated by using Cm = 0.85. For D/L < 1/3,
the allowable load ratios are larger for Cm = 0.85 as compared to the
allowable load ratios computed with Cm = 1.0. In general, the effect

of the Cm value on the allowable load ratio is more important for wall

studs with large end moment ratios.
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X. CONCLUSIONS

Currently, the 1986 Edition of the Specification for the Design
of Cold-Formed Steel Structural Members published by the American Iron
and Steel Institute applies to the design of cold-formed steel members
and connections for load-carrying purposes in buildings. This spec-
ification provides design formulas for determining allowable load
carrying capacities for tension members, compression members, flexural
members, and connections based on appropriate factors of safety re-
commended by AISI for different types of structural members.

The Load and Resistance Factor Design method for cold-formed steel
members and connections has recently been studied by using probabi-
listic and statistical techniques to account for the uncertainties in
design, fabrication, material properties, and applied loads. The Load
and Resistance Factor Design Specification was developed from a joint
research project conducted at the University of Missouri-Rolla,
Washington University, and the University of Minessota.

This report compares these two methods for the design of cold-
formed steel structural members using the proposed load and resistance
factor design criteria and the allowable stress design criteria being
used in the AISI Specification. Following a review of literature and
discﬁssion of different design variables used in both criteria, gl-
loéable loads using each design method were calculated for tension
members, flexural members, compression members, beam-columns, con-

nections, stiffeners, and wall studs. These allowable loads were then
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compared in Chapters III through IX for different types of structural
members and connections. For some cases, specific examples were used
in this study due to the complexity of the analysis.

For all types of structural members only the dead and live load
combination was studied in this investigation. It was found that the
D/L ratio has a significant effect on the allowable load ratio. In
general, the allowable load ratio, (Pa)LRFD/(Pa)ASD’ increases as the
dead-to-live load ratio increases. Because cold-formed steel members
are usually thin, the dead-to-live load ratios of such light weight
members are expected to be:lower than the ratios used for other building
materials. In general practice, the dead-to-live load ratios used in
building design of cold-formed steel members are less than 1/3. In view
of the fact that the load factor used for'live load is 1.6 which is
larger than the load factor of 1.2 used for dead load, the LRFD criteria
were found to be conservative for unusually small D/L ratios.

In addition to the effect of the dead-to-live load ratio, the
resistance factors uséd in the LRFD criteria and the factors of safety
used in allowable stress design also contribute to the différences
between the allowable loads computed from two different methods. As
the safety factor or resistance factor increases, the ratio of
(Pa)LRFD/(Pa)ASD also increases. For a given set of statistical data
and a selected safety index, the resistance factor can be determined
by Eq. (II.5). This equation is a function of the mean value and co-
efficient of variation of the professional factor which is the ratio
of the tested load to the predicted load. A low value of the resistance

factor is resulted from a low value of Pm and a large value of V, which

P

255



represents a big scatter of test results. This was the case for welded
connections and plate failure of bolted connections.

The load and resistance factor design method is a rational ap-
proach for structural design. The research findings obtained from this
comparative study of the current method based on allowable stress de-
sign and the proposed LRFD criteria can provide a useful reference for
future revision of the current AISI Specification and the proposed LRFD

Specification.
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