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PREFACE

The AISC Load and Resistance Factor Design (LRFD) Specification for Structural Steel
Buildingsis based on reliability theory. Ashave all AISC Specifications, this Specifica-
tion has been based upon past successful usage, advancesin the state of knowledge, and
changes in design practice. This Specification has been developed as a consensus docu-
ment to provide auniform practice in the design of steel-framed buildings. Theintention
isto provide design criteria for routine use and not to provide specific criteriafor infre-
guently encountered problems, which occur in the full range of structural design.

This Specification istheresult of the consensus deliberations of acommittee of structural
engineerswith wide experience and high professional standing, representing awide geo-
graphical distribution throughout the U.S. The committee includes approximately equal
numbers of engineers in private practice and code agencies, engineers involved in
research and teaching, and engineers employed by steel fabricating and producing com-
panies. The contributions and assistance of more than 50 additional professional volun-
teers working in 15 task committees are also hereby acknowledged.

The Symbols, Glossary, and Appendices to this Specification are an integral part of the
Specification. A non-mandatory Commentary has been prepared to provide background
for the Specification provisions and the user is encouraged to consult it.

The principal changes incorporated in this edition of the Specification include:

 Dual unitsformat. Vaues and equations are given in both U.S. customary
and metric units. The metric conversions (given in parentheses following
the U.S. units) are based on ASTM E380, Standard Practice for Use of the
International Systemof Units(S). The equations are non-dimensionalized
where possible by factoring out material constants, such as E and G.

« Inclusion of new structural steels ASTM A913 and A992.

« Additional notch toughness requirements for complete-joint-penetration
groove welds with tension applied normal to the effective area.

* New provisions for stability bracing of beams, columns, and frames.

« New Chapter N for evaluation of existing structures.

» Revised provisions for member design under fatigue loading in Appendix
K.
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iv PREFACE

* Reorganization of material on pin-connected members and eyebars.

* Revised provisions for concrete-encased beams.

< New limitation on the stud reduction factor when asingle stud isused in a

rib.

* Revised bolt bearing strength criteria.
Thereader is cautioned that professional judgment must be exercised when data or recom-
mendations in the Specification are applied, as described more fully in the disclaimer
notice preceding this Preface.
By the Committee,

Stanley D. Lindsey, Chairman Nestor R. lwankiw
Roger E. Ferch, Vice Chairman  Lawrence A. Kloiber

Hansrg) G. Ashar Roberto T. Leon
William F. Baker H.S. Lew

John M. Barsom James O. Malley
Reidar Bjorhovde Richard W. Marshall
Roger L. Brockenbrough Harry W. Martin
Wai-Fah Chen William A. Milek

Duane K. Miller
Thomas M. Murray
R. Shankar Nair

Gregory G. Deierlein
Robert O. Disgque
Duane S. Ellifritt

Bruce R. Ellingwood
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SYMBOLS

XV

Thesection number intheright hand column refersto the section where the symbol isfirst

used.

mbo Definition

Areaof directly connectedelements . . . . . .. ... ... ...
Loaded area of concrete, in2(mm?). . . .. ... .. ... ....
Nominal unthreaded body area of bolt or threaded

part, in2(mm?) . . ...
Areaof concrete, in2(mm?) . ... ... ...
Areaof concrete slab within effective width, in2 (mm? . . . . . .
Areaof an upset rod based on the major thread diameter,
iNZMM2) . .
Effectivearea, in2(mm?) . . . ... ... .. ... .......
Areaof the compression flange, in2(mm?). . . . .. ... ....
Effectivetension flangearea, in>(mm? . . . . . ... ... ...
Grossareaof flange, in2(mm?. . . ... ... ... .......
Net areaof flange, in.2(mm?). . . . . ... ... ... ......
Grossarea, in2(Mmm?). . . . ... ..
Gross areasubject to tension, in2(mm?) . . . . ... ... ....
Gross areasubject to shear, in2(mm?) . . . . ... ... .....
Netarea, in2(Mm?) . . . . .. ... i
Net areasubject to tension, in2(mm?) . . . ... ... ......
Net areasubject to shear, in2(mm?) . . ... ...........
Projected bearing area, in2(mm?. . . . . ... ... ... ....
Areaof reinforcing bars, in2(mm?). . . .. ... .. .......
Areaof steel crosssection, in>(mm? . .. ... ... ......
Cross-sectional area of stud shear connector, in2(mm?) . . . . . .
Shear areaon the failure path, in>(mm?). . . . .. ... ... ..
Nettensilearea, in2(mm?) . . . ... ...............
Webarea, in2(mm?) . .. ... ... .. ..
Areaof stedl concentrically bearing on a concrete support,
iNZMM?) . ..
Total cross-sectional area of a concrete support, in.2 (mm?) . . . .
Factor for bending stressinteesand doubleangles . . . . . . ..
Factor for bending stress in web-tapered members, in. (mm),
defined by Equations A-F3-8 through A-F3-11. . . . . . ... ..
B, B, Factorsused in determining M, for combined bending and axial

WOP PRPPPPPIPPIIPPIPPIIPP PPP ??>F

forceswhen first-order analysisisemployed . . . . . . . ... ..
Crs Plate-girder coefficient . . . . . ... ... ... ... ... ...
Gy Bending coefficient dependent on moment gradient . . . . . . . .
G Constant based on stress category, given in Table A-K3.1 . . . . .
Cn Coefficient applied to bending term in interaction formula

for prismatic members and dependent on column curvature

caused by appliedmoments . . . . ... ... ... .. .. ...
Cw Coefficient applied to bending term in interaction formula

for tapered members and dependent on axial stress at the
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small endof themember . . . . .. .. .. ... .. .. ....

Ponding flexibility coefficient for primary member in aflat

FOOf . . . e

Ponding flexibility coefficient for secondary member in a

flatroof . . . . . . . . .

Ratio of “critical” web stress, according to linear buckling

theory, to the shear yield stress of web material . . . . . . ...
Warping congtant, in®(mm®) . . . .. ... ... ... ...
Outside diameter of circular hollow section, in. (mm) . . . . . .

Dead load due to the weight of the structural elements and

permanent features on the structure; nominal dead load . . . . .

Factor used in Equation A-G4-2, dependent on the type of

transverse stiffenersused in aplategirder . . . . . . . ... ..

Modulus of elasticity of steel, E = 29,000 ksi (200 000 MPa)
Earthquake load

Modulus of elasticity of concrete, kss (MPa) . . . . . ... ...
Modified modulus of elasticity, kss (MPa) . . . ... ... ...
Nominal strength of the base material to be welded, ksi (MPa) .

Classification number of weld metal (minimum specified

strength), ks (MPa) . . . . ... ... ...
Smaller of (Fs—F)orFy ks (MPa) . . .. ...........
Designstressrange, ks (MPa) . . . .. ... ... .......

Threshold fatigue stress range, maximum stress range for

indefinite design life, ks (MPa) . . . . . oo vveeee .

Flexural stress for tapered members defined by Equations

A-F3-4andA-F3-5. . . . . ...
Critical stress,kss(MPa) . . . . . ... ... . ... ......

Flexural-torsional buckling stresses for double-angle

and tee-shaped compression members, ksi (MPa) . . . . .. ..
Elastic buckling stress, ksi (MPa) . . . . ... ... ... ...
Elastic flexural buckling stress about the major axis, ksi (MPa) .
Elastic flexural buckling stress about the minor axis, ksi (MPa) .
Elastic torsional buckling stress, ksi (MPa). . . . . ... .. ..
Modified yield stress for composite columns, ksi (MPa) . . . . .
Nominal shear rupture strength, kss (MPa) . . . . . .. .. ...

Compressiveresidual stressin flange [10 ksi (69 MPa) for

rolled shapes; 16.5 ksi (114 MPa) for welded built-up shapes]. .

Stress for tapered members defined by Equation A-F3-6,

KSMP) © © v v oo oo e

Specified minimum tensile strength of the type of steel

beingused, ks (MPa) . . . . .. ... ... .. .........
Nominal strength of the weld electrode material, kst (MPa) . . .

Stress for tapered members defined by Equation A-F3-7,

KSMP) © « v v o oo e e

Specified minimum yield stress of the type of steel being
used, ksi (MPa). As used in this Specification, “yield
stress” denotes either the specified minimum yield point
(for those steels that have ayield point) or specified yield
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strength (for those steels that do not have ayield point) . . . . . . A5
Specified minimum yield stress of the flange, ksi (MPa). . . . . . B5.1
Specified minimum yield stress of reinforcing bars,

ks (MPa) . . . . . 12.2
Specified minimum yield stress of the stiffener material,

kss(MPa) . . . . . . . App. G4
Specified minimum yield stress of theweb, ks (MPa) . . . . .. B5.1
Shear modulus of elasticity of steel, G = 11,200 ksi

(77200MPa) . . . . . . . F1.2
Horizontal force, kips(N). . . . . . . . ... ... ... ..... C1
Flexuralconstant . . . . ... ... ... ... ... ... ..., E3
Length of stud connector after welding, in. (mm) . . . . ... .. 13.5
Moment of inertia, in*(mm%. . . ... ... . L F1.2
Moment of inertia of the steel deck supported on secondary

members, int(mm* . ... K2
Moment of inertia of primary members, in*(mm*). . . . ... .. K2
Moment of inertia of secondary members, in* (mm*) . . . .. .. K2
Moment of inertia of atransverse stiffener, in* (mm?% . . . . . .. App. G4

Moment of inertia about y-axis referred to compression flange, or if
reverse curvature bending referred to smaller flange, in.* (mm*) . . App. F1

Torsional constant for asection, in* (mm®). . . ... ... .... F1.2
Effective length factor for prismaticmember. . . . . . . ... .. B7
Effective length factor for torsional buckling. . . . . .. ... .. App. E3
Effective length factor for ataperedmember. . . . . . . . .. .. App. F3
Story height or panel spacing, in.(mm). . . . ... ........ C1
Length of connection in the direction of loading, in. (mm). . . . . B3

Live load due to occupancy and moveable equipment . . . . . . . N4

Laterally unbraced length; length between points which are either
braced against lateral displacement of compression flange or braced

against twist of the cross section, in.(mm) . . . . . .. ... ... F1.2
Length of channel shear connector, in. (mm). . . . ... ... .. 15.4
Edgedistance, in.(mm). . . . .. .. ... ... ... J3.10
Limiting laterally unbraced length for full plastic bending capacity,
uniform moment case (C,=1.0),in.(mm) . . . . ... ... ... F1.2
Column spacing in direction of girder, ft(m). . . . .. ... ... K2
Limiting laterally unbraced length for plastic anaysis,

(M) . e F1.2
Maximum unbraced length for the required column force with

Kegual toone in.(mm) . .. ................... C3
Limiting laterally unbraced length for inelastic lateral -

torsional buckling, in.(mm). . . . ... ... ... ... ..... F1.2
Roof liveload . . . . . ... ... ... ... ... ........ N4
Column spacing perpendicular to direction of girder, ft(m) . . . . K2
Absolute value of moment at quarter point of the unbraced

beam segment, kip-in. (N-mm) . . . . . .. ... ... ... ... F1.2
Absolute value of moment at centerline of the unbraced

beam segment, kip-in. (N-mm) . . . . . ... ... ........ F1.2
Absolute value of moment at three-quarter point of the

unbraced beam segment, kip-in. (N-mm). . . . . ... ... ... F1.2
Elastic buckling moment, kip-in. (N-mm) . . . . ... ... ... F1.2
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Required flexural strength in member dueto lateral frame

trandation only, kip-in. (N-mm) . . . . .. ... ... ...... c1
Absolute value of maximum moment in the unbraced

beam segment, kip-in. (N-mm) . . . . . ... ... ........ F1.2
Nominal flexural strength, kip-in. (N-mm) . . . . ... ... ... F1.1

Flexural strength defined in Equations A-H3-7 and A-H3-8 for use
in aternate interaction equations for combined bending and axial

force kip-in. (N-mm) . . . . . .. ... .. App. H3
Required flexural strength in member assuming there is no lateral
trandation of the frame, kip-in. (N-mm) . . . . ... ... .... Cc1
Plastic bending moment, kip-in. (N-mm). . . . .. ... ..... F1.1

Moment defined in Equations A-H3-5 and A-H3-6, for usein
alternate interaction equations for combined bending and axial

force, kip-in. (N-mm) . . . . . ... .. .. App. H3
Limiting buckling moment, M., when A = A, and C, = 1.0, kip-in.

(N-MM) .. e e e F1.2
Required flexural strength, kip-in. (N-mm). . . . . ... ... .. Cc1

Moment corresponding to onset of yielding at the extreme fiber
from an elastic stress distribution (= F, Sfor homogeneous

sections), kip-in. (N-mm) . . . . . . ... F1.1
Smaller moment at end of unbraced length of beam or

beam-column, kip-in. (N-mm) . . . ... ............. F1.2
Larger moment at end of unbraced length of beam or

beam-column, kip-in. (N-mm) . . . . ... ... ......... F1.2
Length of bearing, in. (mm). . . . . ... ............. K1.3
Number of stress range fluctuationsin designlife . . . . . . . .. App. K3.3
Number of stud connectorsin onerib at abeam intersection. . . . 13.5
Required story or panel bracing shear force, kip(N) . . . . . . .. C3
Elastic Euler buckling load for braced and unbraced frame,

respectively, Kips(N) . . . . . . . . . ... c1
Nominal axial strength (tension or compression), kips(N). . . . . D1
Bearing load on concrete, kips(N) . . . . . ... ... ... .. Jo
Required axial strength (tension or compression), kips(N) . . . . B5.1
Yield strength, kips(N) . . . . . . . . . . ... ... B5.1
Full reduction factor for slender compression elements . . . . . . App. E3
Reduction factor for slender stiffened compression elements . . . App. B5
Nominal strength of one stud shear connector, kips(N) . . . . . . 15

Reduction factor for slender unstiffened compression elements . . App. B5.3
Nominal load due to initial rainwater or ice exclusive of the

ponding contribution . . . ... ... ... ... ......... N4
Plate girder bending strength reductionfactor . . . . . . ... .. App. G
Hybrid girder factor . . . . ... ... ... .. .. L. App. F1
Nominal strength . . . . . . ... ... ... ... ........ A5.3
Web shear strength, kips(N) . . . . . ... ... ... ...... K1.7
Elastic section modulus, in3(mm?). . . .. .. .. ... ..... F1.2
Spacing of secondary members, ft(m) . . . ... ... ... ... K2
Snowload. . . . . . ... ... N4
Elastic section modulus of larger end of tapered member about its

major axis, in>(mm®. . . ... ... ... App. F3
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Effective section modulus about major axis, in3(mm® . . . ... App. F1
Elastic section modulus referred to tension and compression

flanges, respectively, in3(mm?). . . .. ... ... L. App. F1
Tension force due to serviceloads, kips(N) . . . ... ... ... J3.9
Specified pretension load in high-strength bolt, kips(N). . . . . . J3.9
Required tensile strength due to factored loads, kips(N). . . . . . J3.9
Reduction coefficient, used in calculating effectivenet area. . . . B3
Nominal shear strength, kips(N) . . . . . . ... ... ... ... F2.2
Required shear strength, kips(N) . . . . . . ... ... ... ... App. G4
Windload. . . . . . ... ... Comm. A4
Beam buckling factor defined by Equation F1-8 . . . . . . . . .. F1.2
Beam buckling factor defined by Equation F1-9 . . . . . . .. .. F1.2
Plastic section modulus, in3(mm?). . . . .. ........... F1.1
Clear distance between transverse stiffeners, in. (mm) . . . . . . . App. F2.2
Distance between connectorsin a built-up member, in. (mm) . . . E4
Shortest distance from edge of pin hole to edge of member

measured parallel to direction of force, in. (mm). . . . . ... .. D3

Ratio of web areato compressionflangearea . . . . . . ... .. App. G2
Weldlength, in.(mm). . . .. ... ... ... ... ... ... B10
Compression element width, in.(mm) . . . ... ... ...... B5.1
Reduced effective width for slender compression elements,

IN(MM) . . e e e App. B5.3
Effectiveedgedistance, in.(mm). . . . . ... ... ... .. .. D3
Flangewidth,in.(mm) . . . .. ... ... .. ......... B5.1
Stiffener width for one-sided stiffeners, in. (mm) . . . ... ... C34
Numerical coefficients . . . . .. ... ... ... ... ... .. 12.2
Nominal fastener diameter, in.(mm) . . . . . ... ... ... .. J3.3
Overall depth of member, in.(mm). . . ... ... ........ B5.1
Pindiameter,in.(mm) . . ... .................. D3

Roller diameter, in.(mm) . . . . ... ... ... ......... Jg.2
Depth at larger end of unbraced tapered segment, in. (mm) . . . . App. F3
Beamdepth,in.(mm). . . . ... ... ... ... ... K1.7
Nominal diameter (body or shank diameter), in. (mm). . . . . . . App. K3.3
Columndepth,in.(mm). . . . ... ... ... ... ...... K1.7
Depth at smaller end of unbraced tapered segment, in. (mm) . . . App. F3
Base of natural logarithm=2.71828... . . . . . ... ... ... Comm. E2

Computed compressive stress in the stiffened element, ksi (MPa) . App. B5.3
Smallest computed bending stress at one end of atapered

segment, ksi (MPa) . . . . .. App. F3
Largest computed bending stress at one end of atapered

segment, ksi (MPa) . . . . .. .. ... App. F3
Specified compressive strength of concrete, ksi (MPa). . . . . .. 12.2
Stressdueto 1.2D+ 1.2R ks(MPa) . . . . . . .. ... .. ... App. K2
Required normal stress, ksi(MPa) . . . . . ... ... ... ... H2
Required shear stress, kss(MPa) . . . . .. ... ... ... ... H2
Required shear stress due to factored loads in bolts or rivets,

kss(MPa) . . . . . . . 3.7
Transverse center-to-center spacing (gage) between fastener

gagelines, in.(mm). . . ... ... ... . ... .. ..., B2

Clear distance between flanges less the fillet or corner radius for
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rolled shapes; and for built-up sections, the distance between
adjacent lines of fasteners or the clear distance between flanges

whenweldsareused, in.(mm) . . . ... ............. B5.1
Distance between centroids of individual components perpendicul ar
to the member axis of buckling, in. (mm). . . .. ... ...... E4

Twice the distance from the centroid to the following: the inside
face of the compression flange less the fillet or corner radius, for
rolled shapes; the nearest line of fasteners at the compression flange
or the inside faces of the compression flange when welds are used,

for built-up sections, in.(mm) . . .. ... ... ......... B5.1
Distance between flange centroids, in. (mm) . . . . . . ... ... C3
Nominad rib height, in.(mm) . . . . .. ... ........... 13.5
Factor used in Equation A-F3-6 for web-tapered members. . . . . App. F3
Factor used in Equation A-F3-7 for web-tapered members. . . . . App. F3
Factor defined by Equation A-F2-4 for minimum moment of

inertiafor atransverse stiffener. . . . . .. ... ... L. App. F2.3
Distance from outer face of flange to web toe of fillet, in. (mm). . K1.3
Web plate buckling coefficient . . . . . ... ........... App. F2.2
Laterally unbraced length of member at the point of load, in. (mm) B7
Length of bearing, in.(mm). . . . ... .............. Jg.2
Length of connection in the direction of loading, in. (mm). . . . . B3
Lengthof weld,in.(mm) . . . . ... ............... B3

Ratio of web to flange yield stress or critical stressin hybrid

beams . . . . ... App. G2
Number of nodal braced pointswithinthespan . . . . . ... .. C3
Threadsperinch(permm) . . . ... ... .. .. ... ..... App. K3.4
Governing radius of gyration, in. (mm). . . . ... ........ B7

For the smaller end of atapered member, the radius of gyration,
considering only the compression flange plus one-third of the
compression web area, taken about an axis in the plane of the web,

in(Mmm). .. App. F3.4
Minimum radius of gyration of individual component in a built-up
member,in.(Mm). . . . ... ... E4
Radius of gyration of individual component relative to centroidal

axis parallel to member axis of buckling, in. (mm). . . ... ... E4

Radius of gyration of the steel shape, pipe, or tubing in composite
columns. For steel shapesit may not be less than 0.3 times the

overall thickness of the composite section, in. (mm) . . . . . . .. 12

Polar radius of gyration about the shear center, in. (mm). . . . . . E3
Radius of gyration about x and y axes at the smaller end of a

tapered member, respectively, in. (mm). . . . ... ... ... .. App. F3.3

Radius of gyration about x and y axes, respectively, in. (mm) . . . E3
Radius of gyration about y axis referred to compression flange, or

if reverse curvature bending, referred to smaller flange, in. (mm) . App. F1
Longitudinal center-to-center spacing (pitch) of any two consecutive

holes,in.(mm) . . ... ... ... ... ... ... ... ... B2

Thicknessof element,in.(mm). . . . ... ... ......... B5.1
HSS design wall thickness, in.(mm) . . . . ... ......... B5.1
Flangethickness, in.(mm) . . . ... .. ... ... ....... B5.1
Flange thickness of channel shear connector, in. (mm). . . . . . . 15.4
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Web stiffener thickness, in. (mm). . . . ... ..........
Web thickness of channel shear connector, in. (mm) . . . . . ..

Web thickness, in.(mm) . . . ... ... .............
Leg sizeof thefillet weld, in. (mm). . . . . ... .........

Plate width; distance between welds, in. (mm). . . . . ... ..

Unit weight of concrete, lbs/cu ft. (kg/m®) . . . . ... ... ...

Average width of concrete rib or haunch, in. (mm). . . . . . ..
Subscript relating symbol to member strong axis
Coordinates of the shear center with respect to the centroid,

IN(MM) . . e e

Connection eccentricity, in.(mm). . . . ... ... .......
Subscript relating symbol to member weak axis

Distance from the smaller end of tapered member used in
Equation A-F3-1 for the variation in depth, in. (mm). . . . . . .
Subscript relating symbol to member longitudinal axis

Separation ratio for built-up compression members=h/2r, . . .
Reduction factor given by Equation J2-1. . . . . ... ... ...

Brace stiffness requirement when there is no web

distortion . . . . . ...
Required nodal torsional bracing stiffness . . . . . ... ... ..
Required story or panel shear stiffness . . . . . . ... ... ...

Web distortional stiffness, including the effect of web transverse

giffeners,ifany . . . . .. ...

Translation deflection of the story under consideration,

iN.(MM). ...
Depthtaperingratio . . . ... ... ... ... ... ......
Subscript for taperedmembers . . . . .. L L
Exponent for alternate beam-column interaction equation . . . . .
Exponent for alternate beam-column interaction equation . . . . .
Column dlendernessparameter . . . . . . ... ...
Equivalent lendernessparameter. . . . . . ... ... ...
Effective dendernessratio defined by Equation A-F3-2 . . . . . .
Limiting slenderness parameter for compact element . . . . . . .
Limiting slenderness parameter for noncompact element . . . . .
Resistancefactor . . . ... ... ... ... .. ... .. ...
Resistance factor for flexure . . . . . .. ... ... ... ... .
Resistance factor for compression . . . . . ... ... ... ...
Resistance factor for axially loaded composite columns . . . . . .
Resistance factor for shear onthefallurepath . . . . . ... ...
Resistancefactor fortension . . . . ... ... ..........
Resistancefactorforshear . . . . . . ... ... ... ... ...
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GLOSSARY

Alignment chart for columns. A homograph for determining the effective length factor K
for some types of columns

Amplification factor. A multiplier of the value of moment or deflection in the unbraced
length of an axially loaded member to reflect the secondary values generated by the
eccentricity of the applied axial 1oad within the member

Aspect ratio. In any rectangular configuration, the ratio of the lengths of the sides

Batten plate. A plate element used to join two parallel components of abuilt-up column,
girder, or strut rigidly connected to the parallel components and designed to transmit
shear between them

Beam. A structural member whose primary functionisto carry loadstransversetoitslon-
gitudinal axis

Beam-column. A structural member whose primary functionisto carry loads both trans-
verse and parallel to itslongitudinal axis

Bent. A planeframework of beam or truss memberswhich support |oads and the columns
which support these members

Biaxial bending. Simultaneous bending of a member about two perpendicular axes

Bifurcation. The phenomenon whereby a perfectly straight member under compression
may either assume a deflected position or may remain undeflected, or a beam under
flexure may either deflect and twist out of planeor remaininitsin-plane deflected posi-
tion

Braced frame. A frame in which the resistance to lateral 1oad or frame instability is pri-
marily provided by a diagonal, aK brace, or other auxiliary system of bracing
Brittle fracture. Abrupt cleavage with little or no prior ductile deformation

Bucklingload. Theload at which aperfectly straight member under compression assumes
a deflected position

Built-up member. A member made of structural metal elementsthat arewelded, bolted, or
riveted together

Charpy V-notch impact test. A standard dynamic test in which a notched specimen is
struck and broken by asingle blow in aspecially designed testing machine. The mea-
sured test values may be the energy absorbed, the percentage shear fracture, the lateral
expansion opposite the notch, or a combination thereof

Cladding. The exterior covering of the structural components of a building

Cold-formed members. Structural membersformed from steel without the application of
heat

Column. A structural member whose primary functionisto carry loadsparalel toitslon-
gitudinal axis
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Column curve. A curve expressing the relationship between axial column strength and
dlendernessratio

Combined mechanism. A mechanism determined by plastic analysis procedure which
combines elementary beam, panel, and joint mechanisms

Compact section. Compact sectionsare capable of developing afully plastic stressdistri-
bution and possess rotation capacity of approximately three before the onset of local
buckling

Composite beam. A steel beam structurally connected to a concrete slab so that the beam
and slab respond to loads as a unit

Concrete-encased beam. A beamtotally encased in concretecast integrally withtheslab

Connection. Combination of joints used to transmit forces between two or more mem-
bers. Categorized by the type and amount of force transferred (moment, shear, end
reaction). See also Splices

Critical load. Theload at which bifurcation occursasdetermined by atheoretical stability
analysis

Curvature. Rotation per unit length due to bending

Design documents. Documents prepared by the designer (design drawings, design
details, and job specifications)

Design strength. Resistance (force, moment, stress, as appropriate) provided by element
or connection; the product of the nominal strength and the resistance factor

Diagonal bracing. Inclined structural members carrying primarily axial load enabling a
structural frameto act asatrussto resist horizontal loads

Diaphragm. Floor slab, metal wall, or roof panel possessing alarge in-plane shear tiff-
ness and strength adequate to transmit horizontal forces to resisting systems

Diaphragmaction. Thein-plane action of afloor system (al so roofs and walls) such that
al columns framing into the floor from above and below are maintained in the same
position relative to each other

Double concentrated forces. Two equal and opposite forces which form a couple on the
same side of the loaded member

Double curvature. A bending condition in which end moments on a member cause the
member to assume an S shape

Drift. Lateral deflection of abuilding
Drift index. Theratio of lateral deflection to the height of the building

Ductility factor. The ratio of the total deformation at maximum load to the elastic-limit
deformation

Effectivelength. The equivalent length KL used in compression formul as and determined
by abifurcation analysis

Effective length factor K. Theratio between the effective length and the unbraced length
of the member measured between the centers of gravity of the bracing members
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Effective moment of inertia. The moment of inertia of the cross section of amember that
remains elastic when partial plastification of the cross section takes place, usually
under the combination of residual stressand applied stress. Also, the moment of inertia
based on effective widths of elementsthat bucklelocally. Also, the moment of inertia
used in the design of partially composite members

Effective stiffness. The stiffness of a member computed using the effective moment of
inertia of its cross section

Effective width. The reduced width of a plate or slab which, with an assumed uniform
stress distribution, produces the same effect on the behavior of astructural member as
the actual plate width with its nonuniform stress distribution

Elastic analysis. Determination of |oad effects (force, moment, stress, as appropriate) on
members and connections based on the assumption that material deformation disap-
pears on removal of the force that produced it

Elastic-perfectly plastic. A material which hasan idealized stress-strain curvethat varies
linearly from the point of zero strain and zero stressup to theyield point of the material,
and thenincreasesin strain at the value of theyield stresswithout any further increases
in stress

Embedment. A steel component cast in a concrete structure which is used to transmit
externally appliedloadsto the concrete structure by meansof bearing, shear, bond, fric-
tion, or any combination thereof. The embedment may befabricated of structural-steel
plates, shapes, bars, bolts, pipe, studs, concrete reinforcing bars, shear connectors, or
any combination thereof

Encased steel structure. A stegl-framed structure in which all of the individual frame
members are completely encased in cast-in-place concrete

Euler formula. The mathematical relationship expressing the value of the Euler load in
terms of the modulus of elasticity, the moment of inertia of the cross section, and the
length of acolumn

Euler load. The critical load of a perfectly straight, centrally loaded pin-ended column

Eyebar. A particular type of pin-connected tension member of uniform thickness with
forged or flame-cut head of greater width than the body proportioned to provide
approximately equal strength in the head and body

Factored load. The product of the nominal load and aload factor
Fastener. Generic term for welds, bolts, rivets, or other connecting device
Fatigue. A fracture phenomenon resulting from a fluctuating stress cycle

First-order analysis. Analysis based on first-order deformations in which equilibrium
conditions are formulated on the undeformed structure

Flame-cut plate. A platein which the longitudinal edges have been prepared by oxygen
cutting from alarger plate

Flat width. For a rectangular HSS, the nominal width minus twice the outside corner
radius. I n absence of knowledge of the corner radius, theflat width may betaken asthe
total section width minus three times the thickness
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Flexible connection. A connection permitting a portion, but not al, of the simple beam
rotation of a member end

Floor system. The system of structural components separating the stories of a building

Force. Resultant of distribution of stress over aprescribed area. A reaction that devel ops
inamember asaresult of load (formerly called total stressor stress). Generic term sig-
nifying axia loads, bending moment, torques, and shears

Fracture toughness. Measure of the ability to absorb energy without fracture. Generally
determined by impact loading of specimens containing a notch having a prescribed
geometry

Frame buckling. A condition under which bifurcation may occur in aframe

Frame instability. A condition under which a frame deforms with increasing lateral
deflection under a system of increasing applied monotonic loads until a maximum
valueof theload called the stability limit isreached, after which theframewill continue
to deflect without further increasein load

Fully composite beam. A composite beam with sufficient shear connectorsto devel op the
full flexural strength of the composite section

High-cyclefatigue. Failureresulting from morethan 20,000 applicationsof cyclic stress

HSS. Hollow structural sectionsthat are prismatic square, rectangular or round products
of apipeor tubing mill and meet the geometric tolerance, tensile strength and chemical
composition requirements of a standard specification

Hybrid beam. A fabricated steel beam composed of flanges with agreater yield strength
than that of the web. Whenever the maximum flange stressisless than or equal to the
web yield stress the girder is considered homogeneous

Hysteresisloop. A plot of force versusdisplacement of astructure or member subjected to
reversed, repeated load into the inelastic range, in which the path followed during
release and removal of load is different from the path for the addition of load over the
same range of displacement

Inclusions. Nonmetallic material entrapped in otherwise sound metal

Incompl etefusion. Lack of union by melting of filler and base metal over entireprescribed
area

Inelastic action. Material deformation that doesnot disappear onremoval of theforcethat
produced it

Instability. A condition reached in theloading of an element or structurein which contin-
ued deformation results in a decrease of load-resisting capacity

Joint. Areawhere two or more ends, surfaces, or edges are attached. Categorized by type
of fastener or weld used and method of force transfer

K bracing. A system of struts used in a braced frame in which the pattern of the struts
resembles the letter K, either normal or on its side

Lamellar tearing. Separationin highly restrained base metal caused by through-thickness
strains induced by shrinkage of adjacent filler metal
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Lateral bracing member. A member utilized individually or as a component of alateral
bracing system to prevent buckling of members or elements and/or to resist lateral
loads

Lateral (or lateral-torsional) buckling. Buckling of amember involving lateral deflection
and twist

Leaning column. Gravity-loaded column where connectionsto theframe (simple connec-
tions) do not provide resistance to lateral 1oads

Limit state. A condition inwhich astructure or component becomes unfit for service and
is judged either to be no longer useful for its intended function (serviceability limit
state) or to be unsafe (strength limit state)

Limit states. Limits of structural usefulness, such as brittle fracture, plastic collapse,
excessive deformation, durability, fatigue, instability, and serviceability

Load factor. A factor that accountsfor unavoidable deviations of the actual load from the
nominal value and for uncertaintiesin the analysisthat transformsthe load into aload
effect

Loads. Forces or other actionsthat arise on structural systemsfrom theweight of all per-
manent construction, occupantsand their possessions, environmental effects, differen-
tial settlement, and restrained dimensional changes. Permanent |oadsarethoseloadsin
which variations in time are rare or of small magnitude. All other loads are variable
loads. See Nominal loads

LRFD (Load and Resistance Factor Design). A method of proportioning structural com-
ponents (members, connectors, connecting elements, and assemblages) such that no
applicablelimit stateisexceeded when the structureis subjected to all appropriateload
combinations

Local buckling. The buckling of acompression element which may precipitatethefailure
of the whole member

Low-cyclefatigue. Fractureresulting from arelatively high-stressrangeresultinginarel-
atively small number of cyclesto failure

Lower bound load. A load computed on the basis of an assumed equilibrium moment dia-
gram in which the moments are not greater than M, that isless than or at best equal to
the true ultimate load

Mechanism. An articul ated system ableto deform without anincreaseinload, usedinthe
special sense that the linkage may include real hinges or plastic hinges, or both

Mechanism method. A method of plastic analysisin which equilibrium between external
forcesand internal plastic hingesis calculated on the basis of an assumed mechanism.
The failure load so determined is an upper bound

Nodal Brace. A bracethat preventsthe lateral movement or twist at the particular brace
location along the length of the beam or column without any direct attachment to other
braces at adjacent brace points. (See relative brace)

Nominal loads. The magnitudes of the |oads specified by the applicable code
Nominal strength. The capacity of astructure or component to resist the effects of loads,
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as determined by computations using specified material strengths and dimensions and
formulas derived from accepted principles of structural mechanics or by field tests or
laboratory tests of scaled models, allowing for modeling effects and differences
between laboratory and field conditions

Noncompact section. Noncompact sections can develop the yield stress in compression
elements before local buckling occurs, but will not resist inelastic local buckling at
strain levels required for afully plastic stress distribution

P-Delta effect. Secondary effect of column axia loads and lateral deflection on the
moments in members

Panel zone. The zone in a beam-to-column connection that transmits moment by a shear
panel

Partially composite beam. A composite beam for which the shear strength of shear con-
nectors governs the flexural strength

Plane frame. A structural system assumed for the purpose of analysis and design to be
two-dimensional

Plastic analysis. Determination of |oad effects (force, moment, stress, as appropriate) on
members and connections based on the assumption of rigid-plastic behavior, i.e., that
equilibrium is satisfied throughout the structure and yield is not exceeded anywhere.
Second order effects may need to be considered

Plastic design section. The cross section of a member which can maintain afull plastic
moment through large rotations so that a mechanism can develop; the section suitable
for design by plastic analysis

Plastic hinge. A yielded zone which forms in a structural member when the plastic
moment is attained. The beam is assumed to rotate as if hinged, except that it is
restrained by the plastic moment M,

Plastic-limit load. The maximum load that is attained when a sufficient number of yield
zoneshaveformedto permit the structureto deform plastically without further increase
inload. Itisthelargest |load astructure will support, when perfect plasticity isassumed
and when such factors as instability, second-order effects, strain hardening, and frac-
ture are neglected

Plastic mechanism. See Mechanism

Plastic modulus. The section modulus of resistance to bending of a completely yielded
cross section. It is the combined static moment about the plastic neutral axis of the
cross-sectional areas above and below that axis

Plastic moment. The resisting moment of afully-yielded cross section
Plagtic strain. The difference between total strain and elastic strain
Plastic zone. The yielded region of a member

Platification. The process of successiveyielding of fibersin the cross section of amem-
ber as bending moment isincreased

Plate girder. A built-up structural beam
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Post-buckling strength. Theload that can be carried by an element, member, or frameafter
buckling

Prying Action. Lever action that exists in connectionsin which the line of application of
the applied load is eccentric to the axis of the bolt, causing deformation of the fitting
and an amplification of the axial force in the bolt

Redistribution of moment. A process which resultsin the successive formation of plastic
hingessothat lesshighly stressed portionsof astructuremay carry increased moments

Relative Brace. A bracethat controlsthe rel ative movement of two adjacent brace points
aong thelength of abeam or column or therelative lateral displacement of two stories
in aframe. (See nodal brace)

Required strength. Load effect (force, moment, stress, as appropriate) acting on element
or connection determined either by structural analysis from the factored loads (using
appropriate critical load combinations) or explicitly specified

Residual stress. The stressesthat remain in an unloaded member after it has been formed
into afinished product. (Examplesof such stressesinclude, but arenot limited to, those
induced by cold bending, cooling after rolling, or welding)

Resistance. The capacity of a structure or component to resist the effects of loads. It is
determined by computations using specified material strengths, dimensions and for-
mulas derived from accepted principlesof structural mechanics, or by field testsor [ab-
oratory tests of scaled models, allowing for modeling effects and differences between
|aboratory and field conditions. Resistanceisageneric term that includes both strength
and serviceability limit states

Resistancefactor. A factor that accountsfor unavoidabl e deviations of the actual strength
from the nominal value and the manner and consequences of failure

Rigid frame. A structureinwhich connections maintain the angular rel ationship between
beam and column members under |oad

Root of the flange. L ocation on theweb of the corner radiustermination point or thetoe of
the flange-to-web weld. Measured as the k distance from the far side of the flange

Rotation capacity. Theincremental angular rotation that agiven shape can accept prior to
local failure defined as R = (8, /6,) where 6, isthe overall rotation attained at the fac-
tored load state and 6, is the idealized rotation corresponding to elastic theory applied
to the case of M = M,

S. Venant torsion. That portion of thetorsioninamember that inducesonly shear stresses
in the member

Second-order analysis. Analysis based on second-order deformations, in which equilib-
rium conditions are formulated on the deformed structure

Service load. Load expected to be supported by the structure under normal usage; often
taken as the nominal load

Serviceability limit state. Limiting condition affectingtheability of astructureto preserve
its appearance, maintainability, durability, or the comfort of its occupants or function
of machinery under normal usage
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Shapefactor. Theratio of the plastic moment to the yield moment, or theratio of the plas-
tic modulus to the section modulus for a cross section

Shear friction. Friction between the embedment and the concrete that transmits shear
loads. The relative displacement in the plane of the shear load is considered to be
resisted by shear-friction anchorslocated perpendicul ar to the plane of the shear |oad

Shear lugs. Plates, welded studs, bolts, and other steel shapes that are embedded in the
concrete and located transverse to the direction of the shear force and that transmit
shear loads, introduced into the concrete by local bearing at the shear lug-concrete
interface

Shear wall. A wall that resists, initsown plane, shear forcesresulting from applied wind,
earthquake, or other transverse loads or provides frame stability. Also called a struc-
tura wall

Sdesway. The lateral movement of a structure under the action of lateral loads, unsym-
metrical vertical loads, or unsymmetrical properties of the structure

Sdesway buckling. The buckling mode of a multistory frame precipitated by therelative
lateral displacements of joints, leading to failure by sidesway of the frame

Smple plastic theory. See Plastic design

Sngle curvature. A deformed shape of amember having one smooth continuous arc, as
opposed to double curvature which contains a reversal

Sender-element section. The cross section of a member which will experience local
buckling in the elastic range

Sendernessratio. Theratio of the effectivelength of acolumnto theradiusof gyration of
the column, both with respect to the same axis of bending

Sip-critical joint. A bolted jointinwhich thedlip resistance of the connectionisrequired
Faceframe. A three-dimensional structural framework (ascontrasted to aplaneframe)

Folice. The connection between two structural elementsjoined at their endstoformasin-
gle, longer element

Sability-limit load. Maximum (theoretical) load a structure can support when sec-
ond-order instability effects areincluded

Sepped column. A column with changes from one cross section to another occurring at
abrupt points within the length of the column

Stiffener. A member, usually an angle or plate, attached to a plate or web of a beam or
girder to distribute load, to transfer shear, or to prevent buckling of the member to
which it is attached

Stiffness. Theresistanceto deformation of amember or structure measured by theratio of
the applied force to the corresponding displacement

Sory drift. The differencein horizontal deflection at the top and bottom of a story

Srain hardening. Phenomenon wherein ductile steel, after undergoing considerable
deformation at or just above yield point, exhibits the capacity to resist substantially
higher loading than that which caused initial yielding
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Srain-hardening strain. For structural steels that have a flat (plastic) region in the
stress-strain relationship, the value of the strain at the onset of strain hardening

Strength design. A method of proportioning structural members using load factors and
resistance factors such that no applicable limit state is exceeded (also called load and
resistance factor design)

Srength limit state. Limiting condition affecting the safety of the structure, in which the
ultimate load-carrying capacity is reached

Stress. Force per unit area

Stress concentration. Localized stress considerably higher than average (even in uni-
formly loaded cross sections of uniform thickness) dueto abrupt changesin geometry
or localized loading

Srong axis. The magjor principal axis of a cross section

Sructural system. An assembl age of |0ad-carrying componentswhich arejoined together
to provide regular interaction or interdependence

Stub column. A short compression-test specimen, long enough for use in measuring the
stress-strain relationship for the complete cross section, but short enough to avoid
buckling as a column in the elastic and plastic ranges

Subassemblage. A truncated portion of a structural frame

Supported frame. A frame which depends upon adjacent braced or unbraced frames for
resistanceto lateral load or frame instability. (This transfer of load is frequently pro-
vided by thefloor or roof system through diaphragm action or by horizontal crossbrac-
ing in the roof)

Tangent modulus. At any given stresslevel, the slope of the stress-strain curve of amate-
rial in the inelastic range as determined by the compression test of a small specimen
under controlled conditions

Temporary structure. A general term for anything that is built or constructed (usually to
carry construction |oads) that will eventually be removed before or after completion of
construction and does not become part of the permanent structural system

Tensile strength. The maximum tensile stress that a material is capable of sustaining

Tensionfield action. The behavior of aplategirder panel under shear forceinwhich diag-
onal tensile stresses develop in the web and compressive forces develop in the trans-
verse stiffenersin a manner analogous to a Pratt truss

Toe of thefillet. Termination point of fillet weld or of rolled section fillet

Torque-tension relationship. Term applied to thewrench torque required to produce spec-
ified pre-tension in high-strength bolts

Turn-of-nut method. Procedure whereby the specified pre-tension in high-strength bolts
is controlled by rotation of the wrench a predetermined amount after the nut has been
tightened to a snug fit

Unbraced frame. A framein which theresistanceto lateral load is provided by the bend-
ing resistance of frame members and their connections
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Unbraced length. The distance between braced points of a member, measured between
the centers of gravity of the bracing members

Undercut. A notch resulting from the melting and removal of base metal at the edge of a
weld

Universal-mill plate. A platein which the longitudinal edges have been formed by aroll-
ing process during manufacture. Often abbreviated as UM plate

Upper bound load. A load computed on the basis of an assumed mechanism which will
aways be at best equal to or greater than the true ultimate load

Vertical bracing system. A system of shear walls, braced frames, or both, extending
through one or more floors of a building

\on Misesyield criterion. A theory which statesthat inel astic action at any point in abody
under any combination of stresses begins only when the strain energy of distortion per
unit volumeabsorbed at the point isequal tothestrain energy of distortion absorbed per
unit volumeat any point inasimpletensile bar stressed to the elastic limit under astate
of uniaxial stress. It is often called the maximum strain-energy-of-distortion theory.
Accordingly, shear yield occurs at 0.58 times the yield strength

Warping torsion. That portion of the total resistance to torsion that is provided by resis-
tance to warping of the cross section

Weak axis. The minor principal axis of a cross section

Weathering steel. A type of high-strength, low-alloy steel which can be used in normal
environments (not marine) and outdoor exposures without protective paint covering.
This steel develops atight adherent rust at a decreasing rate with respect to time

Web buckling. The buckling of aweb plate

Web crippling. Thelocal failure of aweb platein theimmediatevicinity of aconcentrated
load or reaction

Working load. Also called serviceload. The actual |oad assumed to be acting on the struc-
ture

Yield moment. In amember subjected to bending, the moment at which an outer fiber first
attains the yield stress

Yield plateau. Theportion of the stress-strain curvefor uniaxial tension or compressionin
which the stressremains essentially constant during aperiod of substantially increased
strain

Yield point. Thefirst stressin amaterial at which an increasein strain occurs without an
increase in stress

Yield strength. The stress at which amaterial exhibits a specified limiting deviation from
the proportionality of stressto strain. Deviation expressed in terms of strain

Yield stress. Yield point, yield strength, or yield stress level as defined

Yield-stresslevel. The average stress during yielding in the plastic range, the stress deter-
mined in atension test when the strain reaches 0.005 in. per in. (0.005 mm per mm)
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CHAPTER A

GENERAL PROVISIONS

SCOPE

The Load and Resistance Factor Design Specification for Sructural Steel Build-
ingsshall governthe design, fabrication, and erection of steel-framed buildings. As
an aternative, the AISC Secification for Structural Seel Buildings, Allowable
Sress Design and Plastic Design is permitted.

This Specification includes the list of symbals, the glossary, and the appendices.
The tables of numerical values are provided for design convenience.

Seismic design of buildings shall comply with the AISC Seismic Provisions for
Sructural Steel Buildings, Seismic Provisions Supplement No. 1, and with this
Specification.

Single angle members shall comply with the Specification for Load and Resistance
Factor Design of Sngle-Angle Members and with this Specification.

Hollow structural sections (HSS) shall comply with the Specification for the
Design of Steel Hollow Structural Sections and with this Specification.

Design of nuclear structures shall comply with the Specification for the Design,
Fabrication and Erection of Steel Safety Related Sructures for Nuclear Facilities
and with this Specification.

Asused inthis Specification, theterm structural steel refersto the steel elementsof
the structural steel frame essential to the support of the required loads. Such ele-
ments are enumerated in Section 2.1 of the AISC Code of Standard Practice for
Steel Buildings and Bridges. For the design of cold-formed steel structural mem-
bers, whose profiles contain rounded corners and dender flat elements, the provi-
sions of the American Iron and Steel Institute Specification for the Design of
Cold-Formed Steel Structural Members are recommended.

TYPES OF CONSTRUCTION

Two basic types of construction and associated design assumptions shall be permit-
ted under the conditionsstated herein, and each will governin aspecific manner the
strength of members and the types and strength of their connections.

Type FR (fully restrained), commonly designated as “rigid-frame” (continuous
frame), assumes that connections have sufficient stiffness to maintain the angles
between intersecting members.

Type PR (partially restrained) assumes that connections have insufficient stiffness
to maintain the angles between intersecting members. When connectionrestraint is
considered, use of Type PR construction under this Specification requires that the
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TYPES OF CONSTRUCTION [Sect. A2.

strength, stiffness and ductility characteristics of the connections be incorporated
intheanalysisand design. These characteristics shall be documented in thetechni-
cal literature or established by analytical or experimental means.

When connection restraint isignored, commonly designated “simpleframing,” itis
assumed that for thetransmission of gravity |oadsthe endsof the beamsand girders
are connected for shear only and arefreeto rotate. For “ simpleframing” thefollow-
ing requirements apply:

(1) The connections and connected members shall be adequate to resist the
factored gravity loads as “simple beams.”

(2) The connections and connected members shall be adequate to resist the
factored lateral loads.

(3) Theconnectionsshall have sufficient inelastic rotation capacity to avoid over-
load of fastenersor wel dsunder combined factored gravity and lateral loading.

Thetypeof construction assumedinthe design shall beindicated on thedesign doc-
uments. The design of all connections shall be consistent with the assumption.

MATERIAL
Structural Steel
ASTM Designations

Material conforming to one of thefollowing standard specificationsisapproved for
use under this Specification:

Carbon Structural Steel, ASTM A36/A36M

Pipe, Steel, Black and Hot-Dipped, Zinc-Coated Welded and Seamless ASTM
AS53/A53M, Gr. B

High-Strength Low-Alloy Structural Steel, ASTM A242/A242M

Cold-Formed Welded and Seamless Carbon Steel Structural Tubing in Rounds
and Shapes, ASTM A500

Hot-Formed Wel ded and Seamless Carbon Steel Structural Tubing, ASTM 501

High-Yield-Strength, Quenched and Tempered Alloy Steel Plate, Suitable for
Welding, ASTM A514/A514M

High-Strength Carbon-Manganese Steel of Structural Quality, ASTM A529/
A529M

Steel, Sheet and Strip, Carbon, Hot-Rolled, Structural Quality, ASTM A570/
A570M, Gr. 40 (275), 45 (310), and 50 (345)

High-Strength Low-Alloy Columbium-Vanadium Steels of Structural Quality,
ASTM A572/A572M

High-Strength Low-Alloy Structural Steel with 50 ksi (345 MPa) Minimum
Yield Point to 4-in. (100 mm) Thick, ASTM A588/A588M

Steel, Sheet and Strip, High-Strength, Low-Alloy, Hot-Rolled and Cold-Rolled,
with Improved Atmospheric Corrosion Resistance, ASTM A606

Steel, Sheet and Strip, High-Strength, Low-Alloy, Columbium or Vanadium, or
Both, Hot-Rolled and Cold-Rolled, ASTM A607

Hot-Formed Wel ded and Seaml ess High-Strength L ow-Alloy Structural Tubing,
ASTM A618

Carbon and High-Strength Low-Alloy Structural Steel Shapes, Plates and Bars
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1b.

1c.

Cold-Formed Welded and Seamless High-Strength, Low-Alloy Structural Tubing with
Improved Atmospheric Corrosion Resistance, ASTM A847

and Quenched-and-Tempered Alloy Structural Steel Plates for Bridges,
ASTM A709/A709M

Quenched and Tempered Low-Alloy Structural Steel Plate with 70 ksi (485 MPa)
Minimum Yield Strength to 4 in. (100 mm) Thick, ASTM A852/A852M

High-Strength Low-Alloy Steel Shapes of Structural Quality, Produced by
Quenching and Self-Tempering Process (QST), ASTM A913/A913M

Steel for Structural Shapes for Use in Building Framing, ASTM A992/A992M

Certified mill test reports or certified reports of tests made by the fabricator or a test-
ing laboratory in accordance with ASTM A6/A6M, Standard Specification for
General Requirements for Rolled Structural Steel Bars, Plates, Shapes, and Sheet
Piling or A568/A568M, Standard Specification for Steel, Sheet, Carbon, and
High-Strength, Low-Alloy, Hot-Rolled and Cold-Rolled, General Requirements
for, as applicable, shall constitute sufficient evidence of conformity with one of the
above ASTM standards. If requested, the fabricator shall provide an affidavit stat-
ing that the structural steel furnished meets the requirements of the grade specified.

Unidentified Steel

Unidentified steel, if surface conditions are acceptable according to criteria con-
tained in ASTM A6/A6M, is permitted to be used for unimportant members or
details, where the precise physical properties and weldability of the steel would not
affect the strength of the structure.

Heavy Shapes

For ASTM A6/A6M Group 4 and 5 rolled shapes to be used as members subject to
primary tensile stresses due to tension or flexure, toughness need not be specified if
splices are made by bolting. If such members are spliced using complete-joint-pen-
etration groove welds, the steel shall be specified in the contract documents to be
supplied with Charpy V-notch (CVN) impact testing in accordance with ASTM
A6/A6M, Supplementary Requirement S5. The impact test shall meet a minimum
average value of 20 ft-1bs. (27 J) absorbed energy at +70°F (+21°C) and shall be
conducted in accordance with ASTM A673/A673M, with the following
exceptions:

(1) The center longitudinal axis of the specimens shall be located as near as practi-
cal to midway between the inner flange surface and the center of the flange
thickness at the intersection with the web mid-thickness.

(2) Tests shall be conducted by the producer on material selected from a location
representing the top of each ingot or part of an ingot used to produce the prod-
uct represented by these tests.

For plates exceeding two-in. (50 mm) thick used for built-up cross-sections with
bolted splices and subject to primary tensile stresses due to tension or flexure, mate-
rial toughness need not be specified. If such cross-sections are spliced using com-
plete-joint-penetration welds, the steel shall be specified in the contract documents
to be supplied with Charpy V-notch testing in accordance with ASTM A6/A6M,
Supplementary Requirement S5. The impact test shall be conducted by the pro-
ducer in accordance with ASTM A673/A673M, Frequency P, and shall meet a min-
imum average value of 20 ft-lbs. (27 J) absorbed energy at +70°F (+21°C).

The above supplementary requirements also apply when complete-joint-penetra-
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ion welded joints through the thickness of ASTM A6/A6M Group 4 and 5 shapes
and built-up cross sections with thickness exceeding two in. (50 mm) are used in
connections subjected to primary tensile stress due to tension or flexure of such
members. The requirements need not apply to ASTM A6/A6M Group 4 and 5
shapes and built-up members with thickness exceeding two in. (50 mm) to which
members other than ASTM A6/A6M Group 4 and 5 shapes and built-up members
are connected by complete-joint- penetration welded joints through the thickness
of the thinner material to the face of the heavy material.

Additional requirementsfor jointsin heavy rolled and built-up members are given
in Sections J1.5, J1.6, J2.6, J2.8 and M2.2.

Steel Castings and Forgings
Cast steel shall conform to one of the following standard specifications:

Steel Castings, Carbon, for General Application, ASTM A27/A27M, Gr. 65-35
(450-240)

Steel Castings, High Strength, for Structural Purposes, ASTM A148/148M Gir.
80-50 (550-345)

Steel forgings shall conform to the following standard specification:

Steel Forgings Carbon and Alloy, for General Industrial Use, ASTM A668/
A668M

Certified test reports shall constitute sufficient evidence of conformity with
standards.

Bolts, Washers, and Nuts

Steel bolts, washers, and nuts shall conform to one of the following standard
specifications:

Carbon and Alloy Steel Nuts for Bolts for High-Pressure or High-Temperature
Service, or Both, ASTM A194/A194M

Carbon Steel Bolts and Studs, 60,000 PSI Tensile Strength, ASTM A307

Structural Bolts, Steel, Heat Treated, 120/105 ksi Minimum Tensile Strength,
ASTM A325

High-Strength Bolts for Structural Steel Joints[Metric], ASTM A325M

Quenched and Tempered Steel Bolts and Studs, ASTM A449

Heat-Treated Steel Structural Bolts, 150 ksi Minimum Tensile Strength, ASTM
A490

High-Strength Steel Bolts, Classes 10.9 and 10.9.3, for Structural Steel Joints
[Metric], ASTM A490M

Carbon and Alloy Steel Nuts, ASTM A563

Carbon and Alloy Steel Nuts[Metric], ASTM A563M

Hardened Steel Washers, ASTM F436

Hardened Steel Washers [Metric], ASTM F436M

Compressible-Washer-Type Direct Tension Indicators for Use with Structural
Fasteners, ASTM F959

Compressible-Washer-Type Direct Tension Indicators for Use with Structural
Fasteners[Metric], ASTM F959M

“Twist Off” Type Tension Control Structural Bolt/Nut/Washer Assemblies,
Steel, Heat Treated, 120/105 ksi Minimum Tensile Strength, ASTM F1852
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ASTM A449 boltsarepermitted to beused only in connectionsrequiring bolt diam-
etersgreater than 1%5-in. (38 mm) and shall not be used indlip-critical connections.

Manufacturer’s certification shall constitute sufficient evidence of conformity with
the standards.

4,  Anchor Rodsand Threaded Rods

Anchor rods and threaded rod steel shall conform to one of the following standard
specifications:

Carbon Structural Steel, ASTM A36/A36M

Alloy Stedl and Stainless Steel Bolting Materialsfor High-Temperature Service,
ASTM A193/A193M

Quenched and Tempered Alloy Steel Bolts, Studsand Other Externally Threaded
Fasteners, ASTM A354

High-Strength Low-Alloy Columbium-Vanadium Structural Steel, ASTM
A572/A572M

High-Strength Low-Alloy Structural Steel with 50 ksi [345 MPa] Minimum
Yield Point to 4-in. [100 mm] Thick, ASTM A588/A588M

Anchor Bolts, Steel, 36, 55, and 105-ksi Yield Strength, ASTM F1554

Threads on anchor rods and threaded rods shall conform to the Unified Standard
Series of ASME B18.2.6 and shall have Class 2A tolerances.

Steel bolts conforming to other provisions of Section A3.3 are permitted asanchor
rods. A449 material is acceptable for high-strength anchor rods and threaded rods
of any diameter.

Manufacturer’s certification shall constitute sufficient evidence of conformity with
the standards.

5.  Filler Metal and Flux for Welding

Filler metals and fluxes shall conform to one of the following specifications of the
American Welding Society:

Specificationfor Carbon Steel Electrodesfor Shielded Metal Arc Welding, AWS
A5.1

Specification for Low-Alloy Steel Electrodes for Shielded Metal Arc Welding,
AWSAS5.5

Specification for Carbon Steel Electrodes and Fluxes for Submerged Arc
Welding, AWS A5.17/A5.17M

Specification for Carbon Steel Electrodes and Rods for Gas Shielded Arc
Welding, AWS A5.18

Specification for Carbon Steel Electrodes for Flux Cored Arc Welding, AWS
A5.20

Specification for Low-Alloy Steel Electrodes and Fluxes for Submerged Arc
Welding, AWS A5.23/A5.23M

Specification for Carbon and Low-Alloy Steel Electrodes and Fluxes for
Electroslag Welding, AWS A5.25/A5.25M

Specification for Carbon and Low-Alloy Steel Electrodes for Electrogas
Welding, AWS A5.26/A5.26M

Specification for Low-Alloy Steel Electrodes and Rods for Gas Shielded Arc
Welding, AWS A5.28
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Specificationfor Low-Alloy Steel Electrodesfor Flux Cored Arc Welding, AWS
A5.29
Specification for Welding Shielding Gases, AWS A5.32/A5.32M

Manufacturer’s certification shall constitute sufficient evidence of conformity with
thestandards. Filler metalsand fluxesthat are suitablefor theintended application
shall be selected.

Stud Shear Connectors

Steel stud shear connectorsshall conformtotherequirementsof Structural Welding
Code—Steel, AWSD1.1.

Manufacturer’s certification shall constitute sufficient evidence of conformity with
the code.

LOADSAND LOAD COMBINATIONS

The nominal loads and factored load combinations shall be as stipulated by the
applicable code under which the structure is designed or dictated by the conditions
involved. In the absence of a code, the loads and factored load combinations,
including impact and crane loads, shall be those stipulated in ASCE 7. For design
purposes, the loads stipulated by the applicable code or ASCE 7 shall be taken as
nominal loads.

DESIGN BASIS
Required Strength at Factored L oads

The required strength of structural members and connections shall be determined
by structural analysis for the appropriate factored load combinations as stipul ated
in Section A4.

Designby either elastic or plastic analysisis permitted, except that design by plastic
analysis is permitted only for steels with specified minimum yield stresses not
exceeding 65 ksi (450 MPa) and is subject to provisions of Sections B5.2, C1.1,
C2.1a, C2.23, E1.2, F1.3,H1, and I 1.

Beams and girders composed of compact sections, as defined in Section B5.1, and
satisfying the unbraced length requirements of Section F1.3 (including composite
members) which are continuous over supports or are rigidly framed to columns
may be proportioned for nine-tenths of the negative moments produced by the fac-
tored gravity loading at points of support, provided that the maximum positive
moment isincreased by one-tenth of the average negative moments. Thisreduction
is not permitted for hybrid beams, members of A514/A514M steel, or moments
produced by loading on cantilevers. If the negative moment isresisted by acolumn
rigidly framed to the beam or girder, the one-tenth reduction may be usedin propor-
tioning the column for combined axial force and flexure, provided that the axial
force does not exceed ¢. times 0.15A4F,

where

A = gross area, in.? (mm’)
F,= specified minimum yield stress, ksi (MPa)
0. = resistance factor for compression
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A6.

Limit States

LRFD is amethod of proportioning structures so that no applicable limit state is
exceeded when the structure is subjected to all appropriate factored load
combinations.

Strength limit states are related to safety and concern maximum load carrying
capacity. Serviceability limit statesarerel ated to performance under normal service
conditions. The term “resistance” includes both strength limit states and service-
ability limit states.

Design for Strength

The required strength shall be determined for each applicable load combination as
stipulated in Section A4.

The design strength of each structural component or assemblage shall equal or
exceed the required strength based on the factored loads. The design strength ¢R,
for each applicablelimit stateiscal culated asthe nominal strength R, multiplied by
aresistance factor ¢. Nominal strengths R, and resistance factors ¢ are given in
Chapters D through K.

Design for Serviceability and Other Considerations

The overall structure and the individual members, connections, and connectors
shall be checked for serviceability. Provisions for design for serviceability are
given in Chapter L.

REFERENCED CODES AND STANDARDS
The following documents are referenced in this Specification:

ACI International (ACI)

Building Code Requirements for Structural Concrete and Commentary, ACI
318-99

Metric Building Code Requirements for Structural Concrete and Commentary;,
ACI 318M-99

American Institute of Steel Construction, Inc. (AISC)

Code of Sandard Practice for Seel Buildings and Bridges, 2000

Seismic Provisions for Structural Steel Buildings, 1997

Seismic Provisions for Structural Seel Buildings Supplement No. 1, 1999

Soecification for Sructural Sed Buildings-Allowable Sress Design and Plastic
Design, 1989

Foecification for Load and Resistance Factor Design of Sngle-Angle Members,
1993

Soecification for the Design of Steel Hollow Sructural Sections, 1997

Secification for the Design, Fabrication and Erection of Steel Safety Related
Sructures for Nuclear Facilities, 1994

American Iron and Steel Ingtitute (AISI)

Soecification for the Design of Cold-Formed Seel Sructural Members, 1996

Secification for the Design of Cold-Formed Steel Structural Members, Supple-
ment No. 1, 1999
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American Society of Civil Engineers (ASCE)
Minimum Design Loads for Buildings and Other Sructures, ASCE 7-98

American Society of Mechanical Engineers (ASME)
Fasteners for Use in Structural Applications, ASME B18.2.6-96
Surface Texture, Surface Roughness, Waviness, and Lay, ASME B46.1-85

American Society for Testing and Materials (ASTM)

ASTM A6/A6M-2000
ASTM A36/A36M-97a
ASTM A148/A148M-93b
ASTM A194/A194M-98b
ASTM A307-97

ASTM A325M-97
ASTM A370-97a

ASTM A490-97

ASTM A500-99

ASTM A502-93

ASTM A529/A529M-96
ASTM A563M-97
ASTM A570/A570M-98
ASTM A588/A588M-97a
ASTM A607-96

ASTM A668/A668M-96
ASTM A709/A709M-97b
ASTM AB847-99a

ASTM A913/A913M-97
ASTM C33-97

ASTM F436-93

ASTM F606-98

ASTM F959-96

ASTM F1554-99

ASTM A27/A27M-95
ASTM A53/A53M-99b
ASTM A193/A193M-99
ASTM A242/A242M-98
ASTM A325-97

ASTM A354-98

ASTM A449-93

ASTM A490M-93
ASTM A501-99

ASTM A514/A514M-94a
ASTM A563-97

ASTM A568/568M-98
ASTM A572/A572M-99
ASTM A606-98

ASTM A618-99

ASTM A673/A673M-95
ASTM A751-96

ASTM A852/A852M-97
ASTM A992/A992M-98
ASTM C330-97

ASTM F436M-93
ASTM F606M-95b
ASTM FO59M-97
ASTM F1852-98

American Welding Society (AWS)

AWS D1.1:2000

AWS A5.17/A5.17M-98
AWS A5.23/A5.23M-97
AWS A5.28-96

AWS A5.1-91

AWS A5.18-93

AWS A5.25/A5.25M-97
AWS A5.29-98

AWS A5.5-96

AWS A5.20-95

AWS A5.26/A5.26M-97
AWS A5.32/A5.32M-97

Research Council on Structural Connections (RCSC)
Load and Resistance Factor Design Specification for Structural Joints Using
ASTM A325 or A490 Bolts, 1994

DESIGN DOCUMENTS

The design drawings shall show acompl ete design with sizes, sections, and relative
locations of al members. Floor levels, column centers and offsets shall be
dimensioned. Drawingsshall be drawnto ascalelarge enoughto show theinforma-
tion clearly.

Design documentsshall indicatethetypeor typesof construction asdefinedin Sec-

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



Sect. A7.] DESIGN DOCUMENTS 9

tion A2 and include the required strengths (moments and forces) if necessary for
preparation of shop drawings.

Where joints are to be assembled with high-strength bolts, the design documents
shall indicate the connection type (i.e., snug-tightened, pretensioned, or
dlip-critical).

Camber of trusses, beams, and girders, if required, shall be specified in the design
documents.

The requirements for stiffeners and bracing shall be shown in the design
documents.

Welding and inspection symbols used on design and shop drawings shall be the
American Welding Society symbols. Wel ding symbol sfor special requirementsnot
covered by AWS are permitted to be used provided complete explanations thereof
are shown in the design documents.

Weld lengths called for in the design documents and on the shop drawings shall be
the net effective lengths.
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CHAPTER B

DESIGN REQUIREMENTS

This chapter contains provisions which are common to the Specification as awhole.

B1.

B2.

B3.

GROSS AREA

The grossarea A, of amember at any point is the sum of the products of the thick-
ness and the gross width of each element measured norma to the axis of the
member. For angles, the gross width is the sum of the widths of the legs less the
thickness.

NET AREA

The net area A, of amember isthe sum of the products of the thickness and the net
width of each element computed as follows:

In computing net areafor tension and shear, thewidth of abolt holeshall betaken as
Ys-in. (2 mm) greater than the nominal dimension of the hole.

For achain of holes extending across a part in any diagonal or zigzag line, the net
width of the part shall be obtained by deducting from the grosswidth the sum of the
diameters or slot dimensions as provided in Section J3.2, of al holesin the chain,
and adding, for each gage space in the chain, the quantity s 4g

where
s =longitudinal center-to-center spacing (pitch) of any two consecutive holes,
in. (mm)
g = transverse center-to-center spacing (gage) between fastener gage lines, in.
(mm)

For angles, the gagefor holesin opposite adjacent legs shall be the sum of the gages
from the back of the angles less the thickness.

In determining the net area across plug or slot welds, the filler metal shall not be
considered as adding to the net area.

EFFECTIVE AREA OF TENSION MEMBERS

The effective area of tension members shall be determined as follows:

(1) When tension load is transmitted directly to each of the cross-sectional ele-
ments by fasteners or welds, the effective area A, is equal to the net area A,.

(2) When thetension load is transmitted by fasteners or welds through some but
not all of the cross-sectional € ementsof themember, the effectivearea A, shall
be computed as follows:
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(8 Whenthetensionloadistransmitted only by fasteners
Ac=AU (B3-1)
where

U = reduction coefficient
=1-(x/1)<09
X = connection eccentricity, in. (mm)
| =length of the connection in the direction of loading, in. (mm)

(b) Whenthetensionload istransmitted only by longitudinal weldsto other thana
plate member or by longitudinal weldsin combinationwithtransversewelds

A.=AU (B3-2)
where

U=1-(x/1)<0.9
A,= gross area of member, in.? (mm?)

(c) Whenthetensionloadistransmitted only by transversewelds
A.= AU (B3-3)
where

A = areaof directly connected elements, in.2(mm?)
u=10

(d) When the tension load is transmitted to a plate only by longitudina welds
along both edges at the end of the plate

A= AU (B3-4)
where
Forl=2w . . . . . . . . U=1.00
For2w>1>15w . . .. .. . . . . . . . U=0.87
Forlbw>I>w . ... .. ... . . . . U=0.75
where

| = length of weld, in. (mm)
w = plate width (distance between welds), in. (mm)

Larger valuesof U are permitted to be used when justified by tests or other rational
criteria.

For effective area of connecting elements, see Section J5.2.

B4. STABILITY

General stability shall be provided for the structure as awhole and for each of its
elements.

Consideration shall be given to the significant effects of the loads on the deflected
shape of the structure and its individual el ements.
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B5. LOCAL BUCKLING

1.

Classification of Steel Sections

Steel sections are classified as compact, nhoncompact, or slender-element sections.
For asection to qualify as compact, its flanges must be continuously connected to
the web or webs and the width-thickness ratios of its compression elements must
not exceed the limiting width-thickness ratios A, from Table B5.1. If the
width-thicknessratio of one or more compression elementsexceeds,, but does not
exceed A, the section is noncompact. If the width-thickness ratio of any element
exceeds A, from Table B5.1, the sectionisreferred to asas ender-element compres-
sion section.

For unstiffened elements which are supported along only one edge parallel to the
direction of the compression force, the width shall be taken as follows:

(&) For flanges of I-shaped members and tees, the width b is half the full-flange
width, by

(b) Forlegsof anglesand flangesof channelsand zees, thewidth bis the full nomi-
nal dimension.

(c) For plates, thewidth b is the distance from the free edge to the first row of fas-
teners or line of welds.

(d) For stemsof tees, d is taken as the full nominal depth.

For stiffened el ementswhich are supported along two edgesparallel to thedirection
of the compression force, the width shall be taken as follows:

(8 For websof rolled or formed sections, h is the clear distance between flanges
less the fillet or corner radius at each flange; h. is twice the distance from the
centroid to the inside face of the compression flange less the fillet or corner
radius.

(b) Forwebsof built-up sections, histhedistance between adjacent linesof fasten-
ersor the clear distance between flanges when welds are used, and h, istwice
thedistancefromthecentroidto the nearest line of fastenersat the compression
flange or theinside face of the compression flange when welds are used; h, is
twicethedistancefromtheplastic neutral axistothenearest line of fastenersat
the compression flange or the inside face of the compression flange when
welds are used.

(c) Forflange or diaphragm platesin built-up sections, thewidth b is the distance
between adjacent lines of fasteners or lines of welds.

(d) For flanges of rectangular hollow structural sections, the width b is the clear
distance between webslesstheinside corner radius on each side. If the corner
radiusis not known, the width may be taken as the total section width minus
three times the thickness. The thickness t shall be taken as the design wall
thickness. When the design wall thicknessis not known, it is permitted to be
taken as 0.93 times the nominal wall thickness.

For tapered flanges of rolled sections, the thickness is the nominal value halfway
between the free edge and the corresponding face of the web.
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B6.

B7.

B8.

BO.

B10.

Design by Plastic Analysis

Design by plastic analysis is permitted, as limited in Section A5.1, when flanges
subject to compression involving hinge rotation and all webs have a
width-thicknessratio less than or equd to thelimiting A, from Table B5.1. For cir-
cular hollow sections see Footnote d of Table B5.1.

Slender-Element Compression Sections

For the flexural design of I-shaped sections, channels and rectangular or circular sec-
tions with slender flange elements, see Appendix F1. For other shapesin flexure or
membersin axial compression that have dender compression elements, see Appendix
B5.3. For plate girders with dender web elements, see Appendix G.

BRACING AT SUPPORTS

At points of support for beams, girders and trusses, restraint against rotation about
their longitudinal axis shall be provided.

LIMITING SLENDERNESS RATIOS

For members in which the design is based on compression, the slenderness ratio
Kl/r preferably should not exceed 200.

For membersinwhichthedesignisbased ontension, theslendernessratio | / r pref-
erably should not exceed 300. The above limitation does not apply to rods in ten-
sion. Membersinwhich thedesignisdictated by tensionloading, but which may be
subject to some compression under other load conditions, need not satisfy the com-
pression slenderness limit.

SIMPLE SPANS

Beams, girders and trusses designed on the basis of simple spans shall have an
effective length equal to the distance between centers of gravity of the membersto
which they deliver their end reactions.

END RESTRAINT

Beams, girders, and trusses designed on the assumptions of full or partial end
restraint, as well as the sections of the members to which they connect, shall have
design strengths, as prescribed in Chapters D through K, equal to or exceeding the
effect of factored forces and moments except that some inelastic but self-limiting
deformation of a part of the connection is permitted.

PROPORTIONS OF BEAMS AND GIRDERS

When rolled or welded shapes, plate girders and cover-plated beams are propor-
tioned on the basis of flexural strength of the gross section:

(@ If
0.75F, A= 0.9F, 4 (B10-1)
no deduction shall be made for bolt or rivet holesin either flange,

where
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TABLE B5.1
Limiting Width-Thickness Ratios for
Compression Elements
] Limiting Width-
Width Thickness Ratios
Thick-
ness Ap A
Description of Element Ratio (compact) (noncompact)
Flanges of I-shaped rolled b/t 0.38,E/F, |[c] 0.83JE/F, [e]
beams and channels in
flexure
Flanges of I-shaped hybridor | b/t 0.38,/E | Fy 0.95E /(F. I k:) [e],
welded beams in flexure [f]
n
$ | Flanges projecting from b/t NA 0.64,/E/(F, Ike) fl
% built-up compression
o | members
e}
© | Flanges of I-shaped sections b/t NA 056,/E/F,
& | in pure compression, plates
2 | projecting from compression
5 elements; outstanding legs of
pairs of angles in continuous
contact; flanges of channels
in pure compression
Legs of single angle struts; b/t NA 045, E/F,
legs of double angle struts
with separators; unstiffened
elements, i.e., supported
along one edge
Stems of tees d/t NA 0.75,/E I F,

A, = grossflange area, in.2 (mm?)

A =nettensionflangeareacal culated in accordance with the provisions of
Sections B1 and B2, in.2 (mm?)

F. = specified minimum tensile strength, ksi (MPa)

() If
0.75F, An < 0.9F, Ay (B10-2)

the member flexural properties shal be based on an effective tension flange area
Are

4 =20, (B10-3)
and themaximum flexural strength shall be based on the dastic section modulus.
Hybrid girders shall be proportioned by the flexural strength of their gross section,
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PROPORTIONS OF BEAMS AND GIRDERS

TABLE B5.1 (cont.)
Limiting Width-Thickness Ratios for
Compression Elements

. Limiting Width-
Width Thickness Ratios
Thick-
ness Ap A

Description of Element Ratio (compact) (noncompact)

Flanges of rectangular box b/t

and hollow structural sections

of uniform thickness subject

to bending or compression;

flange cover plates and dia-

phragm plates between lines
) of fasteners or welds
c
g for uniform compression 112,E/F, 140./E/F
[} : y
i
B for plastic analysis 0.939,/E/F, -
[=
£ | Unsupported width of cover b/t NA 1.86\/E/Fy
b plates perforated with a suc-

cession of access holes [b]

Webs in flexural h/t, 3.76,/E/F, [c], [d] 5.70,[E IF, [h]

compression [a]

Webs in combined flexural
and axial compression

h/t, | forP,/¢,P,<0.125 [c],[g]

376\/?5_2.75/3“5
R ﬁ 5 E

O

:

e U 3
112 [— %.33 -
Fy (Pbe

E
>149 [—
Fy

(]

PU

e Qd
570 [— 3-0.74
for P, /0,P,>0.125 [c][g] \/; |¢be

O

LTI

All other uniformly compres- b/t NA 1.49 E/Fy
sed stiffened elements, i.e., h/t,
supported along two edges
Circular hollow sections D/t [d]
In axial compression NA 0.11E/F,
In flexure 0.07E/F, 0.31E/F,

[a] For hybrid beams, use the yield
strength of the flange F instead
of F,.

[b] Assumes net area of plate at
widest hole.

[c]| Assumes-an-inelastic rotation

\

; ) isricity. &
[d] For plastic design use 0.045E/I§,..

[e] F.=smaller of (F; —F) or Fy, ksi (MPa)
F, = compressive residual stress in flange
=10 ksi (69 MPa) for rolled shapes
= 16.54ksi (114 MPa) for welded shapes
= < <
[l ke hTt. and 0.35 < k; < 0.763
[g] For members with unequal flanges, use h, instead
of hwhen comparing to A,
[h] For members with unequal flanges, see Appendix B5.1.

Assumes an inelastic ductility ratio (ratio of strain at fracture to strain at yield) of 3. When the seismic response modification
factor R is taken greater than 3, a greater rotation capacity may be required.
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PROPORTIONS OF BEAMS AND GIRDERS [Sect. B10.

subject to the applicable provisionsin Appendix G1, provided they arenot required
to resist an axial force greater than ¢y, times 0.15F Ay, where Fy; is the specified
minimum yield stress of the flange material and A is the gross area. No limit is
placed on the web stresses produced by the applied bending moment for which a
hybrid girder is designed, except as provided in Section K3 and Appendix K3. To
qualify as hybrid girders, the flanges at any given section shall have the same
cross-sectional area and be made of the same grade of stedl.

Flanges of welded beams or girders may bevaried in thickness or width by splicing
aseries of plates or by the use of cover plates.

The total cross-sectional area of cover plates of bolted or riveted girders shall not
exceed 70 percent of the total flange area.

High-strength bolts, rivets, or welds connecting flange to web, or cover plate to
flange, shall be proportioned to resist the total horizontal shear resulting from the
bending forces on the girder. The longitudinal distribution of these bolts, rivets, or
intermittent welds shall bein proportion to the intensity of the shear. However, the
longitudinal spacing shall not exceed the maximum permitted for compression or
tension membersin Section E4 or D2, respectively. Bolts, rivets, or welds connect-
ing flangetoweb shall also be proportioned to transmit to theweb any loads applied
directly to the flange, unless provision is made to transmit such loads by direct
bearing.

Partial length cover plates shall be extended beyond the theoretical cutoff point
and the extended portion shall be attached to the beam or girder by high-strength
bolts in a slip-critical connection, rivets, or fillet welds. The attachment shall be
adequate, at the applicable design strength given in Sections J2.2, J3.8, or K3 to
develop the cover plate’s portion of the flexural design strength in the beam or
girder at the theoretical cutoff point.

For welded cover plates, the welds connecting the cover plate termination to the
beam or girder shall have continuous welds along both edges of the cover platein
the length &', defined below, and shall be adequate, at the applicable design
strength, to develop the cover plate’s portion of the design strength in the beam or
girder at the distance a’ from the end of the cover plate.

(8 When there is a continuous weld equal to or larger than three-fourths of the
plate thickness across the end of the plate

a=w (B10-4)
where
w = width of cover plate, in. (mm)

(b) When thereisacontinuousweld smaller than three-fourths of the plate thick-
ness across the end of the plate

a =15w (B10-5)
(c) When thereis no weld across the end of the plate
a =2w (B10-6)
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CHAPTER C

FRAMES AND OTHER STRUCTURES

This chapter contains general requirements for stability of the structure as awhole.

Cl. SECOND ORDER EFFECTS
Second order (PA) effects shall be considered in the design of frames.
1. Design by Plastic Analysis

In structures designed on the basis of plastic analysis, as limited in Section A5.1,
the required flexural strength M, shall be determined from a second-order plastic
analysis that satisfies the requirements of Section C2.

2. Design by Elastic Analysis

In structures designed on the basis of elastic analysis, M, for beam-columns, con-
nections, and connected members shall be determined from a second-order elastic
analysis or from the following approximate second-order analysis procedure:

M, = B:My + B;Mj; (C1-1)
where

M, =required flexura strength in member assuming thereisno lateral transla-
tion of the frame, kip-in. (N-mm)
M, =requiredflexural strengthin member asaresult of lateral trandation of the
frame only, kip-in. (N-mm)
=07m >1
(1-Pu/Psg)

_ TEl
(KL)®
where | isthe moment of inertiain the plane of bending and K is the effec-
tive length factor in the plane of bending determined in accordance with
Section C2.1, for the braced frame.
P, =required axial compressive strength for the member under consideration,
kips (N)
C. =acoefficient based on elasticfirst-order analysisassuming nolateral trans-
lation of the frame whose value shall be taken as follows:

(C1-2)

1

el

(@) For compression members not subject to transverse loading between
their supportsin the plane of bending,

Cin=0.6—0.4(M; / My) (C1-3)
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SECOND ORDER EFFECTS [Sect. C1.

where M,/ M, istheratio of the smaller to larger moments at the ends
of that portion of the member unbraced in the plane of bending under
consideration. M, /M, is positive when the member is bent in reverse
curvature, negative when bent in single curvature.

(b) For compression members subjected to transverse loading between
their supports, the value of C,, shall be determined either by rational
analysis or by the use of the following values:

For memberswhoseendsarerestrained. . . . . . . .. C,=0.85
For memberswhoseendsareunrestrained . . . . . . . C,=1.00
B, = ;A (C1-4)
e
HL
or
(C1-5)

1-H=v
Pez u
2P, = required axial strength of all columns in a story, kips (N)
Aq = lateral inter-story deflection, in. (mm)
XH = sum of all story horizontal forces producing Ag, kips (N)
L =story height, in. (mm)
_ T El

(KL)*
where | isthemoment of inertiain the plane of bending and K isthe effec-
tive length factor in the plane of bending determined in accordance with
Section C2.2, for the unbraced frame.

Pe

kips (N)

C2. FRAME STABILITY

1.

Braced Frames

In trusses and frames where lateral stability is provided by diagonal bracing,
shear walls, or equivalent means, the effective length factor K for compression
members shall be taken as unity, unless structural analysis shows that a smaller
value may be used.

The vertical bracing system for a braced multistory frame shall be determined by
structural analysisto be adequate to prevent buckling of the structure and to main-
tain the lateral stability of the structure, including the overturning effects of drift,
under the factored load combinations stipulated in Section A4.

The vertical bracing system for a braced multistory frame may be considered to
function together with in-plane shear-resisting exterior and interior walls, floor
dlabs, and roof decks, which are properly secured to the structural frames. The col-
umns, girders, beams, and diagonal members, when used as the vertical bracing
system, may be considered to comprise avertically cantilevered simply connected
trussin the analyses for frame buckling and lateral stability. Axial deformation of
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la.

2a.

Cs.

all membersin the vertical bracing system shall beincluded in the lateral stability
analysis.

Design by Plastic Analysis

In braced frames designed on the basis of plastic analysis, as limited in Section
Ab.1, theaxial forceinthese memberscaused by factored gravity plusfactored hor-
izontal loads shall not exceed 0.85¢. times AjF,.

Unbraced Frames

Inframeswhere lateral stability depends upon the bending stiffness of rigidly con-
nected beams and columns, the effective length factor K of compression members
shall be determined by structural analysis. The destabilizing effects of gravity
loaded columnswhose simpl e connectionsto theframedo not provideresistanceto
lateral loads shall be included in the design of the moment-frame columns. Stiff-
ness reduction adjustment due to column inelasticity is permitted.

Analysis of the required strength of unbraced multistory frames shall include the
effects of frame instability and column axial deformation under the factored load
combinations stipulated in Section A4.

Design by Plastic Analysis

In unbraced frames designed on the basis of plastic analysis, aslimited in Section
A5.1, the axial force in the columns caused by factored gravity plus factored hori-
zontal loads shall not exceed 0.75¢. times AgF,.

STABILITY BRACING
Scope

These requirements address the minimum brace strength and stiffness necessary to
ensure member design strengths based on the unbraced |ength between braceswith
an effective length factor K equal to unity. Bracing is assumed to be perpendicular
to the member(s) to be braced; for inclined or diagonal bracing, the brace strength
(force or moment) and stiffness (force per unit displacement or moment per unit
rotation) must be adjusted for the angle of inclination. The evaluation of the stiff-
nessfurnished by abraceshall includeitsmember and geometric properties, aswell
as the effects of connections and anchoring details.

Two general typesof bracing systemsare considered, relative and nodal. A relative
brace controls the movement of the brace point with respect to adjacent braced
points. A nodal brace controls the movement at the braced point without direct
interaction with adjacent braced points. The strength and stiffness furnished by the
stahility bracing shall not be less than the required limits. A second order analysis
that includes an initial out-of-plumbness of the structure or out-of-straightness of
the member to obtain brace strength and stiffness can beused in lieu of therequire-
ments of this section.

Frames

In braced frames where lateral stability is provided by diagona bracing, shear
walls, or other equival ent means, therequired story or panel bracing shear forceis:

Py = 0.004ZP, (C3-1)
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STABILITY BRACING [Sect. C3.

The required story or panel shear stiffnessis:

2P,
B, = (pLu (C3-2)

where

& =075

2P, = summation of the factored column axial loads in the story or panel sup-
ported by the bracing, kips (N)

L = story height or panel spacing, in. (mm)

These story stability requirements shall be combined with the lateral forces and
drift requirements from other sources, such aswind or seismic loading.

Columns

Anindividual column can be braced at intermediate pointsalong itslength by rela-
tive or nodal bracing systems. It is assumed that nodal braces are equally spaced
along the column.

() Relative Bracing
Therequired brace strength is:
P, = 0.004P, (C3-3)
The required brace stiffnessis:
2P,

C3-4
Bo o, (C3-4)

where

¢ =0.75
R, = required compressive strength, kips (N)
L, = distance between braces, in. (mm)

(b) Nodal Bracing
The required brace strength is:
Py = 0.01P, (C3-5)
Therequired brace stiffnessis:

it (C3-6)
s

where
¢ =0.75

When the actual spacing of braced pointsislessthan Ly, whereL, isthe maximum
unbraced length for the required column forcewith K equal to one, then L, in Equa-
tions C3-4 and C3-6 is permitted to be taken equal to L.
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4a.

4b.

Beams

Beam bracing must prevent therel ative di splacement of thetop and bottom flanges,
i.e. twist of the section. Lateral stability of beams shall be provided by lateral brac-
ing, torsional bracing, or acombination of thetwo. In members subjected to double
curvature bending, the inflection point shall not be considered a brace point.

Lateral Bracing

Bracing shall be attached near the compression flange, except for a cantilevered
member, where an end brace shall be attached near thetop (tension) flange. Lateral
bracing shall be attached to both flanges at the brace point near the inflection point
for beams subjected to double curvature bending along the length to be braced.

() Relative Bracing
The required brace strength is:
Py = 0.008M,Cy/ h, (C3-7)
Therequired brace stiffnessis:

B, = MGy (C3-9)
(ﬂ-bho
where
¢ =0.75
M, = required flexural strength, kip-in. (N-mm)
h, = distance between flange centroids, in. (mm)
Cy=1.0for bending in single curvature; 2.0 for double curvature; Cy = 2.0

only appliesto the brace closest to the inflection point.
L, = distance between braces, in. (mm)

(b) Nodal Bracing
The required brace strength is:
Py = 0.02M,C;/ Dy (C3-9)
The required brace tiffnessis:

B, = 10M,C, (C3-10)
qi‘bhu

where
¢ =0.75

When the actual spacing of braced pointsis less than L,, the maximum unbraced
length for M,, then L, in Equations C3-8 and C3-10 shall be permitted to be taken
equal to L.

Torsional Bracing

Torsional bracing can be nodal or continuous along the beam length. The bracing
can be attached at any cross-sectional location and need not be attached near the
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compression flange. The connection between atorsional brace and the beam must
be able to support the required moment given below.

@

(b)

Nodal Bracing
The required bracing moment is:

_0.024M L (C3-11)
nC,L,

The required cross-frame or diaphragm bracing stiffnessis:

br

__ B
Br = O 60
H-B o (C3-12)
D sec D
where
2
B, = ZALM. (C3-13)
¢nElC;
3 3
B = 33E.5ht, +ﬁD (C3-14)
b g 12 12 O
¢ =0.75
L =spanlength, in. (mm)
n = number of nodal braced points within the span
E =29,000 ksi (200 000 MPa)

, = out-of-plane moment of inertia, in.* (mm®*)

C, =isamodification factor defined in Chapter F

ty =beam web thickness, in. (mm)

ts = web stiffener thickness, in. (mm)

bs = dtiffener width for one-sided stiffeners (use twice the individual stiff-
ener width for pairs of stiffeners), in. (mm)

Br =bracestiffnessexcluding web distortion, kip-in/radian (N-mm/radian)

Bsc= Web distortiona stiffness, including the effect of web transverse stiff-

eners, if any, kip-in/radian (N-mm/radian)

If Beee < B, Equation C3-12 is negative, which indicates that torsional beam brac-
ing will not be effective due to inadequate web distortional stiffness.

When required, theweb stiffener shall extend thefull depth of the braced member
and shall be attached to the flange if the torsiond brace is also attached to the
flange. Alternatively, it shal be permissible to stop the tiffener short by adis-
tance equal to 4t,, from any beam flange that is not directly attached to the tor-
sional brace. When the actual spacing of braced pointsislessthan L, thenL,in
Equation C3-11 shall be permitted to be taken equal to L,

Continuous Torsional Bracing
For continuous bracing, use Equations C3-11, C3-12 and C3-13with L/ntaken as
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1.0; the bracing moment and stiffness are given per unit span length. The
distortional stiffness for an unstiffened web is

b = 3.3Et (C3-15)
sec lzhv
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CHAPTER D

TENSION MEMBERS

This chapter appliesto prismatic members subject to axial tension caused by static forces
acting through the centroidal axis. For members subject to combined axial tension and
flexure, see Section H1.1. For threaded rods, see Section J3. For block shear rupture
strength at end connections of tension members, see Section J4.3. For the design tensile
strength of connecting elements, see Section J5.2. For members subject to fatigue, see
Section K3.

D1.

D2.

DESIGN TENSILE STRENGTH

The design strength of tension members, ¢.P,, shall be the lower value obtained
according to the limit states of yielding in the gross section and fracture in the net
section.

(@) Foryielding in the gross section:

0= 0.90

Pn=F A (D1-1)
(b) For fracture in the net section:

o=0.75

P.=Fy A (D1-2)

where

A.= effective net areg, in.2 (mm?)

A,= gross area of member, in.? (mm?)

F,= specified minimum yield stress, ksi (MPa)
F.= specified minimum tensile strength, ksi (MPa)

When members without holes are fully connected by welds, the effective net sec-
tion used in Equation D1-2 shall be as defined in Section B3. When holes are pres-
ent in amember with welded-end connections, or at the welded connection in the
caseof plug or slot welds, the net section through theholesshall beusedin Equation
D1-2.

BUILT-UP MEMBERS

For limitations on the longitudinal spacing of connectors between elements in
continuous contact consisting of aplateand ashapeor two plates, see Section J3.5.

The longitudinal spacing of connectors between components should preferably
limit the slenderness ratio in any component between the connectors to 300.
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Da3.

la.

1b.

Either perforated cover plates or tie plates without lacing are permitted to be used
ontheopen sidesof built-up tension members. Tie platesshall havealength not less
than two-thirds the distance between the lines of welds or fasteners connecting
them to the components of the member. Thethickness of such tieplates shall not be
less than one-fiftieth of the distance between these lines. The longitudinal spacing
of intermittent weldsor fastenersat tie plates shall not exceed six in. (150 mm). The
spacing of tie plates shall be such that the slendernessratio of any component inthe
length between tie plates should preferably not exceed 300.

PIN-CONNECTED MEMBERSAND EYEBARS
Pin-Connected Members
Design Strength

Thedesign strength of apin-connected member, $P,, shall bethelowest value of the
following limit states:

(@) Tension on the net effective area:

o=0,=0.75 (D3-1)
P, = 2tby F,

(b) Shear on the effective area:
0=04=0.75 (D3-2)
P, = 0.6A4F,

(c) For bearing on the projected area of the pin, see Section J8.
(d) For yielding in the gross section, use Equation D1-1.
where

Ag=2t(a+d/ 2), in2(mm?

a = shortest distance from edge of the pin hole to the edge of the member mea-
sured parallel to the direction of the force, in. (mm)

b= 2t + 0.63, in. (= 2t + 16, mm) but not more than the actual distance from the
edge of the hole to the edge of the part measured in the direction normal to
the applied force

d =pindiameter, in. (mm)

t =thicknessof plate, in. (mm)

Detailing Requirements

Thepinholeshall belocated midway between the edges of themember inthedirec-
tion normal to the applied force. When the pin is expected to provide for relative
movement between connected parts while under full load, the diameter of the pin
hole shall not be more than %4,-in. (1 mm) greater than the diameter of the pin.

Thewidth of the plate beyond the pin hole shall not belessthan 2bg + d and themin-
imum extension, a, beyond the bearing end of thepin hole, parallel to theaxisof the
member, shall not be lessthan 1.33 x be.

The corners beyond the pin hole are permitted to be cut at 45° to the axis of the
member, provided the net area beyond the pin hole, on aplane perpendicular to the
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2a.

2b.

PIN-CONNECTED MEMBERS AND EYEBARS [Sect. D3.

cut, is not less than that required beyond the pin hole parallel to the axis of the
member.

Eyebars
Design Strength

Thedesign strength of eyebars shall be determined in accordance with Section D1,
with Ay taken as the cross-sectional area of the bodly.

For cal culation purposes, thewidth of the body of the eyebarsshall not exceed eight
times its thickness.

Detailing Regquirements

Eyebars shall be of uniform thickness, without reinforcement at the pin holes, and
have circular heads whose periphery is concentric with the pin hole.

Theradius of transition between the circular head and the eyebar body shall not be
less than the head diameter.

The pin diameter shall not be less than seven-eighths times the eyebar body width,
and the pin hole diameter shall not be more than %4,-in (1 mm) greater than the pin
diameter.

For steels having F, greater than 70 ksi (485 MPa), the hole diameter shall not
exceed five times the plate thickness and the width of the eyebar body shall be
reduced accordingly.

A thickness of less than %-in. (13 mm) is permissible only if external nuts are
provided totighten pin platesand filler platesinto snug contact. Thewidth fromthe
hole edge to the plate edge perpendicular to the direction of applied load shall be
greater than two-thirds and, for the purpose of calculation, not more than
three-fourths times the eyebar body width.
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CHAPTER E

COLUMNS AND OTHER COMPRESSION MEMBERS

This chapter applies to compact and non-compact prismatic members subject to axial
compression through the centroidal axis. For members subject to combined axial com-
pression and flexure, see Section H1.2. For memberswith slender compression elements,
see Appendix B5.3. For tapered members, see Appendix F3.

EL

1.

E2.

EFFECTIVE LENGTH AND SLENDERNESSLIMITATIONS

Effective Length

The effective length factor K shall be determined in accordance with Section C2.
Design by Plastic Analysis

Design by plastic analysis, as limited in Section A5.1, is permitted if the column
slenderness parameter A does not exceed 1.5K.

DESIGN COMPRESSIVE STRENGTH FOR FLEXURAL BUCKLING

Thedesign strength for flexural buckling of compression memberswhose elements
have width-thickness ratios less than A, from Section B5.1 is ¢oP:

dc=10.85
Pn= AfFo (E2-1)

(@ ForA.<15
= :(0.658A2° )Fy (E2-2)

(b) ForA.>1.5

0877
Fo = (E2-3)
where

F
C:ﬁ - (E2-4)

rmV E

A, = gross area of member, in.? (mm?)

F, = specified minimum yield stress, ksi (MPa)

E = modulus of elasticity, ksi (MPa)

K = effective length factor

| =lateraly unbraced length of member, in. (mm)

r = governing radius of gyration about the axis of buckling, in. (mm)
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E3.

E4.

DESIGN COMPRESSIVE STRENGTH FOR FLEXURAL BUCKLING [Sect. E2.

For members whose elements do not meet the requirements of Section B5.1, see
Appendix B5.3.

DESIGN COMPRESSIVE STRENGTH FOR
FLEXURAL-TORSIONAL BUCKLING

Thedesign strength for flexural-torsional buckling of double-angle and tee-shaped
compression members whose elements have width-thickness ratios less than A,
from Section B5.1 is ¢cPr:

where
0. = 0.85
Pn = Achrft (E3-1)
oF,, +F,, 04 4F F _H U
Fcrft = B = : DEL_ 1_ = 2|:| (E3'2)
D 2H Da (Fcry + Fcrz) E
GJ
Fcrz = A}’_'Uz
I, = polar radius of gyration about shear center, in. (mm) (see Equation
A-E3-8)
2
H =1-22

=2
7

Yo = distance between shear center and centroid, in. (mm)

Fy isdetermined according to Section E2 for flexural buckling about the y-axis of

F
symmetryfor)\czLI A
rymV E

For doubl e-angle and tee-shaped memberswhose el ements do not meet therequire-
ments of Section B5.1, see Appendix B5.3 to determine F, for use in Equation
E3-1.

Other singly symmetric and unsymmetric columns, and doubly symmetric col-
umns, such ascruciformor built-up columns, with very thinwalls shall be designed
for the limit states of flexural-torsional and torsional buckling in accordance with
Appendix E3.

BUILT-UP MEMBERS
Design Strength

Thedesign strength of built-up members composed of two or more shapes shall be
determined in accordance with Section E2 and Section E3 subject to the following
modification. If the buckling mode involves relative deformations that produce
shear forces in the connectors between individual shapes, K1/r is replaced by
(K1/r)m, determined as follows:
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(8) For intermediate connectors that are snug-tight bolted:

(b) For intermediate connectors that are welded or fully tensioned bolted:

HK%@":\/HKT'@*OSZ@:}(;)@%@Z (E42)

where

@ﬁa = column slenderness of built-up member acting as a unit
;

@ﬁ @n: modified column slenderness of built-up member
]

a = distance between connectors, in. (mm)

ri = minimum radius of gyration of individual component, in. (mm)

Fib = radiusof gyration of individual component relativetoitscentroidal axis
parallel to member axis of buckling, in. (mm)

o = separation ratio = i [ 2y,

h = distance between centroids of individual components perpendicular to

the member axis of buckling, in. (mm)
2. Detailing Regquirements

At the ends of built-up compression members bearing on base plates or milled sur-
faces, all componentsin contact with one another shall be connected by aweld hav-
ing alength not |essthan the maximum width of the member or by bolts spaced lon-
gitudinally not more than four diameters apart for a distance equal to 1% times the
maximum width of the member.

Along the length of built-up compression members between the end connections
required above, longitudinal spacing for intermittent welds, bolts, or rivets shall be
adequate to provide for the transfer of the required forces. For limitations on the
longitudinal spacing of connectors between elements in continuous contact con-
sisting of aplate and a shape or two plates, see Section J3.5. Where acomponent of
abuilt-up compression member consists of an outside plate, the maximum spacing
shall not exceed thethicknessof thethinner outside platetimes0.75,/E/ F, , nor 12
in. (305 mm), when intermittent welds are provided along the edges of the compo-
nentsor when fastenersare provided on all gagelinesat each section. When fasten-
ers are staggered, the maximum spacing on each gage line shall not exceed the
thickness of the thinner outside plate times112,/E/ F, nor 18 in. (460 mm).

Individual components of compression members composed of two or more shapes
shall be connected to one another at intervals, a, such that the effective slenderness
ratio Ka/ r; of each of the component shapes, between the connectors, does not
exceed three-fourths times the governing slendernessratio of the built-up member.
The least radius of gyration r; shall be used in computing the slenderness ratio of
each component part. The end connection shall bewelded or fully tensioned bolted
with clean mill scale or blast-cleaned faying surfaces with Class A coatings.
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BUILT-UP MEMBERS [Sect. E4.

Open sides of compression members built up from plates or shapes shall be pro-
vided with continuous cover plates perforated with a succession of access holes.
The unsupported width of such plates at accessholes, asdefinedin Section B5.1, is
assumed to contribute to the design strength provided that:

(1) The width-thickness ratio conforms to the limitations of Section B5.1.
(2) Theratioof length (indirection of stress) towidth of holeshall not exceed two.

(3) Theclear distance between holesin thedirection of stressshall benot lessthan
thetransversedistance between nearest lines of connecting fastenersor welds.

(4) The periphery of the holesat all points shall have aminimum radius of 1%5-in.
(38 mm).

As an dlternative to perforated cover plates, lacing with tie plates is permitted at
each end and at intermediate pointsif thelacingisinterrupted. Tie platesshall beas
near the endsas practicable. Inmain members providing design strength, theendtie
plates shall have alength of not lessthan the distance between thelines of fasteners
or welds connecting them to the components of the member. Intermediatetie plates
shall havealength not lessthan one-half of thisdistance. Thethicknessof tie plates
shall benot lessthan one-fiftieth of the distance between lines of welds or fasteners
connecting themto the segments of themembers. Inwelded construction, thewel d-
ing on each line connecting atie plate shall aggregate not less than one-third the
length of the plate. In bolted and riveted construction, the spacing in thedirection of
stress in tie plates shall be not more than six diameters and the tie plates shall be
connected to each segment by at least three fasteners.

Lacing, including flat bars, angles, channels, or other shapes employed aslacing,
shall beso spacedthat | / r of theflangeincluded between their connectionsshall not
exceed the governing slenderness ratio for the member asawhole. Lacing shall be
proportioned to provide ashearing strength normal to the axis of the member equal
to two percent of the compressive design strength of the member. Thel / r ratio for
lacing bars arranged in single systems shall not exceed 140. For double lacing this
ratio shall not exceed 200. Double lacing bars shall be joined at the intersections.
For lacing barsin compression, | is permitted to be taken asthe unsupported length
of thelacing bar between welds or fasteners connecting it to the components of the
built-up member for singlelacing, and 70 percent of that distancefor doublelacing.
Theinclination of lacing barsto the axis of the member shall preferably be not less
than 60° for singlelacing and 45° for doubl e lacing. When the distance between the
lines of welds or fastenersin the flanges is more than 15 in. (380 mm), the lacing
shall preferably be double or be made of angles.

For additional spacing requirements, see Section J3.

CONNECTIONS FOR PIN-CONNECTED COMPRESSION MEMBERS

Pin connections of pin-connected compression members shall conform to the
requirements of Sections D3.1 and D3.2, except Equations D3-1 and D3-2 do not
apply.
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CHAPTER F

BEAMS AND OTHER FLEXURAL MEMBERS

This chapter applies to compact and noncompact prismatic members subject to flexure
and shear. For members subject to combined flexure and axial force, see Section H1. For
members subject to fatigue, see Section K3. For memberswith slender compression ele-
ments, see Appendix B5. For web-tapered members, see Appendix F3. For memberswith
dender web elements (plate girders), see Appendix G.

F1. DESIGN FOR FLEXURE

Thenominal flexural strength M, isthelowest value obtained according to thelimit
states of: (a) yielding; (b) lateral-torsional buckling; (c) flangelocal buckling; and
(d) web local buckling. For laterally braced compact beams with L, < L, only the
limit state of yielding isapplicable. For unbraced compact beams and noncompact
tees and double angles, only the limit states of yielding and lateral -torsional buck-
ling are applicable. The lateral-torsional buckling limit state is not applicable to
members subject to bending about theminor axis, or to squareor circular shapes.

This section applies to homogeneous and hybrid shapes with at least one axis of
symmetry and which are subject to simple bending about one principal axis. For
simplebending, the beamisloaded in aplane parallel to aprincipal axisthat passes
through the shear center or the beam isrestrained against twisting at load pointsand
supports. Only thelimit states of yielding and lateral-torsional buckling are consid-
ered in this section. Thelateral-torsional buckling provisions are limited to doubly
symmetric shapes, channels, double angles, and tees. For lateral-torsional buckling
of other singly symmetric shapes and for the limit states of flange local buckling
and web local buckling of noncompact or slender-element sections, see Appendix
F1. For unsymmetric shapes and beams subject to torsion combined with flexure,
see Section H2. For biaxial bending, see Section H1.

1.  Yieding

The flexura design strength of beams, determined by the limit state of yielding, is
OpMp:

0, =0.90
My=M, (F1-1)
where

M, = plasticmoment (= £, Z< 1.5M, for homogeneous sections), kip-in. (N-mm)

M, = moment corresponding to onset of yielding at the extreme fiber from an
elastic stress distribution (= £S for homogeneous section and £;S for hy-
brid sections), kip-in. (N-mm)
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See Section B10 for further limitations on M,, where there are holesin the tension
flange.

Lateral-Torsional Buckling

Thislimit state is only applicable to members subject to major axis bending. The
flexural design strength, determined by the limit state of |ateral-torsional buckling,

iS OpMn:

o, =0.90

M, =nominal flexura strength determined as follows
Doubly Symmetric Shapesand Channelswith L, <L,

The nominal flexural strengthiis:

M, =G, EMp—(Mp—Mr)DﬁiLb_LpEDSMp (F1-2)
B Lr—LP%

where

L, = distance between points braced against lateral displacement of the com-
pression flange, or between points braced to prevent twist of the cross
section, in. (mm)

L, =limiting laterally unbraced length as defined below, in. (mm)

L, =Ilimiting laterally unbraced length as defined below, in. (mm)

M, = limiting buckling moment as defined below, kip-in. (N-mm)

In the above equation, Cy, is a madification factor for non-uniform moment dia-
grams where, when both ends of the beam segment are braced:

c, = 12.5M, (F1-3)
25M,,, +3M, +4M; +3M,.
where
M. = absolute value of maximum moment in the unbraced segment, kip-in.
(N-mm)
M, = absolute value of moment at quarter point of the unbraced segment,
Kip-in. (N-mm)
Mg = absolute value of moment at centerline of the unbraced beam segment,
kip-in. (N-mm)

M. = absolute value of moment at three-quarter point of the unbraced beam
segment, kip-in. (N-mm)

C, is permitted to be conservatively taken as 1.0 for al cases. Equations F1-4 and
F1-6 are conservatively based on C, = 1.0. For cantilevers or overhangs wherethe
free end is unbraced, C, = 1.0.

The limiting unbraced length, L, shall be determined as follows.
(8 For I-shaped members including hybrid sections and channels:
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L, =176, IE (F1-4)
Fyf

(b) For solid rectangular bars and box sections:

0.13r,E
L,= y \/ﬁ (F1-5)
Mp
where

A = cross-sectional area, in.> (mm?)
J =torsional constant, in.* (mm®*)

The limiting laterally unbraced length L, and the corresponding buckling moment
M, shall be determined as follows.

(8 For doubly symmetric I-shaped members and channels:

L, = rnyl L+ 1+ X,F? (F1-6)

L

M, = F.S (F1-7)

where

m |EGJA
= [— (Fl_ 8)
X s\ 2

—2Cw 05 -
Xe =47 Eaﬁ (FL-9)

S. = section modulus about major axis, in.* (mm’)

E = modulus of elasticity of steel, 29,000 ksi (200 000 MPa)

G = shear modulus of elasticity of steel, 11,200 ksi (77 200 MPa)

F. =smaller of (Fyy — F,) or F,,,, ksi (MPa)

F. =compressive residual stress in flange; 10 ksi (69 MPa) for rolled
shapes, 16.5 ksi (114 MPa) for welded built-up shapes

Fy = yield stress of flange, ksi (MPa)

F,..= yield stress of web, ksi (MPa)

I, =moment of inertia about y-axis, in.* (mm?*)

C., = warping constant, in.? (mm®)

(b) For solid rectangular bars and box sections:

L _ZEA (F1-10)
T Mr
M,=F,S (F1-11)
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Doubly Symmetric Shapesand Channelswith L, > L,
The nominal flexural strengthiis:

M,= My < M, (F1-12)
where M, isthe critical elastic moment, determined as follows.

(8 For doubly symmetric I-shaped members and channels:

Mg :Cbn\/El ,GJ +HEHZ|ch (F1-13)
Lo Oy O

_CoSXuv2 |, XX
Lo /1y 2Ly I1y)?

(b) For solid rectangular bars and symmetric box sections:

_ 57000C,\/9A (F1-14)
L,/r,

cr

Tees and Double Angles

For tees and double-angle beams loaded in the plane of symmetry:

n

i/ El GJ
M, =M, :—ya3+1/1+82|] (F1-15)
L, g

where

M, <1.5M, for stemsin tension
M, < 1.0M, for stemsin compression

B =+2.3(d/Ly) T, /J (F1-16)

The plus sign for B applies when the stem isin tension and the minus sign applies
when the stemisin compression. If thetip of the stem isin compression anywhere
along the unbraced length, use the negative value of B.

Design by Plastic Analysis

Design by plastic analysis, as limited in Section A5.1, is permitted for a compact
section member bent about the major axiswhen the laterally unbraced length L, of
the compression flange adjacent to plastic hinge locations associated with the fail-
ure mechanism does not exceed L4, determined as follows.

(8 For doubly symmetric and singly symmetric |-shaped memberswith the com-
pression flange equal to or larger than the tension flange (including hybrid
members) loaded in the plane of the web:
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F2.

O
= [0.12+0.076 D—DDE—E (F1-17)
O

where

F, = specified minimum yield stress of the compression flange, ksi (MPa)
M, = smaller moment at end of unbraced length of beam, kip-in. (N-mm)
M,= larger moment at end of unbraced length of beam, kip-in. (N-mm)

ry, = radius of gyration about minor axis, in. (mm)

(M1 / My) is positive when moments cause reverse curvature and negative for
single curvature

(b) For solid rectangular bars and symmetric box beams:

O
= g) 17+0.10 D_mﬁﬁ >0. 1(@@ (F1-18)

Thereisno limit on L, for members with circular or square cross sections nor for
any beam bent about its minor axis.

Intheregion of thelast hingeto form, and in regions not adjacent to aplastic hinge,
the flexural design strength shall be determined in accordance with Section F1.2.
DESIGN FOR SHEAR

This section applies to unstiffened webs of singly or doubly symmetric beams,
including hybrid beams, and channel s subject to shear in the plane of the web. For
thedesign shear strength of webswith stiffeners, see Appendix F2 or Appendix G3.
For shear in the weak direction of the shapes above, pipes, and unsymmetric sec-
tions, see Section H2. For web panels subject to high shear, see Section K1.7. For
shear strength at connections, see Sections J4 and J5.

Web Area Determination

The web area A, shall be taken as the overall depth d times the web thicknesst,,.
Design Shear Strength

The design shear strength of unstiffened webs, with h/ t,, < 260, is ¢/,

where

¢,=0.90
V,= nominal shear strength defined as follows.

(@ Forh/t,<245/E/F,,
V, = 0.6F, A, (F2-1)

(b) For245/E7 Fyy <h/t,<307,/E/Fy,
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(45, [E/F,,
V. = 0.6F AND—D (F2-2)

H hit, H

(c) For307E/Fy, <h/t,<260

U450 U
=A,G——0 (F2-3)
He, )8

The general design shear strength of webs with or without stiffeners is given in
Appendix F2.2 and an alternative method utilizing tension field action isgiven in
Appendix G3.

3.  Transverse Stiffeners
See Appendix F2.3.

F3. WEB-TAPERED MEMBERS
See Appendix F3.

F4. BEAMSAND GIRDERSWITH WEB OPENINGS

Theeffect of al web openings on the design strength of steel and composite beams
shall be determined. Adequate reinforcement shall be provided when the required
strength exceeds the design strength of the member at the opening.
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CHAPTER G

PLATE GIRDERS

|-shaped plate girders shall be distinguished from |-shaped beams on the basi s of theweb
slendernessratioh/t,. Whenthisvalueisgreater than A, the provisionsof AppendicesG1
and G2 shall apply for design flexural strength. For 4 /¢, <A,, the provisions of Chapter F
or Appendix F shall apply for design flexural strength. For girders with unequal flanges,
see Appendix B5.1.

Thedesign shear strength and transverse stiffener design shall be based on either Section

F2 (without tension-field action) or Appendix G3 (with tension-field action). For girders
with unequal flanges, see Appendix B5.1.
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CHAPTERH

MEMBERS UNDER COMBINED FORCES AND TORSION

This chapter appliesto prismatic members subject to axial force and flexure about one or
both axes of symmetry, with or without torsion, and torsion only. For web-tapered mem-
bers, see Appendix F3.

H1. SYMMETRIC MEMBERSSUBJECT TO BENDING AND AXIAL

FORCE

Doubly and Singly Symmetric Membersin Flexure and Tension

The interaction of flexure and tension in symmetric shapes shall be limited by
Equations H1-1a and H1-1b.

P
a) For —=0.2
@ ®

n

0 0
R ,8o My , M, <10 (H1-1a)
(0 9%%'\% @M,
P
(b) For —<02
oP,
P OMm M

%sl.o (H1-1b)

where

P, =required tensile strength, kips (N)
P, =nominal tensile strength determined in accordance with Section D1, kips

(N)

M, =required flexural strength determined in accordance with Section C1,
kip-in. (N-mm)

M, =nomina flexural strength determined in accordance with Section F1,
kip-in. (N-mm)

X = subscript relating symbol to strong axis bending
y = subscript relating symbol to weak axis bending

o = ¢, =resistance factor for tension (see Section D1)
0, = resistance factor for flexure = 0.90

A moredetailed analysisof theinteraction of flexureandtensionispermittedinlieu
of Equations H1-1aand H1-1b.
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H2.

H3.

Doubly and Singly Symmetric Members in Flexure and Compression

The interaction of flexure and compression in symmetric shapes shall be limited by
Equations H1-1a and H1-1b

where

P, =required compressive strength, kips (N)

P, =nominal compressive strength determined in accordance with Section E2,
kips (N)

¢ = ¢.=resistance factor for compression = 0.85 (see Section E2)

0, = resistance factor for flexure = 0.90

UNSYMMETRIC MEMBERS AND MEMBERS UNDER TORSION AND
COMBINED TORSION, FLEXURE, SHEAR, AND/OR AXTAL FORCE

The design strength, of the member shall equal or exceed the required strength
expressed in terms of the normal stress f,,,or the shear stress f;,, determined by elas-
tic analysis for the factored loads:

(a) For the limit state of yielding under normal stress:

(H2-1)
(b) For the limit state of yieldifrg
Errata
fur< 0.60fF, ] (H2-2)  giaj01
d» = 0.90
(c) For the limit state of buckli_
funor fi, < ¢ as applicable (H2-3)

O.= 0.85

Some constrained local yieldinig
elastic.

ditted adjacent to areas which remain

ALTERNATIVE INTERACTION EQUATIONS FOR MEMBERS UNDER
COMBINED STRESS

See Appendix H3.
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CHAPTERI

COMPOSITE MEMBERS

Thischapter appliesto composite columns composed of rolled or built-up structural steel
shapes, pipeor HSS, and structural concreteacting together and to steel beams supporting
areinforced concrete slab so interconnected that the beams and the slab act together to
resist bending. Simple and continuous composite beams with shear connectors and
concrete-encased beams, constructed with or without temporary shores, are included.

1.

DESIGN ASSUMPTIONS AND DEFINITIONS

Force Determination. In determining forcesin membersand connections of astruc-
ture that includes composite beams, consideration shall be given to the effective
sections at the time each increment of load is applied.

Elastic Analysis. For an elastic analysis of continuous composite beams without
haunched ends, it is permissible to assume that the stiffness of a beam is uniform
throughout the beam length. The stiffness is permitted to be computed using the
weighted average of the moments of inertiain the positive moment region and the
negative moment region.

Plastic Analysis. When plastic analysis is used, as limited in Section A5.1, the
strength of flexural composite members shall be determined from plastic stress
distributions.

Plastic Stress Distribution for Positive Moment. If the slab in the positive moment
region is connected to the steel beam with shear connectors, a concrete stress of
0.85f; is permitted to be assumed uniformly distributed throughout the effective
compression zone, where . is the specified compressive strength of the concrete.
Concretetensile strength shall be neglected. A uniformly distributed steel stress of
F, shall be assumed throughout the tension zone and throughout the compression
zoneinthestructural steel section. The net tensileforcein the steel section shall be
equal to the compressive force in the concrete slab.

Plastic SressDistribution for Negative Moment. If the slab in the negative moment
region is connected to the steel beam with shear connectors, atensile stress of F,
shall be assumed in all adequately developed longitudinal reinforcing bars within
theeffectivewidth of the concreteslab. Concretetensile strength shall be neglected.
A uniformly distributed steel stress of F, shall be assumed throughout the tension
zone and throughout the compression zone in the structural steel section. The net
compressive force in the steel section shall be equal to thetotal tensileforcein the
reinforcing steel.

Elastic Stress Distribution. When a determination of elastic stress distribution is
required, strainsin steel and concrete shall be assumed directly proportional to the
distance from the neutral axis. The stress shall equal strain times modulus of elas-

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



Sect. 12.] COMPRESSION MEMBERS 41

ticity for steel, E, or modulusof elasticity for concrete, E.. Concretetensilestrength
shall beneglected. Maximum stressinthesteel shall not exceed F,. Maximum com-
pressive stressin the concrete shall not exceed 0.85f;”. In composite hybrid beams,
the maximum stressin the steel flange shall not exceed Fy; but the strainin the web
may exceed the yield strain; the stress shall be taken as Fy,, at such locations.

Fully Composite Beam. Shear connectors are provided in sufficient numbers to
develop the maximum flexural strength of the composite beam. For elastic stress
distribution it shall be assumed that no slip occurs.

Partially Composite Beam. The shear strength of shear connectorsgovernstheflex-
ural strength of the partially composite beam. Elastic computations such as those
for deflections, fatigue, and vibrations shall include the effect of dlip.

Concrete-Encased Beam. A beam totally encased in concrete cast integrally with
the slab may be assumed to beinterconnected to the concrete by natural bond, with-
out additional anchorage, provided that: (1) concrete cover over the beam sidesand
soffit isat least two in. (50 mm); (2) the top of the beam is at least 1%4-in. (38 mm)
below the top and two in. (50 mm) above the bottom of the dlab; and (3) concrete
encasement contai nsadequate mesh or other reinforcing steel to prevent spalling of
concrete.

Composite Column. A steel column fabricated from rolled or built-up steel shapes
and encased in structural concrete or fabricated from steel pipe or HSS and filled
with structural concrete.

Encased Composite Column. A steel column fabricated from rolled or built-up
shapes and encased in structural concrete.

Filled Composite Column. Structural steel HSS or pipes that are filled with struc-
tural concrete.

COMPRESSION MEMBERS
Limitations
To qualify as a composite column, the following limitations shall be met:

(1) Thecross-sectional areaof the steel shape, pipe, or HSS shall compriseat |east
four percent of the total composite cross section.

(2) Concrete encasement of a steel core shall be reinforced with longitudina
load-carrying bars, longitudinal barsto restrain concrete, and lateral ties. Lon-
gitudinal 1oad-carrying bars shall be continuous at framed levels; longitudinal
restraining bars may be interrupted at framed levels. The spacing of ties shall
be not greater than two-thirds of the least dimension of the composite cross
section. The cross-sectional area of the transverse and longitudinal reinforce-
ment shall be at least 0.007 sq. in. per in. (180 mm? per m) of bar spacing. The
encasement shall provideat least 1%5-in. (38 mm) of clear cover outside of both
transverse and longitudinal reinforcement.

(3) Concrete shall have a specified compressive strength f.” of not less than 3 ksi
(21 MPa) nor morethan 8 ksi (55 M Pa) for normal weight concrete and not less
than 4 ksi (28 MPa) for light weight concrete.

(4) The specified minimum yield stress of structural steel and reinforcing bars
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used in cal culating the strength of a composite column shall not exceed 60 ksi
(415 MPa).

(5) The minimum wall thickness of structural steel pipe or HSS filled with con-
crete shall be equal to b,/ F, / 3E for each face of width b in rectangular sec-
tionsand D,/ F, /8E for circular sections of outside diameter D.

Design Strength
The design strength of axially loaded composite columns is ¢.P,
where

d.=0.85
P,=nominal axial compressive strength determined from Equations E2-1
through E2-4 with the following modifications:

(1) Agisreplacedby A, thegrossareaof steel shape, pipe, or HSS, in.? (mm?)

(2) risreplacedby r,, theradiusof gyration of the steel shape, pipe, or HSS ex-
cept that for steel shapesit shall not be lessthan 0.3 timesthe overall thick-
ness of the composite cross section in the plane of buckling, in. (mm)

(3) Fyisreplaced by F,, the modified yield stress from Equation 12-1

me = Fy + Cler (Ar / As) +C fcl(Ac / As) (12'1)
(4) Eisreplacedby E,, themodified modulusof el asticity from Equation 12-2.
En=E+CGE (A/A) (12-2)
where

A = area of concrete, in.2 (mm?)

A = area of longitudinal reinforcing bars, in.? (mm?)

A = area of stee, in.2 (mm?)

E = modulus of elasticity of stedl, ksi (MPa)

E. = modulus of elasticity of concrete. E. is permitted to be computed
from E; =w®./f{ (metric: E; =0.041w™5 /) wherew, the unit
weight of concrete, is expressed in Ibs./cu. ft (kg/m®) and f. is ex-
pressed in ksi (MPa).

Fy = gpecified minimum yield stress of steel shape, pipe, or HSS, ksi
(MPa)

Fy = specified minimum yield stress of longitudinal reinforcing bars, ksi
(MPa)

S = gpecified compressive strength of concrete, ksi (MPa)

C1, G5, C3=numerical coefficients. For concrete-filled pipeand HSS: ¢, =1.0, ¢,
=0.85, and c; = 0.4; for concrete-encased shapesc, = 0.7, ¢, = 0.6,
andc; =0.2

Columnswith Multiple Stedl Shapes

If the composite cross section includestwo or more steel shapes, the shapesshall be
interconnected with lacing, tie plates, or batten plates to prevent buckling of indi-
vidual shapes before hardening of concrete.
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Load Transfer

L oads applied to axially loaded encased composite columns shall be transferred
between the steel and concrete in accordance with the following regquirements:

(8 When the external forceis applied directly to the stedl section, shear connec-
tors shall be provided to transfer the force V,” as follows:

V) =Vy(1-AF, /Py (12-3)
where

V,= force introduced to column, kips (N)

A= area of steel section, in.2 (mm?)

F,= yield strength of the steel section, ksi (M Pa)

P,=nominal compressive strength of the composite column without consid-
eration of slenderness effects, kips (N)

(b) When the external forceis applied directly to the concrete encasement, shear
connectors shall be provided to transfer the force V, as follows:

V" = Vy(AF, IPy) (12-4)

Shear connectorstransferring theforce V,,” shall be distributed along the length of
the member. The maximum connector spacing shall be 16 in. (405 mm) and con-
nectors shall be placed on at least two faces of the steel shape in a configuration
symmetrical about the steel shape axes.

Where the supporting concrete areain direct bearing is wider than the loaded area
on one or more sides and otherwise restrained laterally on the remaining sides, the
maximum design strength shall be:

0 L.7f.'Ag (12-5)
where
g = 0.65
Ag = loaded area, in.? (mm?)
FLEXURAL MEMBERS
Effective Width

The effective width of the concrete slab is the sum of the effective widths for each
side of the beam center-line, each of which shall not exceed:

(1) one-eighth of the beam span, center-to-center of supports;

(2) one-half the distance to the center-line of the adjacent beam; or
(3) the distance to the edge of the slab.

Design Strength of Beams with Shear Connectors

The positive design flexura strength ¢, shall be determined as follows:
(@ Forh/t, <376, E/Fy:
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0p = 0.85; M, shall be determined from the plastic stress distribution on the
composite section.

(b) Forh/t,>376E/Fy

0, =0.90; M, shall be determined from the superposition of elastic stresses,
considering the effects of shoring.

The negative design flexural strength ¢,M, shall be determined for the steel section
alone, in accordance with the requirements of Chapter .

Alternatively, the negative design flexural strength ¢,M, shall be computed with: ¢y,
= 0.85 and M, determined from the plastic stress distribution on the composite sec-
tion, provided that:

(1) Steel beamisanadequately braced compact section, asdefinedin Section B5.

(2) Shear connectors connect the slab to the steel beam in the negative moment
region.

(3) Slabreinforcement parallel to the steel beam, within the effective width of the
dab, is properly developed.

Design Strength of Concrete-Encased Beams

The design flexural strength ¢,M,, shall be computed with ¢, = 0.90 and M, deter-
mined from the superposition of el astic stresses, considering the effectsof shoring.

Alternatively, the design flexural strength ¢,M, shall be computed with ¢, = 0.90
and M, determined from the plastic stress distribution on the steel section alone.

If shear connectorsare provided and the concrete meetsthe requirementsof Section
12.1(2), the design flexural strength ,M,, shall be computed based upon the plastic
stress distribution on the composite section with ¢,= 0.85.

Strength During Construction

When temporary shores are not used during construction, the stegl section alone
shall have adequate strength to support all loadsapplied prior to the concreteattain-
ing 75 percent of its specified strength f.”. The design flexural strength of the steel
section shall be determined in accordance with the requirements of Section F1.

Formed Steel Deck
General

The design flexural strength, ¢,M,, of composite construction consisting of con-
crete slabs on formed steel deck connected to steel beams shall be determined by
the applicable portions of Section 13.2, with the following modifications:

(1) This section is applicable to decks with nominal rib height not greater than
threein. (75 mm). The average width of concrete rib or haunch w; shall be not
lessthantwoin. (50 mm), but shall not betaken in cal culationsasmorethanthe
minimum clear width near thetop of the steel deck. See Section 13.5¢ for addi-
tional restrictions.

(2) Theconcrete slab shall be connected to the steel beam with welded stud shear
connectors ¥-in. (19 mm) or less in diameter (AWS D1.1). Studs shall be
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5b.

5c.

welded either through thedeck or directly to the steel beam. Stud shear connec-
tors, after installation, shall extend not less than 1%5-in. (38 mm) abovethetop
of the steel deck.

The dlab thickness above the steel deck shall be not less than two in. (50 mm).
Deck Ribs Oriented Perpendicular to Steel Beam

Concrete below the top of the steel deck shall be neglected in determining section
properties and in calculating A, for deck ribs oriented perpendicular to the steel
beams.

The spacing of stud shear connectors along the length of a supporting beam shall
not exceed 36 in. (915 mm).

Thenominal strength of astud shear connector shall bethe value stipulated in Sec-
tion I5 multiplied by the following reduction factor:

E(Wr /h)I(H,/h)-1.0]<1.0 (13-1)

JN
where

h, =nominal rib height, in. (mm)

Hs = length of stud connector after welding, in. (mm), not to exceed the value
h, + 3in. (75 mm) incomputations, although actual |ength may begreater

N, =number of stud connectorsinonerib at abeam intersection, not to exceed
three in computations, although more than three studs may be installed

w, = average width of concreterib or haunch (as defined in Section 13.53), in.
(mm)

Wherethereisonly asingle stud placed in arib oriented perpendicular to the steel
beam, the reduction factor of Equation I3-1 shall not exceed 0.75.

Toresist uplift, steel deck shall beanchored to al supporting membersat aspacing
not to exceed 18 in. (460 mm). Such anchorage shall be provided by stud connec-
tors, acombination of stud connectorsand arc spot (puddle) welds, or other devices
specified by the designer.

Deck Ribs Oriented Parallel to Steel Beam

Concrete below the top of the steel deck may be included in determining section
properties and shall beincluded in calculating A in Section 5.

Steel deck ribs over supporting beams may be split longitudinally and separated to
form a concrete haunch.

When the nominal depth of steel deck is 1%-in. (38 mm) or greater, the average
widthw, of the supported haunch or rib shall be not lessthantwoin. (50 mm) for the
first stud in the transverse row plus four stud diameters for each additional stud.

The nominal strength of astud shear connector shall be the value stipul ated in Sec-
tion 15, except that when w; / h; islessthan 1.5, the value from Section |5 shall be
multiplied by the following reduction factor:

0.6(ws / h)[(Hs/ hy) — 1.0] < 1.0 (13-2)
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where h, and H, are as defined in Section 13.5b and w; isthe average width of con-
creterib or haunch as defined in Section 13.5a.

Design Shear Strength

The design shear strength of composite beams shall be determined by the shear
strength of the steel web, in accordance with Section F2.

COMBINED COMPRESSION AND FLEXURE

Theinteraction of axial compression and flexurein the plane of symmetry on com-
posite membersshall belimited by Section H1.2 withthefollowing modifications:

M,  =nomina flexural strength determined from plastic stressdistribution on
the composite cross section except as provided bel ow, Kip-in. (N-mm)

Pa, Po = A, / A elastic buckling load, kips (N)

Fw  =modified yield stress, ksi (MPa), see Section 12

Op = resistance factor for flexure from Section 13

dc = resistance factor for compression = 0.85

Ac = column slenderness parameter defined by Equation E2-4 asmodifiedin
Section 12.2

When the axial term in Equations H1-1a and H1-1b isless than 0.3, the nominal
flexural strength M,, shall be determined by straight line transition between the
nominal flexural strength determined from the plastic distribution onthe composite
crosssectionsat (P,/d.P,) = 0.3 and theflexural strength at P, =0 as determinedin
Section 13. If shear connectors are used at P, = 0, they shall be provided whenever
Py /$cPn islessthan 0.3.

SHEAR CONNECTORS

Thissection appliesto thedesign of stud and channel shear connectors. For connec-
tors of other types, see Section I6.

Materials

Shear connectors shall be headed steel studs not less than four stud diametersin
length after installation, or hot rolled steel channels. The stud connectors shall con-
formto theregquirements of Section A3.6. The channel connectorsshall conformto
the requirements of Section A3. Shear connectors shall be embedded in concrete
slabsmadewith ASTM C33 aggregate or with rotary kiln produced aggregates con-
forming to ASTM C330, with concrete unit weight not less than 90 pcf (1 440
kg/m?®).

Horizontal Shear Force

Theentirehorizontal shear at the interface between the steel beam and the concrete
dab shall be assumed to be transferred by shear connectors, except for con-
crete-encased beams as defined in Section | 1. For composite action with concrete
subject to flexural compression, the total horizontal shear force between the point
of maximum positive moment and the point of zero moment shall be taken asthe
smallest of the following: (a) 0.85f’A.; (b) AsFy; and (c) ZQ,;

where
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A. =areaof concrete slab within effective width, in.? (mm?)

A, =areaof sted cross section, in.? (mm?)

2Q, = sum of nominal strengths of shear connectors between the point of maxi-
mum positive moment and the point of zero moment, kips (N)

For hybrid beams, theyield force shall be computed separately for each component
of the cross section; AdF, of the entire cross section is the sum of the component
yield forces.

In continuous composite beamswherelongitudinal reinforcing steel inthenegative
moment regionsisconsidered to act compositely with the steel beam, thetotal hori-
zontal shear force between the point of maximum negative moment and the point of
zero moment shall be taken as the smaller of AF,, and 2Q,;

where

A, = area of adequately developed longitudinal reinforcing steel within the
effective width of the concrete slab, in.2 (mm?)
F,» = minimum specified yield stress of the reinforcing steel, ksi (M Pa)

3. Strength of Stud Shear Connectors
Thenominal strength of one stud shear connector embedded inasolid concreteslab
is
Q,=05A_/fE, <AF, (15-1)
where

A, = cross-sectional area of stud shear connector, in.2 (mm?)
F. = specified minimum tensile strength of a stud shear connector, ksi (MPa)
E. = modulus of elasticity of concrete, ksi (MPa)

For astud shear connector embedded in aslab on aformed steel deck, refer to Sec-
tion 13 for reduction factors given by Equations I3-1 and 13-2 as applicable. The
reduction factors apply only to the 05A. / f¢ E. term in Equation 15-1.

4. Strength of Channel Shear Connectors
The nominal strength of one channel shear connector embedded in asolid concrete
dabis
Qn = 03(tf +O'5tw)Lc V fc,Ec (|5'2)
where

tr = flange thickness of channel shear connector, in. (mm)
ty = web thickness of channel shear connector, in. (mm)
L. = length of channel shear connector, in. (mm)

5. Required Number of Shear Connectors

Thenumber of shear connectorsrequired between the section of maximum bending
moment, positive or negative, and the adjacent section of zero moment shall be
equal to the horizontal shear force as determined in Section 15.2 divided by the
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nominal strength of one shear connector asdetermined from Section 15.3 or Section
15.4.

Shear Connector Placement and Spacing

Shear connectorsrequired on each side of the point of maximum bending moment,
positive or negative, shall bedistributed uniformly between that point and the adja-
cent points of zero moment, unless otherwise specified. However, the number of
shear connectors placed between any concentrated load and the nearest point of
zero moment shall be sufficient to devel op the maximum moment required at the
concentrated load point.

Shear connectors shall have at least one in. (25 mm) of lateral concrete cover,
except for connectorsinstalled in the ribs of formed steel decks. The diameter of
studsshall not be greater than 2.5 timesthethickness of theflangetowhichthey are
welded, unlesslocated over theweb. Theminimum center-to-center spacing of stud
connectorsshall besix diametersalong thelongitudinal axisof the supporting com-
posite beam and four diameterstransverseto thelongitudinal axisof the supporting
composite beam, except that within the ribs of formed steel decks oriented perpen-
dicular to the steel beam the minimum center-to-center spacing shall befour diame-
tersin any direction. The maximum center-to-center spacing of shear connectors
shall not exceed eight times the total slab thickness. Also see Section 13.5h.

SPECIAL CASES

When composite construction does not conform to the requirements of Section |1
through Section 15, the strength of shear connectors and details of construction
shall be established by a suitable test program.
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CHAPTERJ

CONNECTIONS, JOINTS, AND FASTENERS

This chapter appliesto connecting elements, connectors, and the affected el ements of the
connected members subj ect to static loads. For connections subject tofatigue, see Appen-
dix K3.

J1L.

1

GENERAL PROVISIONS

Design Basis

Connections consist of affected el ements of connected members(e.g., beamwebs),
connecting elements (e.g., gussets, angles, brackets), and connectors (e.g., welds,
bolts, rivets). These components shall be proportioned so that their design strength
equals or exceeds the required strength determined by structural analysis for

factored |oads acting on the structure or aspecified proportion of the strength of the
connected members, whichever is appropriate.

Simple Connections

Connections of beams, girders, or trusses shall be designed as flexible and are
permitted to be proportioned for the reaction shears only, except as otherwise indi-
cated in the design documents. Flexible beam connections shall accommodate end
rotations of unrestrained (simple) beams. To accomplish this, some inelastic but
self-limiting deformation in the connection is permitted.

Moment Connections

End connections of restrained beams, girders, and trusses shall be designed for the
combined effect of forces resulting from moment and shear induced by therigidity
of the connections.

Compression Memberswith Bearing Joints

When columnsbear on bearing plates or arefinishedto bear at splices, thereshall be
sufficient connectors to hold all parts securely in place.

When compression members other than columns are finished to bear, the splice
material and its connectors shall be arranged to hold al partsin line and shall be
proportioned for 50 percent of the required strength of the member.

All compression joints shall be proportioned to resist any tension devel oped by the
factored load combinations stipulated in Section A4.

Splicesin Heavy Sections

This paragraph appliesto ASTM A6/A6M Group 4 and 5 rolled shapes, or shapes
built-up by welding plates more than two in. (50 mm) thick together to form the
cross section, and where the cross section is to be spliced and subject to primary
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tensile stressesdueto tension or flexure. When theindividual elementsof the cross
section arespliced prior to being joined toform the cross sectionin accordancewith
AWSD1.1, Article5.21.6, the applicable provisionsof AWSD1.1 apply inlieu of
the requirements of this section. When tensile forces in these sections are to be
transmitted through splices by compl ete-joint-penetration groove welds, material
notch-toughness regquirements as given in Section A3.1c, weld access hole details
asgivenin Section J1.6, wel ding preheat requirementsasgivenin Section J2.8, and
thermal-cut surface preparation and inspection requirements as given in Section

M2.2 apply.

Attension splicesin ASTM A6/A6M Group 4 and 5 shapes and built-up members
of material more than two in. (50 mm) thick, weld tabs and backing shall be
removed and the surfaces ground smooth.

When splicing ASTM A6/A6M Group 4 and 5 rolled shapes or shapes built-up by
welding plates more than two in. (50 mm) thick to form across section, and where
the section isto be used as a primary compression member, all weld access holes
required to facilitate groove wel ding operations shall satisfy the provisions of Sec-
tion J1.6.

Alternatively, splicing of such members subject to compression, including mem-
bers which are subject to tension due to wind or seismic loads, shall be accom-
plished using splice details which do not induce large weld shrinkage strains; for
example partial-joint-penetration flange groove welds with fillet-welded surface
lap plate splices on the web, bolted lap plate splices, or combination bolted/fil-
let-welded lap plate splices.

Beam Copes and Weld Access Holes

All weld access holes required to facilitate welding operations shall have alength
from the toe of the weld preparation not less than 1% times the thickness of the
material in which the holeis made. The height of the access hole shall be adequate
for deposition of sound weld metal in the adjacent plates and provide clearance for
weldtabsfor theweldinthe material inwhich the holeismade, but not lessthan the
thickness of the material. In hot-rolled shapes and built-up shapes, all beam copes
and weld access holes shall be shaped free of notches and sharp re-entrant corners,
except that when fillet web-to-flange welds are used in built-up shapes, access
holes are permitted to terminate perpendicular to the flange.

For ASTM A6/A6M Group 4 and 5 shapes and built-up shapes of material more
than two in. (50 mm) thick, the thermally cut surfaces of beam copes and weld
access holes shall be ground to bright metal and inspected by either magnetic parti-
cle or dye penetrant methods prior to deposition of splicewelds. If the curved tran-
sition portion of weld access holes and beam copes are formed by predrilled or
sawed holes, that portion of the accesshol e or cope need not beground. Weld access
holes and beam copes in other shapes need not be ground nor inspected by dye
penetrant or magnetic particle methods.

Minimum Strength of Connections

Connections providing design strength shall be designed to support afactored load
not less than 10 kips (44 kN), except for lacing, sag rods, or girts.
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8.

10.

11

Placement of Welds and Bolts

Groups of welds or bolts at the ends of any member which transmit axial forceinto
that member shall be sized so that the center of gravity of the group coincideswith
the center of gravity of the member, unless provision is made for the eccentricity.
The foregoing provision is not applicable to end connections of statically-loaded
single angle, double angle, and similar members.

Boltsin Combination with Welds

In new work, A307 bolts or high-strength bolts proportioned as bearing-type
connections shall not be considered as sharing the load in combination with welds.
Welds, if used, shall be proportioned for the entire force in the connection. In
dlip-critical connections, high-strength boltsare permitted to be considered asshar-
ing the load with the welds. These calculations shall be made at factored loads.

In making welded alterations to structures, existing rivets and high-strength bolts
tightened to the requirements for slip-critical connections are permitted to be
utilized for carrying loads present at the time of ateration and the welding need
only provide the additional design strength required.

High-Strength Boltsin Combination with Rivets

In both new work and alterations, in connections designed as slip-critical connec-
tions in accordance with the provisions of Section J3, high-strength bolts are
permitted to be considered as sharing the load with rivets.

Limitations on Bolted and Welded Connections

Fully pretensioned high-strength bolts (see Table J3.1 or J3.1M) or welds shall be
used for the following connections:

Column splicesin al tier structures 200 ft (60 m) or morein height.

Column splicesintier structures 100 (30 m) to 200 ft (60 m) in height, if theleast
horizontal dimension is less than 40 percent of the height.

Column splicesintier structureslessthan 100 ft (30 m) in height, if theleast hori-
zontal dimension is less than 25 percent of the height.

Connections of all beams and girders to columns and of any other beams and
girders on which the bracing of columnsisdependent, in structuresover 125 ft
(38 m) in height.

In al structures carrying cranes of over five-ton (50 kN) capacity: roof-truss
splices and connections of trusses to columns, column splices, column brac-
ing, knee braces, and crane supports.

Connections for supports of running machinery, or of other live loads which
produce impact or reversal of stress.

Any other connections stipul ated on the design drawings.

In all other cases connections are permitted to be made with A307 bolts or
snug-tight high-strength bolts.

For the purpose of this section, the height of atier structure shall be taken as the
vertical distance from the curb level to the highest point of the roof beamsin the
case of flat roofs, or to the mean height of the gable in the case of roofs having a
dope of morethan 25 percent. Where the curb level has not been established, or
where the structure does not adjoin a street, the mean level of the adjoining land

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



52

J2.

la.

1b.

GENERAL PROVISIONS [Sect. J1.

shall be used instead of curb level. It is permissible to exclude penthousesin com-
puting the height of the structure.

WELDS

All provisions of AWS D1.1, apply under this specification, except the provisions
applicable to Tubular Structures, which are outside the scope of this specification,
and except that the provisions of the listed AISC LRFD Specification Sections
apply under this Specificationinlieu of thecited AWS Codeprovisionsasfollows:

AISC Specification Section J1.5 and J1.6 in lieu of AWS D1.1 Section 5.17

AISC Specification Section J2.2 in lieu of AWS D1.1 Section 2.4.1.1

AISC Specification Table 2.5in lieu of AWS D1.1 Table 2.3

AISC Specification Table A-K3.1in lieu of AWS D1.1 Section 2.27.1

AISC Specification Section K3 and Appendix K3 in lieu of AWS Section 2,
Part C

AISC Specification SectionM2.2in lieu of AWS Sections5.15.1.2, 5.15.4.3 and
5.15.4.4

Thelength and disposition of welds, including end returns shall beindicated on the
design and shop drawings.

Groove Welds
Effective Area

The effective area of groove welds shall be considered asthe effective length of the
welds times the effective throat thickness.

The effective length of a groove weld shall be the width of the part joined.

Theeffective throat thickness of acomplete-joint-penetration groove weld shall be
the thickness of the thinner part joined.

The effective throat thickness of a partial-joint-penetration groove weld shall be as
shown in Table J2.1.

The effective throat thickness of aflare groove weld when flush to the surface of a
bar or 90° bend in formed section shall be asshownin Table J2.2. Random sections
of production welds for each welding procedure, or such test sections as may be
required by design documents, shall be used to verify that the effective throat is
consistently obtained.

Larger effective throat thicknessesthan thosein Table J2.2 are permitted, provided
thefabricator can establish by qualification the consistent production of such larger
effective throat thicknesses. Qualification shall consist of sectioning the weld
normal to itsaxis, at mid-length and terminal ends. Such sectioning shall be made
on anumber of combinationsof material sizesrepresentative of therangeto be used
in the fabrication or as required by the designer.

Limitations

The minimum effective throat thickness of a partial-joint-penetration groove weld
shall be as shown in Table J2.3. Weld size is determined by the thicker of the two
partsjoined, except that the weld size need not exceed the thickness of the thinnest
part joined, even when a larger size is required by calculated strength. For this
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TABLE J2.1

Effective Throat Thickness of

Partial-Joint-Penetration Groove Welds

Welding Process

Welding Position

Included Angle at
Root of Groove

Effective Throat
Thickness

Shielded metal arc
Submerged arc

Jor U joint

Depth of chamfer

All
Gas metal arc Bevel or V joint > 60°
Flux-cored arc Bevel or V joint < 60° Depth of chamfer
but > 45° Minus Jg-in. (3 mm)

Effective Throat Thickness of Flare Groove Welds

Type of Weld Radius (R) of Bar or Bend Effective Throat Thickness
Flare bevel groove All %R
Flare V-groove Al [ 2RI

[a] Use 3R for Gas Metal Arc Welding (except short circuiting transfer process) when R > 1 in. (25 mm)

TABLE J2.3

Minimum Effective Throat Thickness of
Partial-Joint-Penetration Groove Welds

Material Thickness of
Thicker Part Joined, in. (mm)

Minimum Effective
Throat Thickness [a], in. (mm)

To %4 (6) inclusive
Over } (6) to }5 (13)
Over } (13) to ¥ (19)
Over % (19) to 1} (38)
Over 1} (38) to 24 (57)
Over 2Y; (57) to 6 (150)
Over 6 (150)

% (3)

[a] See Table J2.1

exception, particular care shall be taken to provide sufficient preheat for soundness

of the weld.
2. Fillet Welds

2a. Effective Area

The effective area of fillet welds shall be as defined in AWS D1.1 Section 2.4.3 and
2.11. The effective throat thickness of a fillet weld shall be the shortest distance
from the root of the joint to the face of the diagrammatic weld, except that for fillet
welds made by the submerged arc process, the effective throat thickness shall be
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TABLE J2.4
Minimum Size of Fillet Welds
Material Thickness of Minimum Size of
Thicker Part Joined, in. (mm) Fillet Weld[a] in. (mm)
To % (6) inclusive % (3)
Over % (6) to % (13) s (5)
Over % (13) to % (19) 74(6)
Over % (19) As (8)
[a] Leg dimension of fillet welds. Single pass welds must be used.
[b] See Section J2.2b for maximum size of fillet welds.

2b.

taken equal to theleg sizefor 3-in. (10 mm) and smaller fillet welds, and equal to
the theoretical throat plus 0.11-in. (3 mm) for fillet welds over 3;-in.(10 mm).

For fillet welds in holes and slots, the effective length shall be the length of the
centerline of theweld along the center of the planethrough thethroat. Inthe case of
overlapping fillets, the effective area shall not exceed the nominal cross-sectional
area of the hole or dlot, in the plane of the faying surface.

Limitations

The minimum size of fillet welds shall be not less than the size required to transmit
calculated forces nor the size as shown in Table J2.4 which is based upon experi-
ences and provides some margin for uncal culated stress encountered during fabri-
cation, handling, transportation, and erection. These provisions do not apply to
fillet weld reinforcements of partial- or complete-joint-penetration welds.

The maximum size of fillet welds of connected parts shall be:

(a) Alongedgesof material lessthan;-in. (6 mm) thick, not greater than thethick-
ness of the material.

(b) Alongedgesof material ¥;-in. (6 mm) or morein thickness, not greater thanthe
thickness of the material minus %s-in. (2 mm), unless the weld is especially
designated on the drawingsto be built out to obtain full-throat thickness. Inthe
as-welded condition, the distance between the edge of the base metal and the
toe of theweldispermitted to belessthan 4¢-in. (2 mm) provided theweld size
isclearly verifiable.

For flange-web welds and similar connections, the actual weld size need not be
larger than that required to devel op the web capacity, and the requirements of Table
J2.4 need not apply.

The minimum effective length of fill et welds designed on the basis of strength shall
be not less than four times the nominal size, or else the size of the weld shall be
considered not to exceed ¥ of its effective length. If longitudinal fillet welds are
used alonein end connections of flat-bar tension members, the length of each fillet
weld shall be not lessthan the perpendicul ar distance betweenthem. For the effect
of longitudinal fillet weld length in end connections upon the effective area of the
connected member, see Section B3.
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For end-1oaded fillet weldswith alength upto 100 timestheleg dimension, itisper-
mitted to take the effective length equal to the actual length. When thelength of the
end-loaded fillet weld exceeds 100 timesthe wel d size, the effective length shall be
determined by multiplying the actual length by the reduction factor, j3,

where

B =1.2-0.002(L/w)<1.0 (J2-1)
L = actual length of end-loaded weld, in. (mm)
w =weld leg size, in. (mm)

When the length of the weld exceeds 300 times the leg size, the value of 3 shall be
taken as 0.60.

Intermittent fillet welds may be used to transfer calculated stress across ajoint or
faying surfaceswhen the strength required islessthan that devel oped by acontinu-
ous fillet weld of the smallest permitted size, and to join components of built-up
members. The effectivelength of any segment of intermittent fillet welding shall be
not less than four times the weld size, with aminimum of 1% -in. (38 mm).

In lap joints, the minimum amount of lap shall be five times the thickness of the
thinner part joined, but not less than onein. (25 mm). Lap joints joining plates or
bars subjected to axial stressthat utilize transverse fillet welds only shall be fillet
welded along theend of both |apped parts, except wherethe defl ection of thelapped
parts is sufficiently restrained to prevent opening of the joint under maximum
loading.

Fillet weld terminations are permitted to extend to the ends or sides of parts or be
stopped short or boxed except as limited by the following:

(1) For lapjointsinwhich one part extends beyond an edge subject to calculated
tensilestress, fillet welds shall terminate not lessthan the size of theweld from
that edge.

(2) For connections and structural elements with cyclic forces, normal to
outstanding legs, of frequency and magnitude that would tend to cause a
progressivefatiguefailureinitiating from apoint of maximum stressat theend
of theweld, fillet welds shall be returned around the corner for a distance not
less than the smaller of two times the weld size or the width of the part.

(3) For connections whose design requires flexibility of the outstanding legs, if
end returns are used, their length shall not exceed four times the nominal size
of theweld.

(4) Filletweldsjoining transverse stiffenersto plate girder webs shall end not less
than four times nor more than six times the thickness of the web from the web
toe of the web-to-flange welds, except where the ends of stiffenersare welded
to the flange.

(5) Fillet welds, which occur on opposite sides of acommon plane, shall beinter-
rupted at the corner common to both welds.

Fillet weldsin holesor slotsmay be used to transmit shear inlap jointsor to prevent
the buckling or separation of lapped parts and to join components of built-up
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members. Such fillet welds may overlap, subject to the provisions of Section J2.
Fillet weldsin holes or slots are not to be considered plug or slot welds.

Plug and Slot Welds
Effective Area

The effective shearing area of plug and slot welds shall be considered asthe nomi-
nal cross-sectional area of the hole or dot in the plane of the faying surface.

Limitations

Plug or dot welds are permitted to be used to transmit shear in lap joints or to
prevent buckling of |apped partsand to join component partsof built-up members.

The diameter of the holesfor aplug weld shall not be less than the thickness of the
part containing it plus %e-in. (8 mm), rounded to the next larger odd %4¢-in. (even
mm), nor greater than the minimum diameter plus %-in.(3 mm) or 2%, times the
thickness of the weld.

The minimum center-to-center spacing of plug welds shall be four times the
diameter of the hole.

Thelength of slot for aslot weld shall not exceed 10 timesthethickness of theweld.
Thewidth of thed ot shall benot lessthan thethickness of the part containingit plus
%s-in. (8 mm) rounded to the next larger odd %45-in. (even mm), nor shall it belarger
than 24, timesthethickness of theweld. Theendsof the slot shall be semicircular or
shall have the corners rounded to aradius of not |ess than the thickness of the part
containing it, except those ends which extend to the edge of the part.

The minimum spacing of linesof slot weldsin adirection transverseto their length
shall befour timesthewidth of the slot. The minimum center-to-center spacingina
longitudinal direction on any line shall be two times the length of the slot.

The thickness of plug or slot weldsin material %-in. (16 mm) or less in thickness
shall beequal to thethickness of the material. In material over %-in. (16 mm) thick,
the thickness of the weld shall be at least one-half the thickness of the material but
not less than %-in. (16 mm).

Design Strength

Thedesign strength of weldsshall bethelower value of (a) )FgwAsvand (b) dF,, A,
when applicable. Thevaluesof ¢, Few, and F,,and limitations thereon are givenin
Table J2.5,

where

Fev = nominal strength of the base material, ksi (MPa)

F. =nomina strength of the weld electrode, ksi (MPa)
Agy = cross-sectional area of the base material, in.? (mm?)
A, = effective cross-sectional area of the weld, in.> (mm?)
¢ = resistance factor

Alternatively, fillet welds loaded in-plane are permitted to be designed in accor-
dance with Appendix J2.4.
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TABLE J2.5
Design Strength of Welds

Nominal
Types of Weld and Resistance | Strength Filler Metal
Stress [a] Material Factor ¢ Fgyor F, Requirements [b, c]

Complete-Joint-Penetration Groove Weld

Tension normal to Base 0.90 F, Matching filler metal shall be
effective area used. For CVN requirements

see footnote [d].
Compression normal Base 0.90 F, Filler metal with a strength
to effective area level equal to or less than

matching filler metal is per-

Tension or compres- mitted to be used.

sion parallel to axis

of weld
Shear on effective Base 0.90 0.60F,
area Weld 0.80 0.60Fcxx
Partial-Joint-Penetration Groove Weld
Compression nor- Base 0.90 F, Filler metal with a strength
mal to effective area level equal to or less than

matching filler metal is permit-

Tension or compres- ted to be used.

sion parallel to axis of

weld [e]
Shear parallel to Base [fl [fl
axis of weld Weld 0.75 0.60Fgxx
Tension normal to Base 0.90 F,
effective area Weld 0.80 0.60Fgxx
Fillet Welds

Shear on effective Base [f] [f] Filler metal with a strength
area Weld 0.75 0.60F:xx[g]| level equal to or less than
Tension or compres- Base 0.90 F, trzgtg"t:]eg S!:(rj metal is permit-
sion parallel to axis '
of weld [e]

Plug or Slot Welds
Shear parallel to Base [f] [f] Filler metal with a strength
faying surfaces (on Weld 0.75 0.60F:xx | level equal to or less than
effective area) matching filler metal is permit-

ted to be used.

[a] For definition of effective area, see Section J2.

[b] For matching filler metal, see Table 3.1, AWS D1.1.

[c] Filler metal one strength level stronger than matching filler metal is permitted.

[d] For T and corner joints with the backing bar left in place during service, filler metal with
a classification requiring a minimum Charpy V-notch (CVN) toughness of 20 ft-Ibs. (27
J) @ +40°F (4°C) shall be used. If filler metal without the required toughness is used and
the backing bar is left in place, the joint shall be sized using the resistance factor and
nominal strength for a partial-joint-penetration weld.

[e] Fillet welds and partial-joint-penetration groove welds joining component elements of built-
up members, such as flange-to-web connections, are not required to be designed with
regard to the tensile or compressive stress in these elements parallel to the axis of the welds.

[f] The design of connected material is governed by Sections J4 and J5.

[g] For alternative design strength, see Appendix J2.4.
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Combination of Welds

If two or more of the general typesof welds (groove, fillet, plug, slot) are combined
inasinglejoint, thedesign strength of each shall be separately computed with refer-
ence to the axis of the group in order to determine the design strength of the
combination.

Weld Metal Requirements

The choice of electrode for use with compl ete-j oint-penetration groove welds sub-
ject to tension normal to the effective area shall comply with the requirements for
matching weld metals givenin AWS D1.1.

Weld metal with aspecified Charpy V-notch (CVN) toughness of 20 ft-1bs (27 J) at
40°F (4°C) shall be used in the following joints:

(8 Complete-joint-penetration groovewelded T and corner jointswith steel back-
ing leftin place, subject totension normal to the effectivearea, unlessthejoints
are designed as noted in Table J2.5 (see footnote d).

(b) Complete-joint-penetration groovewel ded splices subject to tension normal to
the effective areain Group 4 and Group 5 shapes and shapes built up by weld-
ing plates more than two in. (50 mm) thick.

The manufacturer’s Certificate of Conformance shall be sufficient evidence of
compliance.

Mixed Weld Metal

When notch-toughness is specified, the process consumables for al weld metal,
tack welds, root pass, and subsequent passesdepositedin ajoint shall becompatible
to assure notch-tough composite weld metal.

Preheat for Heavy Shapes

For ASTM A6/A6M Group 4 and 5 shapes and wel ded built-up members made of
plates more than two in. (50 mm) thick, a preheat equal to or greater than 350°F
(175°C) shall be used when making groove-weld splices.

BOLTSAND THREADED PARTS
High-Strength Bolts

Use of high-strength bolts shall conform to the provisions of the Load and Resis-
tance Factor Design Specification for Sructural JointsUsing ASTM A325 or A490
Bolts, as approved by the Research Council on Structural Connections, except as
otherwise provided in this Specification.

If required to be tightened to more than 50 percent of their specified minimum ten-
sile strength, A449 boltsin tension and bearing-type shear connections shall have
an ASTM F436 hardened washer installed under the bolt head, and the nuts shall
meet the requirementsof ASTM A563. When assembl ed, all joint surfaces, includ-
ing those adjacent to the washers, shall be free of scale, except tight mill scale. All
A325 or A325M and A490 or A490M bolts shall betightened to abolt tension not
lessthan that givenin Table J3.1 or J3.1M, except as noted bel ow. Tightening shall
be done by any of the following methods: turn-of-nut method, adirect tension indi-
cator, calibrated wrench, or alternative design bolt.
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Bolts need only betightened to the snug-tight condition whenin: (a) bearing-type
connections where slip is permitted, or (b) tension or combined shear and tension
applications, for ASTM A325 or A325M boltsonly, whereloosening or fatigue due
to vibration or load fluctuations are not design considerations. The snug-tight con-
dition is defined as the tightness attained by either a few impacts of an impact
wrench or the full effort of aworker with an ordinary spud wrench that brings the
connected pliesinto firm contact. The nominal strength value given in Table J3.2
and Table J3.5 shall be used for bolts tightened to the snug-tight condition. Bolts
tightened only to the snug-tight condition shall be clearly identified on the design
and erection drawings.

When A490 or A490M boltsover onein. (25 mm) in diameter are used in slotted or
oversize holes in external plies, a single hardened washer conforming to ASTM
F436, except with %s-in. (8 mm) minimum thickness, shall be used in lieu of the
standard washer.

In dlip-critical connectionsin which the direction of loading istoward an edge of a
connected part, adequate design bearing strength shall be provided based upon the
applicable requirements of Section J3.10.

2. Size and Use of Holes

The maximum sizes of holes for rivets and bolts are given in Table J3.3 or J3.3M,
except that larger holes, required for tolerance on location of anchor rods in con-
crete foundations, are allowed in column base details.

Sandard holes shall be provided in member-to-member connections, unless over-
sized, short-slotted, or long-slotted holesin bolted connections are approved by the
designer. Finger shimsupto %-in. (6 mm) are permitted in slip-critical connections
designed onthebasisof standard hol eswithout reducing thenominal shear strength
of the fastener to that specified for slotted holes.

Oversized holesare allowed in any or al pliesof dlip-critical connections, but they
shall not be used in bearing-type connections. Hardened washers shall beinstalled
over oversized holesin an outer ply.

Short-dotted holes are allowed in any or all plies of dip-critical or bearing-type
connections. The slotsare permitted to be used without regard to direction of load-
inginglip-critical connections, but thelength shall be normal to the direction of the
load in bearing-type connections. Washers shall be installed over short-dlotted
holes in an outer ply; when high-strength bolts are used, such washers shall be
hardened.

Long-slotted holes are allowed in only one of the connected parts of either a
dip-critical or bearing-type connection at an individual faying surface. Long-slotted
holes are permitted to be used without regard to direction of loading in slip-critical
connections, but shall be normal to the direction of load in bearing-type connec-
tions. Wherelong-slotted holesare used in an outer ply, plate washers, or acontinu-
ous bar with standard holes, having a size sufficient to completely cover the slot
after installation, shall be provided. In high-strength bolted connections, such plate
washersor continuousbarsshall be not lessthan */16-in. (8 mm) thick and shall be of
structural grade material, but need not be hardened. If hardened washers are
required for use of high-strength bolts, the hardened washers shall be placed over
the outer surface of the plate washer or bar.
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TABLE J3.1
Minimum Bolt Pretension, kips*
Bolt Size, in. A325 Bolts A490 Bolts
% 12 15
% 19 24
A 28 35
7% 39 49
1 51 64
1% 56 80
1% 71 102
1% 85 121
1% 103 148

*Equal to 0.70 of minimum tensile strength of bolts, rounded off to nearest kip, as specified in
ASTM specifications for A325 and A490 bolts with UNC threads.

TABLE J3.1M
Minimum Bolt Pretension, kN*

Bolt Size, mm A325M Bolts A490M Bolts
M16 91 114
M20 142 179
M22 176 221
M24 205 257
M27 267 334
M30 326 408
M36 475 595

*Equal to 0.70 of minimum tensile strength of bolts, rounded off to nearest kN, as specified in
ASTM specifications for A325M and A490M bolts with UNC threads.

Minimum Spacing

The distance between centers of standard, oversized, or slotted holes, shall not be
less than 275 times the nominal diameter of the fastener; a distance of 3d is pre-
ferred. Refer to Section J3.10 for bearing strength requirements.

Minimum Edge Distance

Thedistance from the center of astandard holeto an edge of a connected part shall
not be lessthan either the applicable value from Table J3.4 or J3.4M, or asrequired
in Section J3.10. The distance from the center of an oversized or slotted holeto an
edge of aconnected part shall be not lessthan that required for astandard holeto an
edge of aconnected part plusthe applicableincrement C, from Table J3.6 or J3.6M.
Refer to Section J3.10 for bearing strength requirements.

Maximum Spacing and Edge Distance

The maximum distance from the center of any bolt or rivet to the nearest edge of
partsin contact shall be 12 timesthethicknessof the connected part under consider-
ation, but shall not exceed six in. (150 mm). Thelongitudinal spacing of connectors
between elements in continuous contact consisting of a plate and a shape or two
plates shall be as follows:
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TABLE J3.2
Design Strength of Fasteners

Tensile Strength

Shear Strength in

Bearing-type Connections

Nominal Nominal
Resistance| Strength, |Resistance Strength,
Description of Fasteners Factor ¢ ksi (MPa) Factor ¢ ksi (MPa)
A307 bolts 45 (310) [a] 24 (165) [b,e]
A325 or A325M bolts, when
threads are not excluded from
shear planes 90 (620) [d] 48 (330) [e]
A325 or A325M bolts, when
threads are excluded from shear
planes 90 (620) [d] 60 (414) [e]
A490 or A490M bolts, when
threads are not excluded from
shear planes 113 (780) [d] 60 (414) [e]
A490 or A490M bolts, when
threads are excluded from shear 0.75 0.75

planes

Threaded parts meeting the re-
quirements of Section A3, when
threads are not excluded from
shear planes

Threaded parts meeting the re-
quirements of Section A3, when
threads are excluded from shear
planes

A502, Gr. 1, hot-driven Rivets

A502, Gr. 2 & 3, hot-driven Rivets

113 (780) [d]

0.75F, [a,c]

0.75F, [a,c]

45 (310) [a]

60 (414) [a]

75 (520) [e]

0.40F,

0.50F,[a,c]

25 (172) [e]

33 (228) [e]

[a] Static loading only.
[b] Threads permitted in shear planes.

[c] The nominal tensile strength of the threaded portion of an upset rod, based upon the cross-sectional
area at its major thread diameter, Ap shall be larger than the nominal body area of the rod before

upsetting times F,,.

[d] For A325 or A325M and A490 or A490M bolts subject to tensile fatigue loading, see Appendix K3.
[e] When bearing-type connections used to splice tension members have a fastener pattern whose
length, measured parallel to the line of force, exceeds 50 in. (1 270 mm), tabulated values shall be

reduced by 20 percent.

(8) For painted membersor unpainted members not subject to corrosion, the spac-
ing shall not exceed 24 times the thickness of the thinner plate or 12 in. (305

mm).

(b) For unpainted members of weathering steel subject to atmospheric corrosion,
the spacing shall not exceed 14 times the thickness of the thinner plate or

seven-in. (180 mm).
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TABLE J3.3
Nominal Hole Dimensions, in.
Hole Dimensions
Bolt Standard Oversize Short-slot Long-slot
Diameter (Dia.) (Dia.) (Width x Length) (Width x Length)
% %s % %e X He Ao X 1%
% Ys 345 Ui X s x 1%
Y s % B x1 136 x 174
7% %6 1%e 1806 x 1% %6 X 2%
1 1% 1% 146 % 145 145 % 2%
1% d+¥%s d+%e (d+ He) x (d + %) (d+ %) x (2.5 x d)
Nominal Hole Dimensions, mm
Hole Dimensions
Bolt Standard Oversize Short-slot Long-slot
Diameter (Dia.) (Dia.) (Width x Length) (Width x Length)
M16 18 20 18 x 22 18 x 40
M20 22 24 22 x 26 22 x50
M22 24 28 24 x 30 24 x 55
M24 27 [a] 30 27 x 32 27 x 60
M27 30 35 30 x 37 30 x 67
M30 33 38 33x40 33x75
> M36 d+3 d+8 (d+3) x (d+10) (d+3)x25d

[a] Clearance provided allows the use of a 1 in. bolt if desirable.

6. Design Tension or Shear Strength

The design tension or shear strength of a high-strength bolt or threaded part is
PR A,

where

¢ = resistance factor tabulated in Table J3.2

F.=nominal tensile strength F,, or shear strength, F,, tabulated in Table J3.2, ksi
(MPa)

Ay,= nominal unthreaded body area of bolt or threaded part (for upset rods, see
Footnote ¢, Table J3.2), in.2 (mm?)

The applied load shall be the sum of the factored loads and any tension resulting
from prying action produced by deformation of the connected parts.
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TABLE J3.4
Minimum Edge Distance,™ in., From
Center of Standard Hole™ to Edge of Connected Part

At Rolled Edges of Plates,

Nominal Rivet or Shapes or Bars, or
Bolt Diameter (in.) At Sheared Edges Gas Cut Edges [c]

b % %

% 1% %

% 1% 1

7% 1% 1%

1 1% [d] 1%

1% 2 1%

1% 2, 1%

Over 1Y, 13/, x Diameter 1%, x Diameter

[a] Lesser edge distances are permitted to be used provided Equations from Section J3.10,
as appropriate, are satisfied.

[b] For oversized or slotted holes, see Table J3.6.

[c] All edge distances in this column are permitted to be reduced ¥:-in. when the hole is at a point
where stress does not exceed 25 percent of the maximum design strength in the element.

[d] These are permitted to be 1}/-in. at the ends of beam connection angles and shear end plates.

TABLE J3.4M
Minimum Edge Distance,™ mm, From
Center of Standard Hole™ to Edge of Connected Part

At Rolled Edges of Plates,
Nominal Rivet or Shapes or Bars, or
Bolt Diameter (mm) At Sheared Edges Gas Cut Edges [c]
16 28 22
20 34 26
22 38 [d] 28
24 42 [d] 30
27 48 34
30 52 38
36 64 46
Over 36 1.75d 1.25d

[a] Lesser edge distances are permitted to be used provided Equations from Section J3.10, as
appropriate, are satisfied.

[b] For oversized or slotted holes, see Table J3.6M.

[c] All edge distances in this column are permitted to be reduced 3 mm when the hole is at a point
where stress does not exceed 25 percent of the maximum design strength in the element.

[d] These are permitted to be 32 mm at the ends of beam connection angles and shear end plates.

Combined Tension and Shear in Bearing-Type Connections

The design strength of a bolt or rivet subject to combined tension and shear is

oA,

where
¢ =0.75
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F: = nominal tension stress computed from the equationsin Table J3.5 asafunc-
tion of f,, the required shear stress produced by the factored loads. Alter-
nately, the use of the equationsin Table A-J3.1 in Appendix Jis permitted.

The design shear strength ¢F,, tabulated in Table J3.2, shall equal or exceed
the shear stress, f,.

8.  High-Strength Boltsin Slip-Critical Connections

The design for shear of high-strength bolts in slip-critical connections shall bein
accordance with either Section J3.8a or J3.8b and checked for shear in accordance
with Sections J3.6 and J3.7 and bearing in accordancewith Sections J3.1 and J3.10.

8a. Slip-Critical Connections Designed at Factored L oads

The design dlip resistance per bolt, or,,, shall equal or exceed therequired force per
bolt due to factored loads,

where

I's" = 113 I’LT/)NS (J3'l)
T, = minimum fastener tension given in Table J3.1 or J3.1M, kips (kN)
Ns = number of dlip planes

u =mean dlip coefficient for Class A, B, or C surfaces, as applicable, or as
established by tests

(@) For Class A surfaces (unpainted clean mill scale steel surfaces or sur-
faces with Class A coatings on blast-cleaned stedl),

1=033

(b) For Class B surfaces (unpainted blast-cleaned steel surfaces or sur-
faces with Class B coatings on blast-cleaned steel),

u=0.50

(c) For Class C surfaces (hot-dip galvanized and roughened surfaces),
1n=0.35

¢ = resistance factor

(@) For standard holes,
=10

(b) For oversized and short-slotted holes,
¢ =0.85

(c) For long-dotted holes transverse to the direction of load,
¢ =0.70

(d) For long-dotted holes parallel to the direction of load,
¢ =0.60

Finger shims up to %-in. (6 mm) are permitted to be introduced into dlip-critical
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TABLE J3.5

Nominal Tension Stress (F), ksi (MPa)
Fasteners in Bearing-type Connections

Description of Fasteners

Threads Included in
the Shear Plane

Threads Excluded from
the Shear Plane

A307 bolts

59— 2.
(171- 2.

5f,<45
5f, < 310)

A325 bolts
A325M bolts

117 — 2.5f,<90
(807 — 2.5f,<621)

117 — 2.0£, <90
(807 — 2.0f, < 621)

A490 bolts
A490M bolts

147 — 2.5f,<113
(1010 — 2.5f,<779)

147 — 2.0f,< 113
(1010 — 2.0f, < 779)

Threaded parts A449 bolts
over 1% diameter

0.98F,— 2.5f,<0.75F,

0.98F,— 2.0f,<0.75F,

A502 Gr. 1 rivets

59 - 2.

4f,< 45

(407 — 2.4f, < 310)

A502 Gr. 2 rivets 78 — 2.4f,<60
(538 — 2.4f,< 414)
TABLE J3.6

Values of Edge Distance Increment C,, in.

Slotted Holes
Nominal Long Axis Perpendicular to Edge )
Diameter of Long Axis
Fastener (in.) | Oversized Holes Short Slots Long Slots [a] Parallel to Edge
<% Hs %
1 Ve Vs Yd 0
2 1% % Hs

[a] When length of slot is less than maximum allowable (see Table J3.5), C, are permitted to be
reduced by one-half the difference between the maximum and actual slot lengths.

TABLE J3.6M
Values of Edge Distance Increment C,, mm

Slotted Holes

Nominal Long Axis Perpendicular to Edge )
Diameter of Long Axis
Fastener (mm) | Oversized Holes Short Slots Long Slots [a] | Parallel to Edge
<22 2 3
24 3 3 0.75d 0
>27 3 5

[a] When length of slot is less than maximum allowable (see Table J3.5), C, are permitted to be
reduced by one-half the difference between the maximum and actual slot lengths.
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8b.

9a.

9b.

10.

BOLTS AND THREADED PARTS [Sect. J3.

connections designed on the basis of standard holes without reducing the design
shear stress of the fastener to that specified for slotted holes.

Slip-Critical Connections Designed at Service L oads
See Appendix J3.8b.
Combined Tension and Shear in Slip-Critical Connections

The design of dlip-critical connections subject to tensile forces shall be in accor-
dance with either Sections J3.9a and J3.8a or Sections J3.9b and J3.8b.

Slip-Critical Connections Designed at Factored L oads

Whenaslip-critical connectionissubjected to an applied tension T, that reducesthe
net clamping force, the slip resistance ¢r,, according to Section J3.8a, shall be mul-
tiplied by the following factor:

T

u

1———v
(L.13T,N,)
where

T,= minimum bolt pre-tension from Table J3.1or J3.1M, kips (kN)
Ny,= number of bolts carrying factored-load tension T,

Slip-Critical Connections Designed at Service Loads
See Appendix J3.9b.
Bearing Strength at Bolt Holes

Bearing strength shall be checked for both bearing-type and dlip-critical connec-
tions. The use of oversized holes and short- and long-slotted holes parallel to the
line of forceis restricted to dlip-critical connections per Section J3.2.

The design bearing strength at bolt holesis ¢R,,
where

¢ =0.75
and R, is determined as follows:

(8) For aboltinaconnection with standard, oversized, and short-dlotted holesin-
dependent of thedirection of loading, or along-slotted holewith the slot paral -
lel to the direction of the bearing force;

when deformation at the bolt hole at service load is a design consideration:

R=1.2L4F, < 2.4dtF, (J3-22)
when deformation at thebolt holeat serviceloadisnot adesign consideration:
R, = 1.5LtF, < 3.0dtF, (J3-2b)

(b) For aboltinaconnectionwithlong-dotted holeswith the ot perpendicular to
the direction of force:

R.=1.0LAF, < 2.0d¢F, (J3-2¢)
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11.

J4.

In the foregoing,

R,=nominal bearing strength of the connected material, kips (N)

F.= specified minimum tensile strength of the connected material, ksi (MPa)

L. = clear distance, in the direction of theforce, between the edge of the holeand
the edge of the adjacent hole or edge of the material, in. (mm)

d = nominal bolt diameter, in. (mm)

t = thickness of connected material, in. (mm)

For connections, the bearing resistance shall be taken as the sum of the bearing
resistances of the individua bolts.

Long Grips

A307 bolts providing design strength, and for which the grip exceeds five diame-
ters, shall have their number increased one percent for each additional %s-in.
(2 mm) in the grip.

DESIGN RUPTURE STRENGTH

Shear Rupture Strength

The design strength for the limit state of rupture along a shear failure path in the
affected elements of connected members shall be taken as ¢R,

where
6 =075
R, =0.6F, A, (H#-1)

A, = net area subject to shear, in.2(mm?)
Tension Rupture Strength

Thedesign strength for thelimit state of rupture along atension path in the affected
elements of connected members shall be taken as ¢R,

where
6 =075
R, =FuAx (J4-2)

A, =net areasubject to tension, in.? (mm?)
Block Shear Rupture Strength

Block shear isalimit state in which the resistance is determined by the sum of the
shear strength on afailure path(s) and the tensile strength on a perpendicular seg-
ment. It shall be checked at beam end connectionswherethetop flangeiscoped and
in similar situations, such as tension members and gusset plates. When ultimate
rupture strength on the net section is used to determine the resistance on one seg-
ment, yielding on the gross section shall be used on the perpendicular segment. The
block shear rupture design strength, ¢R,, shall be determined as follows:

(& When F, Ay > 0.6F, A,
OR= 0[0.6Fy Ay, + F, Ay] < 0[0.6F A + FAL (4-33)
(b) When F Ay < 0.6F Ay
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J5.

DESIGN RUPTURE STRENGTH [Sect. 4.

OR, = 0[0.6F, An + Fy Ag] < ¢[0.6F Ay + FiAL] (J4-3b)
where

o =075

A,, = gross area subject to shear, in.2 (mm?)
A, = gross areasubject to tension, in.> (mm?)
A, =net area subject to shear, in.2 (mm?)

A, =net area subject to tension, in.? (mm?)

CONNECTING ELEMENTS

This section applies to the design of connecting elements, such as plates, gussets,
angles, brackets, and the panel zones of beam-to-column connections.

Eccentric Connections

Intersecting axially stressed members shall have their gravity axisintersect at one
point, if practicable; if not, provision shall be made for bending and shearing
stresses due to the eccentricity. Also see Section J1.8.

Design Strength of Connecting Elementsin Tension

Thedesign strength, 6R,, of welded, bolted, and riveted connecting elements stati-
caly loaded in tension (e.g., splice and gusset plates) shall be the lower value
obtained according to limit states of yielding, rupture of the connecting element,
and block shear rupture.

(a) For tension yielding of the connecting element:

¢ =0.90
R, = AgFy (35-1)
(b) For tension rupture of the connecting element:
$»=0.75
R, = ARy (J5-2)

where A, isthe net area, not to exceed 0.85A,.
(c) For block shear rupture of connecting elements, see Section J4.3.
Other Connecting Elements

For all other connecting elements, the design strength, 0R,, shall be determined for
the applicablelimit stateto ensure that the design strength isequal to or greater than
therequired strength, where R, isthe nominal strength appropriate to the geometry
and type of | oading on the connecting element. For shear yielding of the connecting
element:

¢=0.90
R,= 0.60AF, (J5-3)

If the connecting element isin compression an appropriatelimit state analysisshall
be made.
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J6.

J7.

J8.

FILLERS

In welded construction, any filler %-in. (6 mm) or more in thickness shall extend
beyond the edges of the splice plate and shall bewel ded to the part on whichitisfit-
ted with sufficient weld to transmit the splice platel oad, applied at the surface of the
filler. Theweldsjoining the spliceplatetothefiller shall be sufficient to transmit the
splice plate load and shall be long enough to avoid overloading thefiller along the
toe of the weld. Any filler less than ¥;-in. (6 mm) thick shall have its edges made
flush with the edges of the splice plate and the weld size shall bethe sum of thesize
necessary to carry the splice plus the thickness of the filler plate.

When a bolt that carries load passes through fillers that are equal to or less than
¥4-in. (6 mm) thick, thedesign shear strength shall be used without reduction. When
abolt that carriesload passesthroughfillersthat are greater than ¥;-in. (6 mm) thick,
one of the following regquirements shall apply:

(1) For fillersthat are equal to or less than 3;-in. (19 mm) thick, the design shear
strength of the boltsshall bemultiplied by thefactor [1- 0.4(t- 0.25)] [Metric:
[1-0.0154(t - 6)]], wheret isthe total thickness of the fillers up to ¥;-in. (19
mm).

(2) Thefillersshall be extended beyond the joint and the filler extension shall be
secured with enough bolts to uniformly distribute the total force in the con-
nected element over the combined cross-section of the connected element and
thefillers;

(3) Thesizeof thejoint shall beincreased to accommodate anumber of bolts that
is equivalent to the total number required in (2) above; or

(4) Thejoint shall be designed as a dlip-critical joint.

SPLICES

Groove-welded splicesin plate girders and beams shall develop the full strength of
the smaller spliced section. Other types of splicesin cross sections of plate girders
and beamsshall devel op the strength required by theforcesat the point of thesplice.
BEARING STRENGTH

The strength of surfacesin bearing is ¢R,,

where

¢ =0.75
R, is defined below for the various types of bearing

(8 For milled surfaces, pinsin reamed, drilled, or bored holes, and ends of fitted
bearing stiffeners,

R, = 1.8F, Ay (J8-1)
where

F, = specified minimum yield stress, ksi (MPa)
A, = projected bearing area, in.? (mm?)

(b) For expansion rollers and rockers,
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Jo.

J10.

BEARING STRENGTH [Sect. J8.

If d< 25 in. (635 mm),

R, = 1.2(F,—13)ld/ 20 (38-2)
(Metric: R, = 1.2(F,-90)Id / 20) (J8-2M)
If d>25in. (635 mm),
R, =6.0(F, -13)IVd /20 (38-3)
(Metric: R, = 6.0(F, —90)I/d / 20) (J8-3M)

where

d = diameter, in. (mm)
| =length of bearing, in. (mm)

COLUMN BASES AND BEARING ON CONCRETE

Proper provision shall be made to transfer the column loads and moments to the
footings and foundations.

In the absence of code regulations, design bearing loads on concrete may be taken
as OcPy:

(8 Onthefull areaof aconcrete support
P, = 0.85f A (J9-1)

(b) On lessthan the full areaof a concrete support

R, =085f AJA A (39-2)
where

o, =0.60
A, =areaof sted concentrically bearing on a concrete support, in.2 (mm?)
A, = maximum area of the portion of the supporting surface that is geometri-
cally similar to and concentric with the loaded area, in.2 (mm?)
Al A <2

ANCHOR RODSAND EMBEDMENTS

Steel anchor rods and embedments shall be proportioned to develop the factored
load combinations stipulated in Section A4. If the load factors and combinations
stipulated in Section A4 are used to design concrete structural elements, the provi-
sions of ACI 318 shall be used with appropriate ¢ factors as given in ACI 318,
Appendix C.
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CHAPTER K

CONCENTRATED FORCES, PONDING, AND FATIGUE

This chapter covers member strength design considerations pertaining to concentrated
forces, ponding, and fatigue.

K1. FLANGESAND WEBSWITH CONCENTRATED FORCES

1

Design Basis
SectionsK 1.2 through K 1.7 apply to single and doubl e concentrated forces asindi-
catedineach Section. A single concentrated forceistensileor compressive. Double

concentrated forces, one tensile and one compressive, form a couple on the same
side of the loaded member.

Transverse stiffeners are required at locations of concentrated tensile forces in
accordance with Section K1.2 for the limit state of flange local bending, and at
unframed ends of beams and girdersin accordance with Section K1.8. Transverse
stiffenersor doubler platesarerequired at |ocations of concentrated forcesin accor-
dance with Sections K 1.3 through K1.6 for the limit states of web local yielding,
crippling, sidesway buckling, and compression buckling. Doubler plates or diago-
nal stiffenersarerequiredinaccordancewith Section K1.7 for thelimit state of web
panel-zone shear.

Transverse stiffeners and diagonal stiffeners required by Sections K1.2 through
K 1.8 shall also meet the requirements of Section K1.9. Doubler plates required by
Sections K 1.3 through K 1.6 shall also meet the requirements of Section K1.10.

Flange L ocal Bending

This Section appliesto both tensile single-concentrated forces and thetensile com-
ponent of double-concentrated forces.

A pair of transverse stiffeners extending at | east one-half the depth of the web shall
be provided adjacent to a concentrated tensile force centrally applied across the
flange when the required strength of the flange exceeds ¢R,,

where
¢ =0.90
R, = 6.25¢; 2 Fyr (K1-1)

Fy = specified minimum yield stress of the flange, ksi (MPa)
tr  =thickness of the loaded flange, in. (mm)

If the length of loading across the member flangeislessthan 0.15b, wherebisthe
member flange width, Equation K1-1 need not be checked.
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FLANGES AND WEBSWITH CONCENTRATED FORCES [Sect. K1.

When the concentrated forceto beresisted isapplied at adistance from the member
end that isless than 10t;, R, shall be reduced by 50 percent.

Whentransversestiffenersarerequired, they shall bewelded to theloaded flangeto
develop thewel ded portion of the stiffener. Theweld connecting transverse stiffen-
ersto the web shall be sized to transmit the unbalanced force in the stiffener to the
web. Also, see Section K1.9.

Web Local Yielding

This Section applies to single-concentrated forces and both components of
double-concentrated forces.

Either apair of transverse stiffeners or adoubler plate, extending at |east one-half
the depth of the web, shall be provided adjacent to a concentrated tensile or com-
pressive force when the required strength of the web at the toe of the fillet exceeds
¢Rn1

where

6 =10
and R, is determined as follows:

(8 When the concentrated force to be resisted is applied at a distance from the
member end that is greater than the depth of the member d,

R, = (5k + N)Fy, ty (K1-2)

(b) When the concentrated force to be resisted is applied at a distance from the
member end that is less than or equal to the depth of the member d,

R, = (2.5k + N)Fyy ty (K1-3)
In Equations K1-2 and K 1-3, the following definitions apply:

Fyw = specified minimum yield stress of the web, ksi (MPa)

N =length of bearing (not less than k for end beam reactions), in. (mm)

k =distancefrom outer face of theflangeto theweb toeof thefillet, in. (mm)
ty = web thickness, in. (mm)

Whenrequired, for atensileforcenormal totheflange, transverse stiffenersshall be
welded to theloaded flange to devel op the connected portion of the stiffener. When
required for a compressive force normal to the flange, transverse stiffeners shall
either bear on or be welded to the loaded flange to devel op the force transmitted to
the stiffener. The weld connecting transverse stiffenersto the web shall be sized to
transmit the unbalanced force in the stiffener to the web. Also, see Section K1.9.

Alternatively, when doubler plates are required, see Section K1.10.
Web Crippling

This Section appliesto both compressive single-concentrated forces and the com-
pressive component of double-concentrated forces.

Either a transverse stiffener, a pair of transverse stiffeners, or a doubler plate,
extending at | east one-half the depth of theweb, shall be provided adjacent to acon-
centrated compressive force when the required strength of the web exceeds ¢R,,
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where

¢ =0.75
and R, is determined as follows:

(8 Whentheconcentrated compressiveforceto beresistedisapplied at adistance
from the member end that is greater than or equal tod / 2,

g >0
R, =080t2 @+3EN»%£% Efmte (K1-4)
B d f tw

(b) Whentheconcentrated compressiveforceto beresistedisapplied at adistance
from the member end that islessthand/ 2,

ForN/d<0.2,
O N SO [EF it
R :o_mms%,%&% wl (K153
& d f tw
ForN/d>0.2,

a >0
R, =040t2 u+%ﬂ —0.2%&5 EFyts (K1-5b)
E d f tW

In Equations K1-4 and K1-5, the following definitions apply:

d = overall depth of the member, in. (mm)
tr = flange thickness, in. (mm)

Whentransverse stiffenersarerequired, they shall either bear on or bewelded tothe
loaded flange to devel op the force transmitted to the stiffener. Theweld connecting
transverse stiffenersto theweb shall be sized to transmit the unbalanced forceinthe
stiffener to the web. Also, see Section K1.9.

Alternatively, when doubler plates are required, see Section K1.10.
5.  Web Sidesway Buckling

This Section applies only to compressive single-concentrated forces applied to
members where relative lateral movement between the loaded compression flange
and the tension flange is not restrained at the point of application of the concen-
trated force.

The design strength of the web isoR,,
where

6 =0.85
and R, is determined as follows:

(a) If the compression flange is restrained against rotation:

For (h/t,) /(I /b) <23,

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



74

FLANGES AND WEBSWITH CONCENTRATED FORCES [Sect. K1.

Crtwtf D+ 4Dh/twﬁg (KL6)
H Ellbf EH

for (h/ty) /(I /by) > 2.3, thelimit state of sidesway web buckling does not apply.

When the required strength of the web exceeds ¢R,, local lateral bracing shall be
provided at the tension flange or either a pair of transverse stiffeners or a doubler
plate, extending at |east one-half the depth of theweb, shall be provided adjacent to
the concentrated compressive force.

R1_

Whentransverse stiffenersarerequired, they shall either bear on or bewelded to the
loaded flange to develop the full-applied force. The weld connecting transverse
stiffeners to the web shall be sized to transmit the force in the stiffener to the web.
Also, see Section K1.9.

Alternatively, when doubler plates are required, they shall be sized to develop the
full-applied force. Also, see Section K1.10.

(b) If the compression flange is not restrained against rotation:
For(h/ty)/(1/b)<17,

Ctt D Dh/t
ﬁl/b EH
for (h/ty) /(1 /by) > 1.7, thelimit state of sidesway web buckling does not apply.

When the required strength of the web exceeds ¢R,, local lateral bracing shall be
provided at both flanges at the point of application of the concentrated forces.

R, = (K1-7)

In Equations K1-6 and K 1-7, the following definitions apply:

| =largest laterally unbraced length along either flange at the point of load, in.
(mm)

b = flange width, in. (mm)

t; = flange thickness, in. (mm)

ty = web thickness, in. (mm)

h = clear distance between flanges less the fillet or corner radius for rolled
shapes; distance between adjacent lines of fasteners or the clear distance
between flanges when welds are used for built-up shapes, in. (mm)

C,= 960,000 ksi (6.62x10° MPa) when M, < M, at the location of the force

= 480,000 ksi (3.31x10° MPa) when M, > M, at the location of the force

Web Compression Buckling

This Section appliesto apair of compressivesingle-concentrated forcesor thecom-
pressive components in a pair of double-concentrated forces, applied at both
flanges of amember at the same location.

Either a single transverse stiffener, or pair of transverse stiffeners, or a doubler
plate, extending the full depth of the web, shall be provided adjacent to concen-
trated compressive forces at both flanges when the required strength of the web
exceeds 0R,,
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where
¢ =0.90
and
24t3 [EF
R = % (K1-8)

When the pair of concentrated compressive forcesto beresisted isapplied at adis-
tancefromthemember endthat islessthand/ 2, R, shall bereduced by 50 percent.

Whentransverse stiffenersarerequired, they shall either bear on or bewelded tothe
loaded flange to devel op the force transmitted to the stiffener. Theweld connecting
transverse stiffenersto theweb shall besized to transmit the unbalanced forceinthe
stiffener to the web. Also, see Section K1.9.

Alternatively, when doubler plates are required, see Section K1.10.
7. Web Panel-Zone Shear

Either doubler platesor diagonal stiffenersshall be provided within the boundaries
of the rigid connection of members whose webs lie in a common plane when the
required strength exceeds ¢R,,

where

6 =0.90
and R, is determined as follows:

(& Whentheeffect of panel-zone deformation on frame stability isnot considered
inthe analysis,

For P, < 0.4P,
R, = 0.60F, d, t,, (K1-9)
For P,> 0.4P,

- 060Fdt H4-Rn (K1-10)
RI_ . ycwﬁl' Fyﬁ

(b) When frame stability, including plastic panel-zone deformation, is considered
inthe analysis:

For P, < 0.75P,

E (K1-11)

For P, > 0.75P,
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_12p0
R

0 3p,t,°00
R, =0.60F,dt, [1+ 9 (K1-12)
e dbdctw

In Equations K1-9 through K1-12, the following definitions apply:

ty = column web thickness, in. (mm)

by= width of column flange, in. (mm)

ty = thickness of the column flange, in. (mm)

d, = beam depth, in. (mm)

d. = column depth, in. (mm)

F, = yield strength of the column web, ksi (MPa)

R = KA, axial yield strength of the column, kips (N)
A = column cross-sectional area, in.2 (mm?)

When doubler plates are required, they shall meet the criteria of Section F2 and
shall be welded to develop the proportion of the total shear force which is to be
carried.

Alternatively, when diagonal stiffenersare required, the weld connecting diagonal
stiffeners to the web shall be sized to transmit the stiffener force caused by unbal -
anced moments to the web. Also, see Section K1.9.

Unframed Ends of Beams and Girders

At unframed ends of beams and girders not otherwise restrained against rotation
about their longitudinal axes, apair of transverse stiffeners, extending thefull depth
of the web, shall be provided. Also, see Section K1.9.

Additional Stiffener Requirementsfor Concentrated Forces
Transverse and diagonal stiffeners shall also comply with the following criteria:

(1) Thewidth of each stiffener plusone-half thethickness of the columnweb shall
not belessthan one-third of thewidth of theflange or moment connection plate
delivering the concentrated force.

(2) Thethicknessof astiffener shall not be less than one-half the thickness of the
flange or moment connection plate delivering the concentrated load, and not
less than its width times179,/F, / E.

Full depth transverse stiffeners for compressive forces applied to a beam or plate
girder flange shall be designed asaxially compressed members (columns) in accor-
dancewith therequirementsof Section E2, with an effectivelength of 0.75h, across
section composed of two stiffeners and a strip of the web having awidth of 25t,, at
interior stiffeners and 12t,, at the ends of members.

The weld connecting bearing stiffeners to the web shall be sized to transmit the
excessweb shear forcetothestiffener. For fitted bearing stiffeners, see Section J8.

Additional Doubler Plate Requirementsfor Concentrated Forces

Doubler platesrequired by Sections K 1.3 through K 1.6 shall also comply with the
following criteria:
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K2.

K3.

(1) Thethicknessand extent of the doubler plate shall providethe additional mate-
rial necessary to equal or exceed the strength requirements.

(2) Thedoubler plate shall be welded to develop the proportion of the total force
transmitted to the doubler plate.

PONDING

The roof system shall be investigated by structural analysis to assure adequate
strength and stability under ponding conditions, unlessthe roof surfaceis provided
with sufficient slopetoward points of free drainage or adequateindividual drainsto
prevent the accumulation of rainwater.

Theroof system shall be considered stableand nofurther investigationisneeded if:

C,+0.9C;<0.25 (K2-1)
lg =25(S%10° (K2-2)
(Metric: 14>39405%) (K2-2M)
where
_ 32LSL‘:)
P 107Ip
O ) 504L5L‘; O
ﬁ\/letrlc: Cp = —ﬁ
IP
_ 329_‘;
s 1O7IS
0 ‘0
[Metric: C, = 5043'55
0 s O

L, = column spacing in direction of girder (length of primary members), ft (m)

L = column spacing perpendicular to direction of girder (Iength of secondary
members), ft (m)

S = gpacing of secondary members, ft (m)

I, = moment of inertia of primary members, in.* (mm®*)

Is = moment of inertia of secondary members, in.* (mm?)

Is =moment of inertiaof the steel deck supported on secondary members, in.* per
ft (mm® per m)

For trusses and steel joists, the moment of inertia | shall be decreased 15 percent
when used in the above equation. A steel deck shall be considered a secondary
member when it is directly supported by the primary members.

See Appendix K2 for an alternate determination of flat roof framing stiffness.

DESIGN FOR CYCLIC LOADING (FATIGUE)
Few members or connections in conventional buildings need to be designed for
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fatigue, since most load changes in such structures occur only a small number of
timesor produce only minor stressfluctuations. The occurrenceof full designwind
or earthquake loads is too infrequent to warrant consideration in fatigue design.

However, crane runways and supporting structures for machinery and equipment
are often subject to fatigue loading conditions.

Members and their connections subject to fatigue loading shall be proportioned in
accordance with the provisions of Appendix K3 for service loads.
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CHAPTER L

SERVICEABILITY DESIGN CONSIDERATIONS

This chapter isintended to provide design guidance for serviceability considerations.

Serviceability isastatein which the function of abuilding, its appearance, maintainabil-
ity, durability, and comfort of its occupants are preserved under normal usage. The
general design requirement for serviceability isgivenin Section A5.4. Limiting val ues of
structural behavior to ensure serviceability (e.g., maximum deflections, accelerations,
etc.) shall be chosen with due regard to the intended function of the structure. Where
necessary, serviceability shall be checked using realisticloadsfor the appropriate service-
ability limit state.

L1

L2

L3.

CAMBER

If any special camber requirements are necessary to bring aloaded member into
proper relation with the work of other trades, asfor the attachment of runs of sash,
the requirements shall be set forth in the design documents. |f camber involvesthe
erection of any member under a preload, this shall be noted in the design
documents.

Beams and trusses detailed without specified camber shall be fabricated so that
after erection any camber due to rolling or shop assembly shall be upward.
EXPANSION AND CONTRACTION

Adequate provision shall be made for expansion and contraction appropriate to the
service conditions of the structure.

DEFLECTIONS, VIBRATION, AND DRIFT

Deflections

Deformations in structural members and structural systems due to service loads
shall not impair the serviceability of the structure.

Floor Vibration

Vibration shall be consideredin designing beamsand girderssupporting largeareas
free of partitions or other sources of damping where excessive vibration due to
pedestrian traffic or other sources within the building is not acceptable.

Drift

Lateral deflection or drift of structures due to code-specified wind or seismic loads
shall not cause collision with adjacent structures nor exceed the limiting val ues of
such drifts which may be specified or appropriate.
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L4. CONNECTION SLIP
For the design of dlip-critical connections see Sections J3.8 and J3.9.

L5. CORROSION

When appropriate, structural components shall be designed to tolerate corrosion or
shall beprotected against corrosion that may impair the strength or serviceability of
the structure.
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CHAPTER M

FABRICATION, ERECTION, AND QUALITY CONTROL

This chapter provides requirements for shop drawings, fabrication, shop painting, erec-
tion, and quality control.

M1

SHOP DRAWINGS

Shop drawings giving complete information necessary for the fabrication of the
component partsof the structure, including thelocation, type, and size of all welds,
bolts, and rivets, shall be prepared in advance of the actual fabrication. These draw-
ings shall clearly distinguish between shop and field welds and bolts and shall
clearly identify pretensioned and slip-critical high-strength bolted connections.

Shop drawings shall be madein conformity with good practice and with dueregard
to speed and economy in fabrication and erection.

. FABRICATION

Cambering, Curving, and Straightening

Local application of heat or mechanical means is permitted to be used to intro-
duce or correct camber, curvature, and straightness. The temperature of heated
areas, as measured by approved methods, shall not exceed 1,100°F (593°C) for
A514/A514M and A852/A852M steel nor 1,200°F (649°C) for other steels.

Thermal Cutting

Thermally cut edges shall meet the requirements of AWS 5.15.1.2, 5.15.4.3 and
5.15.4.4 with the exception that thermally cut free edges which will be subject to
calculated static tensile stress shall be free of round bottom gouges greater than
Hs-in. (5 mm) deep and sharp V-shaped notches. Gouges greater than }s-in. (5 mm)
deep and notches shall be removed by grinding or repaired by welding.

Re-entrant corners, except re-entrant corners of beam copes and weld access holes,
shall meet the requirements of AWS5.16. If another specified contour isrequiredit
must be shown on the contract documents.

Beam copesand weld access holes shall meet the geometrical requirementsof Sec-
tion J1.6. For beam copesand weld accessholesin ASTM A6/A6M Group 4 and 5
shapes and welded built-up shapeswith material thickness greater than twoin. (50
mm), a preheat temperature of not less than 150°F (66°C) shall be applied prior to
thermal cutting.

Planing of Edges
Planing or finishing of sheared or thermally cut edges of plates or shapes is not
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required unlessspecifically called for in the design documentsor included in astip-
ulated edge preparation for welding.

Welded Construction

Thetechnique of welding, the workmanship, appearance, and quality of weldsand
the methods used in correcting nonconforming work shall be in accordance with
AWS D1.1 except as modified in Section J2.

Bolted Construction

All partsof bolted members shall be pinned or bolted and rigidly held together dur-
ing assembly. Use of adrift pin in bolt holes during assembly shall not distort the
metal or enlarge the holes. Poor matching of holes shall be cause for rejection.

If the thickness of the material is not greater than the nominal diameter of the bolt
plus %-in. (3 mm), the holes are permitted to be punched. If the thickness of the
material isgreater than thenominal diameter of thebolt plus;-in. (3 mm), theholes
shall be either drilled or sub-punched and reamed. The die for al sub-punched
holes, and the drill for all sub-drilled holes, shall be at least %45-in. (2 mm) smaller
than the nominal diameter of the bolt. Holesin ASTM A514/A514M stedl plates
over %-in. (13 mm) thick shall be drilled.

Fully-inserted finger shims, with atotal thickness of not more than ¥;-in. (6 mm)
within ajoint, are permitted in joints without changing the design strength (based
upon holetype) for thedesign of connections. Theorientation of such shimsisinde-
pendent of the direction of application of the load.

Theuse of high-strength bolts shall conform to the requirements of the RCSC Load
and Resistance Factor Design Specification for Sructural Joints Using ASTM
A325 or A490 Bolts.

Compression Joints

Compression joints which depend on contact bearing as part of the splice strength
shall have the bearing surfaces of individual fabricated pieces prepared by milling,
sawing, or other suitable means.

Dimensional Tolerances

Dimensional tolerances shall be in accordance with the AISC Code of Sandard
Practice.

Finish of Column Bases

Column bases and base plates shall be finished in accordance with the following
requirements:

(1) Steel bearing platestwoin. (50 mm) or lessin thickness are permitted without
milling, provided a satisfactory contact bearing is obtained. Steel bearing
platesover twoin. (50 mm) but not over four in. (100 mm) in thicknessare per-
mitted to be straightened by pressing or, if pressesare not available, by milling
for al bearing surfaces (except as noted in subparagraphs 2 and 3 of this sec-
tion), to obtain asatisfactory contact bearing. Steel bearing plates over four in.
(100 mm) in thickness shall be milled for al bearing surfaces (except as noted
in subparagraphs 2 and 3 of this section).
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(2) Bottom surfaces of bearing plates and column bases which are grouted to
ensure full bearing contact on foundations need not be milled.

(3) Top surfaces of bearing plates need not be milled when complete-
joint-penetration groove welds are provided between the column and the bear-
ing plate.

. SHOP PAINTING

General Requirements

Shop painting and surface preparation shall bein accordance with the provisions of
the AISC Code of Sandard Practice.

Shop paint is not required unless specified by the contract documents.
Inaccessible Surfaces

Except for contact surfaces, surfaces inaccessible after shop assembly shall be
cleaned and painted prior to assembly, if required by the design documents.

Contact Surfaces

Paint is permitted unconditionally in bearing-type connections. For slip-critical
connections, thefaying surface requirements shall bein accordancewiththe RCSC
Soecification for Sructural Joints Using ASTM A325 or A490 Bolts, paragraph
3(b).

Finished Surfaces

Machine-finished surfaces shall be protected against corrosion by arust inhibitive
coating that can beremoved prior to erection, or which hascharacteristicsthat make
removal prior to erection unnecessary.

Surfaces Adjacent to Field Welds

Unless otherwise specified in the design documents, surfaces within two in. (50
mm) of any field weld location shall be free of materialsthat would prevent proper
welding or produce objectionable fumes during welding.

. ERECTION

Alignment of Column Bases

Column bases shall be set level and to correct elevation with full bearing on con-
crete or masonry.

Bracing

Theframe of steel skeleton buildings shall be carried up true and plumb within the
limits defined in the AISC Code of Standard Practice. Temporary bracing shall be
provided, in accordance with the requirements of the Code of Standard Practice,
wherever necessary to support all loads to which the structure may be subjected,
including equipment and the operation of same. Such bracing shall beleft in place
aslong asrequired for safety.
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Alignment

No permanent bolting or wel ding shall be performed until the adjacent affected por-
tions of the structure have been properly aligned.

Fit of Column Compression Joints and Base Plates

L ack of contact bearing not exceeding agap of %4s-in. (2 mm), regardlessof thetype
of splice used (partial-joint-penetration groove welded, or bolted), is permitted. If
the gap exceeds %¢-in. (2 mm), but islessthan %-in. (6 mm), and if an engineering
investigation shows that sufficient contact area does not exist, the gap shall be
packed out with non-tapered steel shims. Shims need not be other than mild steel,
regardless of the grade of the main material.

Field Welding

Shop paint on surfaces adjacent to jointsto be field welded shall bewire brushed if
necessary to assure weld quality.

Field welding of attachments to installed embedments in contact with concrete
shall be done in such a manner as to avoid excessive thermal expansion of the
embedment which could result in spalling or cracking of the concrete or excessive
stress in the embedment anchors.

Field Painting

Responsibility for touch-up painting, cleaning, and field painting shall be allocated
in accordance with accepted local practices, and this allocation shall be set forth
explicitly in the design documents.

Field Connections

As erection progresses, the structure shall be securely bolted or welded to support
all dead, wind, and erection loads.

QUALITY CONTROL

Thefabricator shall providequality control proceduresto the extent that thefabrica-
tor deems necessary to assure that all work is performed in accordance with this
Specification. In addition to the fabricator’s quality control procedures, material
and workmanship at all times may be subject to inspection by qualified inspectors
representing the purchaser. If such inspection by representatives of the purchaser
will berequired, it shall be so stated in the design documents.

Cooperation

Asfar aspossible, al inspection by representatives of the purchaser shall be made
at the fabricator’s plant. The fabricator shall cooperate with the inspector, permit-
ting access for inspection to all places where work is being done. The purchaser’s
inspector shall schedule this work for minimum interruption to the work of the
fabricator.

Rejections

Material or workmanship not in reasonabl e conformancewith the provisionsof this
Specification may be rejected at any time during the progress of the work.
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The fabricator shall receive copies of all reports furnished to the purchaser by the
inspection agency.

3. Inspection of Welding

Theinspection of welding shall be performed in accordance with the provisions of
AWS D1.1 except as modified in Section J2.

When visual inspection is required to be performed by AWS certified welding
inspectors, it shall be so specified in the design documents.

When nondestructive testing is required, the process, extent, and standards of
acceptance shall be clearly defined in the design documents.

4.  Inspection of Slip-Critical High-Strength Bolted Connections

The inspection of dlip-critical high-strength bolted connections shall be in accor-
dancewiththeprovisionsof the RCSC Load and Resistance Factor Design Specifi-
cation for Sructural Joints Using ASTM A325 or A490 Bolts.

5. I dentification of Steel

The fabricator shall be able to demonstrate by a written procedure and by actual
practice amethod of material application andidentification, visibleat least through
the “fit-up” operation, of the main structural elements of a shipping piece.

Theidentification method shall be capable of verifying proper material application
asit relatesto:

(1) Materia specification designation
(2) Heat number, if required
(3) Material test reports for special requirements
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CHAPTERN

EVALUATION OF EXISTING STRUCTURES

This chapter applies to the evaluation of the strength and stiffness under static vertical
(gravity) loadsof existing structuresby structural analysis, by load tests, or by acombina
tion of structural analysis and load tests when specified by the Engineer of Record or in
the contract documents. For such evaluation, the steel grades are not limited to those
listedin Section A3.1. Thischapter doesnot addressload testing for the effectsof seismic
loads or moving loads (vibrations).

N1.

N2.

GENERAL PROVISIONS

These provisions shall be applicable when the eval uation of an existing steel struc-
tureis specified for (a) verification of a specific set of design loadingsor (b) deter-
mination of the design strength of aload resisting member or system. The evalua-
tion shall be performed by structural analysis (Section N3), by load tests (Section
N4), or by a combination of structural analysis and load tests, as specified in the
contract documents. Where |oad tests are used, the Engineer of Record shall first
analyzethestructure, prepareatesting plan, and devel op awritten procedureto pre-
vent excessive permanent deformation or catastrophic collapse during testing.

MATERIAL PROPERTIES
Deter mination of Required Tests

The Engineer of Record shall determine the specific tests that are required from
Section N2.2 through N2.6 and specify the locations where they are required.
Where available, the use of applicable project records shall be permitted to reduce
or eliminate the need for testing.

Tensile Properties

Tensilepropertiesof membersshall be considered in eval uation by structural analy-
sis(Section N3) or load tests (Section N4). Such properties shall includetheyield
stress, tensile strength, and percent el ongation. Where available, certified mill test
reports or certified reports of tests made by the fabricator or atesting laboratory in
accordancewith ASTM A6/A6M or A568/A568M, as applicable, shall be permit-
ted for this purpose. Otherwise, tensiletests shall be conducted in accordance with
ASTM A370 from samples cut from components of the structure.

Chemical Composition

Where welding is anticipated for repair or modification of existing structures, the
chemical composition of the steel shall be determined for use in preparing aweld-
ing procedure specification (WPS). Whereavailable, resultsfrom certified mill test
reports or certified reports of tests made by the fabricator or atesting laboratory in
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N3.

accordancewith ASTM procedures shall be permitted for this purpose. Otherwise,
analyses shall be conducted in accordance with ASTM A751 from the samples
used to determine tensile properties, or from samples taken from the same
locations.

Base Metal Notch Toughness

Where welded tension splices in heavy shapes and plates as defined in Section
A3.1c are critica to the performance of the structure, the Charpy V-notch tough-
ness shall be determined in accordance with the provisions of Section A3.1c. If the
notch toughness so determined does not meet the provisions of Section A3.1c, the
Engineer of Record shall determineif remedial actions are required.

Weld Metal

Where structural performanceisdependent on existing welded connections, repre-
sentative samples of weld metal shall be obtained. Chemical analysisand mechani-
cal tests shall be made to characterize the weld metal. A determination shall be
made of the magnitude and consegquences of imperfections. If the requirements of
AWS D1.1 are not met, the Engineer of Record shall determineif remedial actions
are required.

Boltsand Rivets

Representative samples of bolts shall beinspected to determine markingsand clas-
sifications. Whereboltscan not be properly identified visually, representative sam-
ples shall be removed and tested to determine tensile strength in accordance with
ASTM F606 or ASTM F606M and the bolt classified accordingly. Alternatively,
the assumption that the boltsare A307 shall be permitted. Rivetsshall be assumed
tobe A502, Grade 1, unlessahigher gradeis established through documentation or
testing.

EVALUATION BY STRUCTURAL ANALYSIS

Dimensional Data

All dimensions used in the evaluation, such as spans, column heights, member
spacings, bracing locations, cross section dimensions, thicknesses, and connection
details, shall be determined from afield survey. Alternatively, when available, it
shall be permitted to determine such dimensions from applicable project design or
shop drawings with field verification of critical values.

Strength Evaluation

Forces (load effects) in members and connections shall be determined by structural
analysis applicable to the type of structure evaluated. The load effects shall be
determined for theloads and factored |oad combinations stipul ated in Section A4.

Thedesign strength of membersand connectionsshall be determined from applica-
ble provisions of Chapters B through K of this Specification.

Serviceability Evaluation
Whererequired, thedeformationsat serviceloadsshall be cal culated and reported.
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N4.

1.

N5.

EVALUATION BY LOAD TESTS [Sect. N4.

EVALUATION BY LOAD TESTS
Determination of Live Load Rating by Testing

To determine the live load rating of an existing floor or roof structure by testing, a
test load shall be applied incrementally in accordance with the Engineer of Rec-
ord'splan. The structure shall be visually inspected for signs of distress or immi-
nent failure at each load level. Appropriate measures shall be taken if these or any
other unusual conditions are encountered.

The tested design strength of the structure shall be taken as the maximum applied
test load plusthein-situ dead load. Theliveload rating of afloor structure shall be
determined by setting thetested design strength equal to 1.2D + 1.6L, whereD isthe
nominal dead load and L isthe nominal liveload rating for the structure. The nomi-
nal live load rating of the floor structure shall not exceed that which can be calcu-
lated using applicable provisionsof the specification. For roof structures, L, S, or R
as defined in the Symboals, shall be substituted for L. More severe load combina
tions shall be used where required by applicable building codes.

Periodic unloading shall be considered once the service load level is attained and
after the onset of inelastic structural behavior isidentified to document the amount
of permanent set and the magnitude of theinelastic deformations. Deformations of
the structure, such as member deflections, shall be monitored at critical locations
during thetest, referenced to theinitial position beforeloading. It shall be demon-
strated, while maintai ning maximum test |oad for one hour, that the deformation of
the structure does not increase by more than 10 percent above that at the beginning
of theholding period. Itispermissibleto repeat the sequenceif necessary to dem-
onstrate compliance.

Deformations of the structure shall also be recorded 24 hours after the test loading
is removed to determine the amount of permanent set. Because the amount of
acceptable permanent deformation depends on the specific structure, no limit is
specified for permanent deformation at maximum loading. Whereitisnot feasible
toload test theentire structure, asegment or zone of not lessthan one compl ete bay,
representative of the most critical conditions, shall be selected.

Serviceability Evaluation

When load tests are prescribed, the structure shall be loaded incrementally to the
serviceload level. Deformations shall be monitored for aperiod of one hour. The
structure shall then be unloaded and the deformation recorded.

EVALUATION REPORT

After the evaluation of an existing structure has been completed, the Engineer of
Record shall prepare areport documenting the evaluation. Thereport shall indicate
whether the eval uation was performed by structural analysis, by load testing or by a
combination of structural analysis and load testing. Furthermore, when testing is
performed, the report shall include the loads and load combination used and the
|oad-def ormation and time-deformati on rel ationshipsobserved. All relevant infor-
mation obtained from design drawing, mill test reports, and auxiliary material test-
ing shall aso be reported. Finally, the report shall indicate whether the design
strength of the structure, including all members and connections, is adequate to
withstand the load effects.
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APPENDIX B

DESIGN REQUIREMENTS

Appendix B5.1 provides an expanded definition of limiting width-thickness ratio for
websin combined flexure and axial compression. Appendix B5.3 appliesto the design of
members containing slender compression elements.

B5. LOCAL BUCKLING

1

Classification of Steel Sections

For members with unequal flanges and with webs in combined flexural and axial
compression, A, for the limit state of web local buckling is

2, =1.49 F l1+ 2.83(£J[1— it H (A-B5-1)
I:y hc ¢bpy

3.
4

&=
IN
N W

For members with unequal flanges with
limit state of web local buckling is

A =149 \/FE 1+ z.ss(hﬁﬂ (A-B5-2)

3 h 3
<<=
4 h 2

=

ebs subjected to flexure only, A, for the

where A, h, and h. are as defined in Section B5.1.

These substitutions shall bemadein Appendices F and G when applied to members
with unequal flanges. If the compression flangeislarger than the tension flange, A,
shall be determined using Equation A-B5-1, A-B5-2, or Table B5.1.

Slender-Element Compression Sections

Axially loaded members containing el ements subject to compression which have a
width-thickness ratio in excess of the applicable A, as stipulated in Section B5.1
shall be proportioned according to this Appendix. Flexural members with slender
compression elements shall be designed in accordance with Appendices F and G.
Flexural memberswith proportions not covered by Appendix F1 shall be designed
in accordance with this Appendix.
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Errata 9/4/01

LOCAL BUCKLING [App. BS.

Unstiffened Compression Elements

The design strength of unstiffened compression elements whose width-thickness
ratio exceeds the applicable limit A, as stipulated in Section B5.1 shall be subject to
a reduction factor Q.. The value of Qs shall be determined by Equations A-B5-3
through A-B5-10, as applicable. When such elements comprise the compression
flange of a flexural member, the design flexural strength, in ksi, shall be computed
using 0pFyQs, where ¢, = 0.90. The design strength of axially loaded compression
members shall be modified by the appropriate reduction factor Q, as provided in
Appendix B5.3d.

(a)

(b)

(©

For single angles:

when 0.45,[E/F, <b/t<09LJE/F, :

Q, =1.340—0.76(b/1),F, /E (A-B5-3)
when b/t0.914 [E/F,
Q.= 0.53E/[Fy (b/tﬂ (A-B5.4)

For flanges, angles, and plates projecting from rolled beams or columns or
other compression members:

when 0.56,/E/F, <b/t <1.03,[E/F, :
Q, = 1.415-0.74(b/t),JF, /E (A-B5-5)
when b/t >1.03,[E/F, :

Q, = 0.69E/| F, (b/t) ] (A-B5-6)

For flanges, angles and plates projecting from built-up columns or other com-
pression members:

when 0.64,/E/(F,/k,) <b/t<1.17,/E/(F,/k,):

Q, = 1.415-0.65(0b/1)/(F, /K E) (A-B5-7)
when b/t>1.17,[E/F, /k,) :
Q. = 0.9k, /[ F, (b/1) | (A-B5-8)

The coefficient, k., shall be computed as follows:

(a) For I-shaped sections:
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ko= % 035<k, <0763
h/t,

where

h = depth of web, in. (mm)
t, = thickness of web, in. (mm)

(b) For other sections:
k.=0.763
For stems of tees:
when 0.75,[E/F, <|d/t| 1.03,[E/F, :

Q, =1.908 —1.224d/t){/F, /E (A-B5-9)

when [d/1]> 1.03,[E/F, :
Q=069 /[Ffd/t}] (A-B5-10)

where
|E|= width of unstiffened compression element as defined in Section B5.1,
in. (mm)
t = thickness of unstiffened element, in. (mm)

Stiffened Compression Elements

When the width-thickness ratio of uniformly compressed stiffened elements
(except perforated cover plates) exceeds the limit A, stipulated in Section B5.1, a
reduced effective width be shall be used in computing the design properties of the
section containing the element.

(a)

(b)

For flanges of square and rectangular sections of uniform thickness:

when 92 1.40\/E:
t f
b, =1.91t E 038 E (A-B5-11)
f b/oy\ f

otherwise be=b.

For other uniformly compressed elements:

when 921.49 /E:
t f
E 034 |E
b=191t |—|1-—— |— A-B5-12
¢ \/fli (b/t)\jf:l ( )

otherwise be=b.

where
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b = actual width of a stiffened compression element, as defined in Section
B5.1, in. (mm)

b, = reduced effective width, in. (mm)

t = element thickness, in. (mm)

f =computed elastic compressive stressin the stiffened elements, based on
the design properties as specified in Appendix B5.3c, ksi (MPa). If un-
stiffened elements are included in the total cross section, f for the stiff-
ened element must be such that the maximum compressive stressin the
unstiffened element doesnot exceed ¢.F, asdefinedin Appendix B5.3d
with Q = Q, and ¢, = 0.85, or ¢,F, Qs with ¢, = 0.90, as applicable.

(c) For axialy loaded circular sections with diameter-to-thickness ratio D / t
greater than 0.11E/F, but less than 0.45E / F,

0.038E 2
= +

Q=Q.= F,(D/t) 3

(A-B5-13)
where

D = outside diameter, in. (mm)
t =wall thickness, in. (mm)

Design Properties

Propertiesof sectionsshall be determined using thefull cross section, except asfol-
lows:

In computing the moment of inertia and elastic section modulus of flexural mem-
bers, the effective width of uniformly compressed stiffened elements b, as deter-
mined in Appendix B5.3b, shall be used in determining effective cross-sectional
properties.

For unstiffened elements of the cross section, Qs is determined from Appendix
B5.3a For stiffened elements of the cross section

Q- effective area (A-B5-14)
®  actud area

wherethe effective areaisequal to the summation of the effective areas of the cross
section.

Design Strength

For axially loaded compression members the gross cross-sectional area and the
radius of gyration r shall be computed on the basis of the actual cross section. The
critical stress F., shall be determined as follows:

(@ For A./Q<15:
F, =Q(0.658%%)F, (A-B5-15)
(b) ForA./Q>15:
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F o= {M} ,: (A-B5-16)
cr 7\,5 y
where
Q = QsQa (A_BS_:L?)

Cross sections comprised of only unstiffened elements, Q = Q,, (Q.=1.0)
Cross sections comprised of only stiffened elements, Q = Q,, (Qs=1.0)
Cross sections comprised of both stiffened and unstiffened elements, Q = Q.Q.
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COLUMNS AND OTHER COMPRESSION MEMBERS

This Appendix appliesto the strength of doubly symmetric columns with thin plate ele-
ments, and singly symmetric and unsymmetric columns for the limit states of
flexural-torsional and torsional buckling.

E3.

DESIGN COMPRESSIVE STRENGTH FOR FLEXURAL-TORSIONAL
BUCKLING

The design strength of compression members determined by the limit states of
torsional and flexural-torsional buckling is ¢.Py,

where
¢, =0.85
P, = nominal resistance in compression, kips (N)
=AF, (A-E3-1)

A, = gross area of cross section, in.? (mm?)

The nominal critical stress F., is determined as follows:

(8 For 1,/Q<15:

F, = Q(0.658%*)F, (A-E3-2)

(b) For A,\/Q>15:

e

0.877
Fo ={ IR }Fy (A-E3-3)

where

Ao =+ /F, /F, (A-E3-9)

Q = 1.0 for elements meeting the width-thickness ratios A, of Section B5.1

= Q.Q.for elements not meeting the width-thicknessratios A, of Section B5.1
and determined in accordance with the provisions of Appendix B5.3

Thecritical torsional or flexural-torsional elastic buckling stressk, isdetermined as
follows:

(8) For doubly symmetric shapes:
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2
EC 1
=2 ia
(K.J) L+,

(b) For singly symmetric shapes wherey is the axis of symmetry:

F, +F

4F, F_H
Fo—o ey o _ee
2H (F, +F.)

95

(A-E3-5)

(A-E3-6)

(c) For unsymmetric shapes, the critical flexural-torsional elastic buckling stress

F.isthe lowest root of the cubic equation

(Fe - Fex)(Fe - Fey)(Fe - Fez) - Fez(Fe - Fey)(ré] - Fez(Fe - Fa)[é

K, = effective length factor for torsional buckling
= shear modulus, ksi (MPa)

warping constant, in.5 (mm®)

torsional constant, in.* (mm?)

_L'QO
1

j “o
A (A-E3-7)

Xo, Yo = coordmates of shear center with respect to the centroid, in. (mm)
IR L+,
Rl=X+Yo+ (A-E3-8)
2+ 2
H = 1—(X°_2y2 J (A-E3-9)
F__TE
ex (KXI /rX)Z (A'ES'].O)
_ n’E
Y —(Kyl /ry)z (A-E3-11)
n°EC, 1
F, +GJ -E3-
@ ((K % ]Ar_oz (A-E3-12)
A = cross-sectional area of member, in.2 (mm?)

I = unbraced length, in. (mm)

K« K, = effective length factors in x and y directions

ry, ry = radii of gyration about the principal axes, in. (mm)

fo = polar radius of gyration about the shear center, in. (mm)

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



96

APPENDIX F

BEAMS AND OTHER FLEXURAL MEMBERS

Appendix F1 providesthedesign flexural strength of beamsand other flexural members.
Appendix F2 provides the design shear strength of webs with and without stiffeners and

requirements on transverse stiffeners. Appendix F3 applies to web-tapered members.

F1. DESIGN FOR FLEXURE

Thedesign strength for flexural membersis$,M,where ¢,= 0.90 and M, isthenom-
inal strength.

Table A-F1.1 provides a tabular summary of Equations F1-1 through F1-15 for
determining the nominal flexural strength of beams and other flexural members.
For slenderness parameters of cross sections not included in Table A-F1.1, see
Appendix B5.3. For flexural memberswith unequal flanges see Appendix B5.1 for
the determination of A, for the limit state of web local buckling.

Thenominal flexural strength M,isthelowest value obtained according to thelimit
states of yielding: lateral-torsiona buckling (LTB); flange local buckling (FLB);
and web local buckling (WLB).

Thenominal flexural strength M,shall bedetermined asfollowsfor eachlimit state:
(@ ForA<h,:
Mp=M, (A-F1-1)
(b) ForA, <A<A;:
For the limit state of lateral-torsional buckling:

A=A
M,=C,|M,—(M —M,) g™ (A-F1-2)
p p ;Lr _)‘p p
For the limit states of flange and web local buckling:
A=A
M, =M _—-(M —-M 2 A-F1-3
=M, —(M, ,{&_%J (A-F1-3)
(c) ForA>A,:

For the limit state of lateral-torsional buckling and flange local buckling:

Mp=Mg =Sy <M, (A-F1-4)
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For the design of other flexural memberswith slender webs, the limit state of web
local buckling is not applicable. See Appendix G2.

For A of theflange>A.in shapesnotincludedin Table A-F1.1, see Appendix B5.3.
For A of the web > A, see Appendix G.

The terms used in the above equations are:
M, =nominal flexural strength, kip-in. (N-mm)
p = FyZ, plastic moment < 1.5 F, S kip-in. (N-mm)
« = buckling moment, kip-in. (N-mm)
. = limiting buckling moment (equal to M, when A = A;), kip-in. (N-mm)
A = controlling slenderness parameter
= minor axis slendernessratio Ly, / r, for lateral-torsional buckling
=flangewidth-thicknessratiob/t for flangelocal buckling asdefinedin Sec-
tion B5.1
=web depth-thicknessratioh/t,, for web local buckling asdefinedin Section
B5.1
A, = largest value of A for which M, = M,
A =largest value of A for which buckling isinelastic
F. = critical stress, ksi (MPa)
C, = bending coefficient dependent on moment gradient, see Section F1.2a,
Equation F1-3
S = section modulus, in.® (mm®)
L, =lateraly unbraced length, in. (mm)
r, = radius of gyration about minor axis, in. (mm)

=L

Theapplicablelimit statesand equationsfor My, M, Fe, A, Ap, and A, aregiveninthe
TableA-F1.1for shapescoveredinthisAppendix. Thetermsusedinthetableare:

A = cross-sectiond area, in.? (mm?)

F. =smaller of (Fy:—F;) or Fy,, ksi (MPa)
F. = compressiveresidua stressin flange
=10 ks (69 N/mm?) for rolled shapes
=16.5ksi (114 N/mm?) for welded shapes
F, = specified minimum yield strength, ksi (MPa)
Fy = yield strength of the flange, ksi (M Pa)
F,w = yield strength of the web, ksi (MPa)

l,e =moment of inertiaof compression flangeabouty axisor if reversecurvature
bending, moment of inertia of smaller flange, in.* (mm?)

J =torsional constant, in.* (mm?)

R. =see Appendix G2

Sy = effective section modulus about major axis, in.? (mm?®)

S = section modulus of the outside fiber of the compression flange,

in2 (mm®)

section modulus of the outside fiber of the tension flange, in.® (mm®)

plastic section modulus, in.2 (mm?)

flange width, in. (mm)

= overal depth, in. (mm)

= computed compressive stress in the stiffened element, ksi (MPa)

_"Q.CTNy)
I
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TABLE A-F1.1
Nominal Strength Parameters
Plastic Lo .
Moment Limit State of Limiting Buckling
Shape M, Buckling Moment M,
Channels and doubly FZ, LTB doubly symmetric F,. S,
and singly symmetric [b] members and channels

I-shaped beams (includ-

ing hybrid beams) bent LTB singly symmetric

about major axis [a] members
FLch <F ytsxt
FLB F.S,
WLB ReF,Sx
Channels and doubly FZ, FLB F,S,

and singly symmetric
I-shaped members bent
about minor axis [a]

NOTE: LTB applies only for strong axis bending.
[a] Excluding double angles and tees.
[b] Computed from fully plastic stress distribution for hybrid sections.

Errata n  |EGJA Cu(S 2
9/4/01 el Y=g "2 (2747, o
(L —

<
X1
[d A, =E 141+ X F2
M _ 2EC, 2
(o) £, =g where M, == 1,3 [B,+ |@5.+ B )} <M,

where

B, = 2.25[ 20,0/, )-1| (1L, ) [T, 70)
B, = 25(L— I, /1, )1, )Ly )°

Cp =10/, /1, <0.10r/ /I, >0.9
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TABLE A-F1.1 (contd)
Nominal Strength Parameters

Slenderness Parameters
Critical Stress F, A Ao A Limitations
CoXiN2 [ XZX, Ly E Applicable for
— . 176, — d I-shaped
A 23 ry Fye [c.d] shaped
members if
Ly 176 | E Value of A hity <.
le] Iye ij for which When
Mcr(cbz:l):Mr h/tW>7\'r .
see Appendix G.
9 0.38 E
[ t S8E, [q]
Not applicable h 376 E A, as defined
ty : g in Section B5.1
0.69E b E E N
: ks 038 |— 0.83,|= one

Notes (cont'd):

0.69E
[f] For = 2

for rolled shapes

Fe = %fk" for welded shapes

where
ke=41hlt, and 0.35 <k, <0763

[g] A, =0.83 FE for rolled shapes
L

Ar =0.95

E for welded shapes
(FL ! ke)
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TABLE A-F1.1 (contd)
Nominal Strength Parameters

Plastic Limit State Limiting Buckling
Shape Moment M, of Buckling Moment M,
Solid symmetric FZ, Not Applicable
shapes, except rec-
tangular bars, bent
about major axis
Solid rectangular FZ, LTB F,Sy
bars bent about
major axis
Symmetric box FZz LTB FySer
sections loaded in a
plane of symmetry
FLB FySer
WLB Same as for |-shape
Round HSS FZz LTB Not applicable
0.021E
=|——+F,|S |h
FLB n ( o T, y) [h]
WLB Not applicable

Notes (cont'd):
[h] This equation is to be used in place of Equation A-F1-3.
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TABLE A-F1.1 (cont'd)
Nominal Strength Parameters

Slenderness Parameters

Critical Stress
F., A A Ar Limitations

Not applicable

26C,IA L 0.13EVUA 26+JIA None
AS, r, M, M,
2EC,JA L, 0.13E1UA 26JIA Applicable if
S AS, fy M, M, hit, <5.70,/E/F,
U =
%F 9 112 E 1.40 |— None
s’ t F, F,
Same as for I-Shape
Not applicable
0.332 D/t 0.071E 0.31F 045E
D/t<
D/t F, F, F,

Not applicable

Notes (cont'd):

[i] Seris the effective section modulus for the section with a compression flange b, defined in
Appendix B5.3b.
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F2.

2.

DESIGN FOR FLEXURE [App. F1.

h =clear distance between flangeslessthefillet or corner radiusat each flange,
in. (mm)

ry. =radiusof gyration of compressionflangeaboutyaxisor if reversecurvature
bending, smaller flange, in. (mm)

tr = flangethickness, in. (mm)

ty = web thickness, in. (mm)

DESIGN FOR SHEAR
Design Shear Strength
The design shear strength of stiffened or unstiffened websis ¢V,

where
¢, =0.90
V,= nominal shear strength defined as follows:

(@ For h/t,<110(kE/F, :

V, = 0.6F,, A, (A-F2-1)
(b) For 110,k E/F,, <h/t, <1.37,/KE/F,, :
V, = 06F,,A,(1.10,[k E/F,,) /(h/t,) (A-F2-2)
(¢) For hit,>137,[KE/F,,:
V, = A,(0.91Ek,) /(h/t,)’ (A-F2-3)

where

k,=5+5/(alh)?
=5whena/h>3ora/h >[260/ (h/1)]?
a = distance between transverse stiffeners, in. (mm)
h = for rolled shapes, the clear distance between flanges less thefillet or corner
radius, in. (mm)
= for built-up welded sections, the clear distance between flanges, in. (mm)
= for built-up bolted or riveted sections, the distance between fastener lines, in.
(mm)

Transver se Stiffeners

Transverse stiffeners are not required in plate girderswhereh /t,, <245,/E/ Fyy,
or wheretherequired shear, V,,, asdetermined by structural analysisfor thefactored
loads, islessthan or equal to 0.6¢0,A.F,C., whered,=0.90 and the shear coefficient
C, defined in Appendix G3 is determined for k, = 5.

Transverse stiffeners used to devel op the web design shear strength as provided in
Appendix F2.2 shall have a moment of inertia about an axisin the web center for
gtiffener pairs, or about the face in contact with the web plate for single stiffeners,
which shall not be less than at,’j, where
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F3.

j=2.5/(a/h)?-2>05 (A-F2-4)

Intermediate stiffeners are permitted to be stopped short of the tension flange, pro-
vided bearingisnot needed to transmit aconcentrated |oad or reaction. Theweld by
which intermediate stiffeners are attached to the web shall be terminated not less
than four times nor more than six times the web thickness from the near toe of the
web-to-flange weld. When single stiffeners are used, they shall be attached to the
compressionflange, if it consists of arectangular plate, toresist any uplift tendency
duetotorsionintheflange. When lateral bracing is attached to astiffener, or apair
of stiffeners, these, inturn, shall be connected to the compression flangeto transmit
onepercent of thetotal flangestress, unlesstheflangeiscomposed only of angles.

Bolts connecting stiffeners to the girder web shall be spaced not more than 12 in.
(300 mm) on center. If intermittent fillet welds are used, the clear distance between
welds shall not be more than 16 times the web thickness nor more than 10 in. (250
mm).

WEB-TAPERED MEMBERS

The design of tapered members meeting the requirements of this section shall be
governed by the provisions of Chapters D through H, except as modified by this
Appendix.

General Requirements

Inorder to qualify under this Specification, atapered member shall meet thefollow-
ing requirements;

(1) Itshall possessat least one axis of symmetry, which shall be perpendicular to
the plane of bending if moments are present.

(2) Theflanges shall be of equal and constant area.
(3) Thedepth shall vary linearly as

d=g, [m Ej (A-F3-1)

where

Y =(d.-dy) / d, < thesmaller of 0.268(L / d,) or 6.0

d, = depth at smaller end of member, in. (mm)

d, = depth at larger end of member, in. (mm)

z = distance from the smaller end of member, in. (mm)

L = unbraced length of member measured between the center of gravity of
the bracing members, in. (mm)

Design Tensile Strength

The design strength of tapered tension members shall be determined in accordance
with Section D1.

Design Compressive Strength

Thedesign strength of tapered compression membersshall be determinedin accor-
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dance with Appendix E3, using an effective slenderness parameter A« computed

as follows:
=S |6 (A-F3-2)
“ 2\ E

S =KL/r,, for weak axis buckling and KyL/r for strong axis buckling
K = effective length factor for a prismatic member
K,= effectivelength factor for atapered member asdetermined by arational anal -
ysis
r«= Strong axis radius of gyration at the smaller end of a tapered member, in.
(mm)
I = weak axisradiusof gyration at thesmaller end of atapered member, in. (mm)
F,= specified minimum yield stress, ksi (MPa)
Q =reduction factor
=1.0if all elementsmeet thelimitingwidth-thicknessratios, of Section B5.1
= Q.Q,, determined in accordance with Appendix B5.3, if any stiffened and/or
unstiffened elements exceed the ratios A, of Section B5.1
E = modulus of elasticity for steel, ks (MPa)

The smallest area of the tapered member shall be used for Ayin Equation E2-1.

where

4. Design Flexural Strength

The design flexural strength of tapered flexural members for the limit state of lat-
eral-torsional buckling is ¢,M,, where ¢, = 0.90 and the nominal strengthis

M,=(5/3S F, (A-F3-3)
where

S, = the section modulus of the critical section of the unbraced beam length
under consideration

F
F, =—|1.0-——X——|F, < 0.60F A-F3-4
by 3|: 6Bm:| y y ( )

unless F,, <F, /3, inwhich case

Fy = B,/ F; + mey (A-F3-5)
In the preceding equations,

0.41E

“ThaiA e
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5.9E

"Ry (peFe)

where

hs = factor equal to10+ 0.230y./Ld, / As

h,,= factor equal to10+ 0.00385y~/L/ rr,

r= radius of gyration of a section at the smaller end, considering only the
compression flange plusone-third of the compression web area, taken about
an axisin the plane of the web, in. (mm)

A, = area of the compression flange, in.2 (mm?)

and where B is determined as follows:

(& When the maximum moment M, in three adjacent segments of approximately
equal unbraced length islocated within the central segment and M; isthelarger
moment at one end of the three-segment portion of a member:

M M
B=10+ 0.37[1.0+M—1)+O.50y (1.O+M—1J >1.0 (A-F3-8)

2 2

(b) When the largest computed bending stress f,, occurs at the larger end of two
adjacent segments of approximately equal unbraced lengthsand fi,; isthe com-
puted bending stress at the smaller end of the two-segment portion of amem-
ber:

B=10+ 0.58[1.0+%J —-0.70y (1.0+ %j =10 (A-F3-9)

b2 b2

(¢) When thelargest computed bending stress f,, occurs at the smaller end of two
adjacent segments of approximately equal unbraced length and f,, isthe com-
puted bending stressat thelarger end of thetwo-segment portion of amember:

B= 1.0+O.55[1.0+%]+2.20y (1.0+%] 210 (A-F3-10)

b2 b2

Intheforegoing, y=(d. - d,)/ d,iscalculated for the unbraced length that contains
the maximum computed bending stress. M, / M, is considered as negative when
producing single curvature. In the rare case where M,/ M, is positive, it is recom-
mended that it be taken as zero. fy, / f» is considered as negative when producing
singlecurvature. If apoint of contraflexure occursin one of two adjacent unbraced
segments, o1 / fiz IS considered as positive. Theratio fyy / fp, # 0.

(d) When the computed bending stress at the smaller end of a tapered member or
segment thereof is equal to zero:
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-__LP A-F3-11
10+0.25fy (A-F3-11)

wherey=(d, - d,)/ d,iscaculated for the unbraced | ength adjacent to the point of
zero bending stress.

Design Shear Strength

The design shear strength of tapered flexural members shall be determined in
accordance with Section F2.

Combined Flexure and Axial Force

For tapered members with a single web taper subject to compression and bending
about the major axis, Equation H1-1 applies, with the following modifications. P,
and P, shall be determined for the properties of the smaller end, using appropriate
effectivelength factors. Mu, M,, and My, shall be determined for thelarger end; M«
= (5/3)SkF,, Where S; isthe el astic section modul us of thelarger end, and F, isthe
designflexural stressof tapered members. C..xisreplaced by C',, determined asfol-
lows:

(8 When the member is subjected to end moments which cause single curvature
bending and approximately equal computed moments at the ends:

2
R R
C, =10+01 —— [+0.3| — A-F3-12
(q)bpexJ [‘Pbpa] ( )

(b) When the computed bending moment at the smaller end of the unbraced length
isequal to zero:

2
P P
C/ =1.0-09 —— |+0.6| — F3-
m ( bF’a] [(PbPex] (A-F3-13)

When the effective denderness parameter A « > 1.5 and combined stressischecked
incrementally along thelength, the actual areaand the actual section modulusat the
section under investigation is permitted to be used.
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APPENDIX G

PLATE GIRDERS

This appendix applies to I-shaped plate girders with slender webs.

Gl

G2

LIMITATIONS

Doubly and singly symmetric single-web non-hybrid and hybrid plate girders
loaded in the plane of the web shall be proportioned according to the provisions of
this Appendix or Section F2, provided that the following limits are satisfied:

(@ For 2<15:
h
h E
Doy |= Gl
3 3 (A-G1-1)

0.48E
JF(F, +16.5) (A-GL2)

[Memc; ﬁﬂj A-GL2W)

ty  \JF, (F, +114)

(b) For %‘ >15:

h
—<
tW

where

a = clear distance between transverse stiffeners, in. (mm)

h = clear distance between flanges less the fillet or corner radius for rolled
shapes; and for built-up sections, the distance between adjacent lines of fas-
tenersor theclear distance between flangeswhenweldsare used, in. (mm)

ty = web thickness, in. (mm)

Fy: = specified minimum yield stress of aflange, ksi (M Pa)

In unstiffened girders h / t,, shall not exceed 260.

DESIGN FLEXURAL STRENGTH

The design flexural strength for plate girders with slender webs shall be ¢pM,,
where ¢,=0.90 and M, isthe lower value obtained according to the limit states of
tension-flange yield and compression-flange buckling. For girders with unequal
flanges, see Appendix B5.1 for the determination of A, for the limit state of web
local buckling.

(8) For tension-flangeyield:
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M, = S.RF, (A-G2-1)

(b) For compression-flange buckling:

Mn = S@RPG Rchr (A_GZ'Z)

where
& [h g /E A-G2-3
Rec=1 1200+ 3008 [tw 5.70\/;]31.0 ( )

R. = hybrid girder factor

12+a (3m—m®) o
= — 1~ ~<1.0 (for non- hybrid girder =10
2+2a ( ybrid girders, R, )

a, =ratio of web areato compression flange area (< 10)

m = ratio of web yield stressto flange yield stress or to F,

F. = critical compression flange stress, ksi (MPa)

F,. =yield stress of tension flange, ksi (MPa)

S = section modulus referred to compression flange, in.2 (mm?®)

S« = section modulus referred to tension flange, in.* (mm?)

h. = twice the distance from the centroid to the nearest line of fasteners at the
compression flange or the inside of the face of the compression flange
when welds are used, in. (mm)

Thecritical stressF., to be used isdependent upon the slendernessparametersi, A,
Ar, and Cpg as follows:

(@ ForA <Ay

Fo=Fy (A-G2-4)
(b) ForA,<A<Aq
F, =CF [1 1(1_)"’H<F (A-G2-5)
y T2l )
(c) ForA>A,:
Fcr = i;? (A_GZ'G)

In the foregoing, the slenderness parameter shall be determined for both the limit
state of lateral-torsional buckling and the limit state of flange local buckling; the
denderness parameter which results in the lowest value of F governs.

(8) For thelimit state of lateral-torsional buckling:
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A=—=2 (A-G2-7)

A, =176 /E (A-G2-8)
Fyf
[E

A =444 | — (A-G2-9)
Fyf

Cprg = 286,000C, (A-G2-10)
(Metric: Cpg = 1 970 000C,) (A-G2-10M)
where

Cyp= see Section F1.2, Equation F1-3
r+ = radius of gyration of compression flange plus one-third of the compression
portion of the web, in. (mm)

(b) For the limit state of flange local buckling:

A=—1 -G2-
- (A-G2-11)

f
E
2, =038 |— (A-G2-12)
Fyf
A =135 | E (A-G2-13)
F, k.

Cp = 26,200k, (A-G2-14)
(Metric: Cpg = 180 650K,) (A-G2-14M)
Cp=10

where k., =4/,/h/t, and 0.35< k, < 0.763.
The limit state of flexural web local buckling is not applicable.

G3. DESIGN SHEAR STRENGTH
The design shear strength with tension field action shall be ¢,V,, kips (kN),
where
¢, =0.90 and V, is determined as follows:

(@ For h/t,<110kE/F, :

V, = 06F,, A, (A-G3-1)

(b) For h/t,>110,kE/F,, :
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1-C
V, = 0.6F,,A,| C, + —F— (A-G3-2)
2
1.15{1+(a/ h)

Also see Appendix G4 and G5.

Tension field action is not permitted for end-panelsin non-hybrid plate girders, all
panelsin hybrid and web-tapered plate girders, and when a/ hexceeds 3.0 or [260/
(h/t,)]. For these cases, the nominal strengthiis:

Vv, =0.6F,AC, (A-G3-3)
The web plate buckling coefficient k, is given as

5

K, = 5+W (A-G3-4)

except that k, shall be taken as 5.0 if a/ h exceeds 3.0 or [260/ (h/ t,)] 2

The shear coefficient C, is determined as follows:

(@ For 1.10 E < h <1.37 E :
\f Fw \/ Fow

c, = TIOVKERy (A-G3-5)

Y hit,
(b) For h >1.37 E:
t, Fow

_ 15KE

V= (A-G3-6)
(h/t,)%F,,

TRANSVERSE STIFFENERS

Transverse stiffenersare not required in plate girderswhereh / t,, <245,/E/ Fy,,
or wheretherequired shear V,, as determined by structural analysisfor thefactored
loads, islessthan or equal t00.6¢, Fy,, A,C ., where C,isdetermined for k,=5and
o,=0.90. Stiffeners may berequired in certain portions of aplate girder to develop
the required shear or to satisfy the limitations given in Appendix G1. Transverse
stiffeners shall satisfy the requirements of Appendix F2.3.

When designing for tension field action, the stiffener area Aq shall not belessthan
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T

1 0.15Dht,, (1- Cv)i—lstfv >0 (A-G4-1)
FY3 vVn

where

F,«= specified yield stress of the stiffener material, ksi (MPa)
D =1for tiffenersin pairs

= 1.8 for single angle stiffeners

= 2.4for single plate stiffeners

C,and V,aredefinedin Appendix G3, and V, istherequired shear at thelocation of
the stiffener.

G5. FLEXURE-SHEAR INTERACTION

For 060V, <V, <oV, and 0.750M,, <M, <oM,, plate girders with webs de-
signed for tension field action shall satisfy the additional flexure-shear interaction
criterion:

V,
<1375 (A-G5-1)

n n

M, +0.625
oM

where

M,=nominal flexural strength of plategirder from Appendix G2 or Section F1
@ =0.90
V, = nominal shear strength from Appendix G3
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APPENDIX H

MEMBERS UNDER COMBINED FORCES AND TORSION

Thisappendix providesaternativeinteraction equationsfor braced frameswith |-shaped
members with b/ d < 1.0 and box-shaped members.

H3. ALTERNATIVE INTERACTION EQUATIONS FOR MEMBERS UNDER
COMBINED STRESS

For 1-shaped members with by / d < 1.0 and box-shaped members, the use of the
following interaction equationsin lieu of Equations H1-1laand H1-1bis permitted
for braced frames only. Both Equations A-H3-1 and A-H3-2 shall be satisfied.

4 ¢
M
Mo | ] Mo | g0 (A-H3-1)
¢bMpx ¢bMpy
" (coM, )
[me M’uxj + my ,Uy < 10 (A_H3_2)
¢anx ¢any

Thetermsin Equations A-H3-1 and A-H3-2 are determined as follows:
(@) For I-shaped members:

For b; /d <05:
{=10
For 05<b; /d <10:
=16 IR
=16-—F——"—"7—= (A-H3-3)
2|:1n(Pu / Py)]
Forb; /d <03
n=10
For 03 <b; /d<10:
b,
n= 04+0 2510 (A-H3-4)
P d

y
where
by = flange width, in. (mm)
d =member depth, in. (mm)
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Cn= coefficient applied to the bending term in the interaction equation for
prismatic members and dependent on column curvature caused by
applied moments, see Section C1.

M/, =12M,,[1-(R,/B)]< M, (A-H3-5)
M;, =12M, [1- (R /B)*|< M, (A-H3-6)

P P

M, =M, |1-—— || 1-—+ H3-

{ei o

P P

M/ =M |1-—4 |l1——v H3-
,,y[ @HJ[ PJ (A-H3-8)
(b) For box-section members:
£ =17 R /R

R CYD) (A-H3-9)

P/P pY
n=17-———-al | 2= | >11 (A-H3-10)

In(R,/R) R,
ForP, /Py, <4.0,a=0.06,and b= 1.0;
ForP, /Py >4.0,a=0.15,and b = 2.0:
M/, =12M, [1-R /B <M, (A-H3-11a)
M;, =12M, [1-R,/B <M, (A-H3-11b)
M, =M, |1- R _i% (A-H3-12)
P, P (B/H)
M,jy=Mny(1— R ] 1—3% (A-H3-13)
o.R, Ry (B/H)

where

P, = nominal compressive strength determined in accordance with Section
E2, kips (N)

P, = required axial strength, kips (N)

P, = compressive yield strength AgF,, kips (N)

o, = resistance factor for flexure = 0.90

o, = resistance factor for compression = 0.85

P. = Euler buckling strength AjF, / A2 where A is the column slenderness
parameter defined by Equation E2-4, kips (N)

M, = required flexural strength, kip-in. (N-mm)
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M,= nominal flexural strength, determined in accordance with Section F1,
kip-in. (N-mm)

M,= plastic moment < 1.5F, S, kip-in. (N-mm)

Ax = column slenderness parameter with respect to the strong axis

B =outsidewidth of box section parallel tomajor principal axisx, in. (mm)

H = outsidedepth of box section perpendicular to major principal axisx, in.
(mm)
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APPENDIX J

CONNECTIONS, JOINTS, AND FASTENERS

Appendix J2.4 provides the alternative design strength for fillet welds. Appendices J3.8
and J3.9 pertain to the design of dlip-critical connections using service loads.

J2. WELDS

4. Design Strength

Inlieu of theconstant design strength for fillet weldsgivenin Table J2.5, thefol low-
ing procedure is permitted.

(a8 For alinear weld group loaded in-plane through the center of gravity, the
design strength is oF, A,

where
Fu = 0.60F, (LO+050sin"*9) (A-J2-1)
o =075
Fexx= €lectrode classification number, i.e., minimum specified strength, ksi

(MPa)
6 =angle of loading measured from the weld longitudinal axis, degrees
A, = effective area of weld throat, in.? (mm?)

(b) For weld elementswithin aweld group that are loaded in-plane and analyzed
using aninstantaneouscenter of rotation method, the componentsof thedesign
strength are ¢F,« Ay and oF, A,,

where

Fux = ZFix

Fay = ZFuiy

Fui = 060Fgxx (LO+050sin 6) f(p)

f(p=[pL9-09p]°**

) 0.75

F, =nomina stressin any ith weld element, ksi (MPa)

Fuix = X component of stress F,,;

Fuiy =y component of stress F,;

p =A;/A,, raio of element i deformation to its deformation at maxi-
mum stress

Am =0.209(6 + 2) 2w, deformation of weld element at maximum stress,
in. (mm)

A; = deformation of weld elements at intermediate stress levels, linearly
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WELDS

[App. J2.

TABLE A-J3.1

Nominal Tension Stress (F), ksi (MPa)
Fasteners in Bearing-type Connections

Description of Fasteners

Threads Included in
the Shear Plane

Threads Excluded from
the Shear Plane

A307 bolts

(Metric)

452 ~6.25¢7
(V3107 - 6.2577 )

A325 bolts

(A325M bolts)

902 — 6.25f2

(\/6212 — 6.25(2 )

902 —4.00f?

(~/ 6212 — 4.0012 )

A490 bolts

(A490M bolts)

V1132 - 6.31f?

(7792 - 6.3172 )

V1132 —4.0472
| (V7792 —4.0472 )|

Threaded parts A449 bolts
over 1% in. (38 mm)

J(075F, )% - 6.25£2

J(075F,)? —4.00%2

A502 Gr. 1 rivets

(Metric)

452 576f2
(\/3102 —576f2 )

A502 Gr. 2 rivets

(Metric)

602 - 5.86f2

(V4142 -5.86%7)

TABLE A-J3.2

Slip-Critical Resistance to Shear at Service Loads,

F., ksi (MPa), of High-Strength Bolts™

| Resistance to Shear at Service Loads,|ksi (MPa)

Oversized and

Long-slotted Holes

Standard Size Short-slotted | Perpendicular to | Parallel to Line
Type of Bolt Holes Holes Line of Force of Force
A325 (A325M) 17 (117) 15 (103) 12 (83) 10 (69)
A490 (A490M) 21 (145) 18 (124) 15 (103) 13 (90)

[a] For each shear plane.
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J3.

8h.

9b.

proportioned to the critical deformation based on distance from the
instantaneous center of rotation, r;, in. (mm)
= I'iAu/ I erit

A, =1087(6+6)"% 1 < 017w, deformation of weld element at ultimate
stress (fracture), usually in element furthest from instantaneous cen-
ter of rotation, in. (mm)

w  =leg size of the fillet weld, in. (mm)

r+it = distance from instantaneous center of rotation to weld element with

minimum A,/ r; ratio, in. (mm)
BOLTS AND THREADED PARTS
Combined Tension and Shear in Bearing-Type Connections

As an alternative to the use of the equations in Table J3.5, the use of the equations in
Table A-J3.1 is permitted.

High-Strength Bolts in Slip-Critical Connections
Slip-Critical Connections Designed at Service Loads

The design resistance to shear per bolt F A, for use at service loads shall equal or
exceed the shear per bolt due to service loads,

where

¢ = 1.0 for standard, oversized, and short-slotted holes and long-slotted holes
when the long slot is perpendicular or parallel to the line of force

F.= slip-critical shear resistance tabulated in Table A-J3.2, ksi (MPa). Errata

The values for F, in Table A-J3.2 are based on Class A surfaces with slip
coefficient L = 0.33. When specified by the designer, the ﬂeﬁa-iﬁa-llslip resis-
tance for connections having special faying surface conditions is permitted
to be adjusted to the applicable values in the RCSC Load and Resistance
Factor Design Specification.

When the loading combination includes wind loads in addition to dead and live
loads, the total shear on the bolt due to combined load effects, at service load, may
be multiplied by 0.75.

Combined Tension and Shear in Slip-Critical Connections
Slip-Critical Connections Designed at Service Loads

When a slip-critical connection is subjected to an applied tension T that reduces the
net clamping force, the slip resistance per bolt, OF, Ay, according to Appendix J3.8b
shall be multiplied by the following factor:

- T
08Ty Np
where

T, = minimum fastener tension from Table J3.1, kips (N)
N, = number of bolts carrying service-load tension T
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APPENDIX K

CONCENTRATED FORCES, PONDING, AND FATIGUE

Appendix K2 provides an alternative determination of roof stiffness. Appendix K3 per-
tains to the design of members and connections subject to high cyclic loading (fatigue).

K2. PONDING

The provisions of this Appendix are permitted to be used when a more exact deter-
mination of flat roof framing stiffness is needed than that given by the provision of
Section K2 that C,+ 0.9C;< 0.25.

For any combination of primary and secondary framing, the stress index is com-

puted as E - fO -
U p= _Lf - J for the primary member (A-K2-1)
p
Errata 9/4/01 I |:y - fo
Ue= L—f—:l for the secondary member (A-K2-2)
S (0]
where S

f, =the stress due to 1.2D + 1.2R (D = nominal dead load, R=nominal load due
to rain water or ice exclusive of the ponding contribution),* ksi (MPa)

Enter Figure A-K2.1 at the level of the computed stress index U,determined for the
primary beam; move horizontally to the computed Csvalue of the secondary beams
and then downward to the abscissa scale. The combined stiffness of the primary and
secondary framing is sufficient to prevent ponding if the flexibility constant read
from this latter scale is more than the value of C, computed for the given primary
member; if not, a stiffer primary or secondary beam, or combination of both, is
required. In the above,

32LeLY%
1071,
504LSL4p)

p

(Metric: Cp= I
p

3284
1071

S

*Depending upon geographic location, this loading should include such amount of snow as might also be present, although
ponding failures have occurred more frequently during torrential summer rains when the rate of precipitation exceeded the rate
of drainage runoff and the resulting hydraulic gradient over large roof areas caused substantial accumulation of water some
distance from the eaves. A load factor of 1.2 shall be used for loads resulting from these phenomena.
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4
(Metric: Cs = S04 )

Is
where

L, = column spacing in direction of girder (length of primary members), ft (m)

Ls = column spacing perpendicular to direction of girder (Iength of secondary
members), ft (m)

S = gpacing of secondary members, ft (m)

I, = moment of inertia of primary members, in.* (mm®*)

Is = moment of inertia of secondary members, in.* (mm®*)

A similar procedure must be followed using Figure A-K2.2.
Roof framing consisting of aseriesof equally spaced wall-bearing beamsisconsid-

3.4

| | |
I /
/

3.2

T~

I
T~

3.0 /

I
~_
T~

/
26 / / /

2.2 / /

2.0 N
18 / / [
. y R
1.6 “/ /

/ 11 S/ /
1.4 % ’

4 Vv y /

1.2 il yARED ANy AmEYd
1o AT T AT T /T T T AT S

0.8 4 SRP4RRyanpyany;

Siress Index Up

0.6 =4 //' S r

04 = =T T
0.2 = ]

A\

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Upper Limit of Flexibility Constant Cp

Fig. A-K2.1. Limiting flexibility coefficient for the primary systems.
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Stress Index Us

PONDING [App. K2.

ered as consisting of secondary members supported on an infinitely stiff primary
member. For thiscase, enter Figure A-K2.2 with the computed stressindex Us. The
limiting value of C;isdetermined by the intercept of ahorizontal line representing
the U value and the curve for C,= 0.

The ponding deflection contributed by ametal deck isusually such asmall part of
the total ponding deflection of aroof panel that it is sufficient merely to limit its
moment of inertia (per foot (meter) of width normal toitsspan) to 0.000025 (3 940)
timesthe fourth power of its span length. However, the stability against ponding of
aroof consisting of ametal roof deck of relatively slender depth-span ratio, span-
ning between beams supported directly on columns, may need to be checked. This
canbedoneusing Figure A-K2.1 or A-K2.2 using as Cs theflexibility constant for a
one-foot (one-meter) width of the roof deck (S= 1.0).

34

'é\jll I / II / /
52 y ; / ] / / /
50 1 : /

8 7 / 11/ [
/
26 / Ry / / / //
2.4 7 7 ’ ’ ’
2.2 7 N . ;
/
2.0 p v v
1.8 N
1.6 ,/ A / ,/
’ / Q’} / /
14 A / / / /
4 / )4 \ /|
ST T T T T A TN A 7
A 4 L/ // N4
1.0 A A AT
0.8 / /// /// //
W pd // pd
0.6 u < u
0.4 = > —
L1
A
0 =1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Upper Limit of Flexibility Constant Cs
Fig. A-K2.2. Limiting flexibility coefficient for the secondary systems.

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



App. K3.] DESIGN FOR CYCLIC LOADING (FATIGUE) 121

K3.

Sincethe shear rigidity of theweb system of steel joistsand trussesislessthan that
of asolid plate, their moment of inertiashall betaken as85 percent of their chords.

DESIGN FOR CYCLIC LOADING (FATIGUE)

This appendix applies to members and connections subject to high cycle loading
within the el astic range of stresses of frequency and magnitude sufficient toinitiate
cracking and progressive failure (fatigue).

General

Theprovisionsof thissection apply to stressescal culated on the basi s of unfactored
loads. The maximum permitted stress due to unfactored loadsis 0.66F,.

Stress range is defined as the magnitude of the change in stress due to the
application or removal of theunfactoredliveload. Inthecaseof astressreversal, the
stress range shall be computed as the numerical sum of maximum repeated tensile
and compressive stresses or the numerical sum of maximum shearing stresses of
opposite direction at the point of probable crack initiation.

In the case of complete-joint-penetration butt welds, the maximum design stress
range cal culated by Equation A-K 3.1 appliesonly to weldswithinternal soundness
meeting the acceptance requirements of Section 6.12.2 or 6.13.2 of AWS D1.1.

No evaluation of fatigue resistance is required if the live load stress range is less
than the threshold stress range, Fr. See Table A-K3.1.

No evaluation of fatigueresistanceisrequired if the number of cyclesof application
of live load isless than 2 x 10*.

Thecyclicload resistance determined by the provisions of thisappendix isapplica
ble to structures with suitable corrosion protection or subject only to mildly corro-
sive atmospheres, such as normal atmospheric conditions.

The cyclicload resistance determined by the provisionsof thisappendix isapplica-
ble only to structures subject to temperatures not exceeding 300°F (150°C).

The Engineer of Record shall provide either complete detailsincluding weld sizes
or shall specify the planned cyclelife and the maximum range of moments, shears
and reactions for the connections.

Calculation of Maximum Stresses and Stress Ranges

Calculated stresses shall be based upon el astic analysis. Stresses shall not beampli-
fied by stress concentration factors for geometrical discontinuities.

For bolts and threaded rods subject to axial tension, the calculated stresses shall
include the effects of prying action, if any.

In the case of axial stress combined with bending, the maximum stresses, of each
kind, shall be those determined for concurrent arrangements of the applied load.

For members having symmetric cross sections, the fasteners and welds shall be
arranged symmetrically about the axis of themember, or thetotal stressesincluding
those due to eccentricity shall be included in the calculation of the stress range.

For axially loaded angle members where the center of gravity of the connecting
weldsliesbetween theline of the center of gravity of theangle cross section and the
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center of the connected leg, the effects of eccentricity shall beignored. If the center
of gravity of the connecting weldsliesoutsidethiszone, thetotal stresses, including
thoseduetojoint eccentricity, shall beincluded inthe calculation of stressrange.

3. Design Stress Range

Therange of stress at service loads shall not exceed the stress range computed as
follows.

(a) For stresscategoriesA, B, B’, C, D, E and E’ thedesign stressrange, Fs, shall
be determined by Equation A-K3.1 or A-K3.1M.

C 0.333
Fg = (ij > Fry (A-K3.1)
0.333
(Metric: Fq = (Cf:\jw) > Fry ] (A-K3.1M)

where

F& = Design stressrange, ksi (MPa)
C; = Constant from Table A-K3.1 for the category
N = Number of stressrange fluctuations in design life
= Number of stress range fluctuations per day x 365 x years of design
life
Fy = Threshold fatigue stress range, maximum stress range for indefinite
design life from Table A-K3.1, ksi (MPa)

(b) For stresscategory F, thedesign stressrange, F s, shall bedetermined by Equa-
tion A-K3.2 or A-K3.2M.

C 0.167
Fg = (Nf) > Fry (A-K3.2)
4 0167
[Metric: Fo = (Cfxﬁxmj > Fry ] (A-K3.2M)

(c) For tension-loaded plate elements connected at their end by cruciform, T- or
corner details with complete-joint-penetration groove welds or partial-joint-
penetration groovewelds, fillet welds, or combinations of thepreceding, trans-
verse to the direction of stress, the design stress range on the cross section of
the tension-loaded plate element at the toe of the weld shall be determined as
follows:

Based upon crackinitiation fromthetoe of theweld on thetension loaded plate
element the design stress range, F<, shall be determined by Equation A-K3.1
or A-K3.1M, for Category C which is equal to

g 10333
ng(‘mf\llo ) >10
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11 10.333
e =141 | 2650

Based upon crack initiation from the root of the weld the design stress range,
F<, on the tension loaded plate element using transverse partial -j oint-penetra-
tion groove welds, with or without reinforcing or contouring fillet welds, the
design stress range on the cross section at the toe of the weld shall be deter-
mined by Equation A-K3.3 or A-K3.3M, Category C’ asfollows:

g 10.333
Fsa=RpJp(44>,<\|10 ) (A-K33)
11 \0.333
e P17z M40 ko

where:

R-5 = reduction factor for reinforced or non-reinforced transverse partial-
joint-penetration (PJP) joints. Use Category C if Ry = 1.0.

065 059(t2a)+ 0.72("")
— p p
= T <10

2a = thelength of the non-welded root faceinthedirection of thethickness
of the tension-loaded plate, in. (mm)

w =the leg size of the reinforcing or contouring fillet, if any, in the
direction of the thickness of the tension-loaded plate, in. (mm)

t, = thickness of tension loaded plate, in. (mm)

Based upon crackinitiation fromtherootsof apair of transversefillet weldson
opposite sides of the tension loaded plate el ement the design stressrange, F,
on the cross section at the toe of the welds shall be determined by Equation
A-K3.4 or A-K3.4M, Category C” asfollows:

g 10.333
Fx =RaL (441(\'10 ) (A-K3.4)
11 10.333
[Metric: Fer =172Re (14'4;;10) J (A-K3.4M)

where

Rq. = reduction factor for jointsusing apair of transversefillet welds only.
Use Category C if Ry, = 1.0.

_(0.06+ 0.72(W/t p) <
- t%167 <10
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Boltsand Threaded Parts

Therange of stress at service loads shall not exceed the stress range computed as
follows.

(8 For mechanically fastened connectionsloaded in shear, the maximum range of
stress in the connected material at service loads shall not exceed the design
stressrange computed using Equation A-K 3.1 where C; and F, aretaken from
Section 2 of Table A-K3.1.

(b) For high-strength bolts, common bolts, and threaded anchor rods with cut,
ground or rolled threads, the maximum range of tensile stresson the net tensile
areafrom applied axial load and moment plus|oad due to prying action shall
not exceed the design stress range computed using Equation A-K3.1 or
A-K3.1M. The factor C; shall be taken as 3.9 x 10° (as for category E’). The
threshold stress, Fry, shall be taken as 7 ksi (48 MPa) (asfor category D). The
net tensile areais given by Equation A-K3.5 and A-K3.6M.

T 0.9743 Y’
L (A-K3.5)
A=%{q -2

(Metric bolts: A = %(db —0.9382P)2 j (A-K3.6M)

where

P = pitch, mm per thread
dy, = the nominal diameter (body or shank diameter), in. (mm)
n = threads per in.

For jointsinwhich the material withinthegripisnot limited to steel or jointswhich
are not tensioned to the requirements of Table J3.1 or J3.1M, al axia load and
moment applied tothejoint pluseffectsof prying action (if any) shall beassumedto
be carried exclusively by the bolts or rods.

For joints in which the material within the grip is limited to steel and which are
tensioned to the requirements of Table J3.1 or J3.1M, an analysis of the relative
stiffness of the connected parts and bolts shall be permitted to be used to determine
thetensilestressrangein the pretensioned boltsduetothetotal serviceliveload and
moment plus effects of prying action. Alternatively, the stress range in the bolts
shall be assumed to be equal to the stress on the net tensile areadue to 20 percent of
the absolute value of the service load axial load and moment from dead, live and
other loads.

Special Fabrication and Erection Requirements

Longitudinal backing bars are permitted to remain in place, and if used, shall be
continuous. If splicingisnecessary for long joints, thebar shall bejoined with com-
plete penetration butt joints and the reinforcement ground prior to assembly inthe
joint.

In transverse joints subject to tension, backing bars, if used, shall be removed and
the joint back gouged and welded.
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In transverse complete-joint-penetration T- and corner joints, a reinforcing fillet
weld, not lessthan % in. (6 mm) in size shall be added at re-entrant corners.

The surface roughness of flame cut edges subject to significant cyclic tensile stress
ranges shall not exceed 1,000 pin. (25 um), where ASME B46.1 is the reference
standard.

Re-entrant corners at cuts, copes and weld access holes shall form aradius of not
lessthan %; in. (10 mm) by pre-drilling or sub-punching and reaming ahole, or by
thermal cutting to form theradius of the cut. If theradius portionisformed by ther-
mal cutting, the cut surface shall be ground to a bright metal surface.

For transverse butt jointsin regions of high tensile stress, run-off tabs shall be used
to provide for cascading the weld termination outside the finished joint. End dams
shall not be used. Run-off tabs shall be removed and the end of the weld finished
flush with the edge of the member.

See Section J2.2b Fillet Weld Terminations for requirements for end returns on
certain fillet welds subject to cyclic service loading.
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DESIGN FOR CYCLIC LOADING (FATIGUE)

[App. K3.

TABLE A-K3.1
Fatigue Design Parameters

Threshold
Fry
Stress Constant ksi Potential Crack
Description Category G (MPa) Initiation Point
SECTION 1 — PLAIN MATERIAL AWAY FROM ANY WELDING
1.1 Base metal, except non-coated A 250 x 108 24 Away from all
weathering steel, with rolled or cleaned (165) welds or struc-
surface. Flame-cut edges with surface tural connec-
roughness value of 1,000 pin. (25 um) tions
or less, but without re-entrant corners.
1.2 Non-coated weathering steel base B 120 x 108 16 Away from all
metal with rolled or cleaned surface. (110) welds or struc-
Flame-cut edges with surface tural connec-
roughness value of 1,000 pin. (25 pm) tions
or less, but without re-entrant corners.
1.3 Member with drilled or reamed B 120 x 108 16 At any external
holes. Member with re-entrant corners (110) edge or at hole
at copes, cuts, block-outs or other perimeter
geometrical discontinuities made to
requirements of Appendix K3.5, except
weld access holes.
1.4 Rolled cross sections with weld C 44 x 108 10 At re-entrant
access holes made to requirements of (69) corner of weld
Section J1.6 and Appendix K3.5. access hole or
Members with drilled or reamed holes at any small hole
containing bolts for attachment of light (may contain
bracing where there is a small bolt for minor
longitudinal component of brace force. connections)
SECTION 2 — CONNECTED MATERIAL IN MECHANICALLY FASTENED JOINTS
2.1 Gross area of base metal in lap B 120 x 108 16 Through gross
joints connected by high-strength bolts (110 section near
in joints satisfying all requirements for hole
slip-critical connections.
2.2 Base metal at net section of B 120 x 108 16 In net section
high-strength bolted joints, designed on (110) originating at
the basis of bearing resistance, but side of hole
fabricated and installed to all require-
ments for slip-critical connections.
2.3 Base metal at the net section of D 22 x 108 7 In net section
other mechanically fastened joints (48) originating at
except eye bars and pin plates. side of hole
2.4 Base metal at net section of E 11 x 108 4.5 In net section
eyebar head or pin plate. (31) originating at
side of hole
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

lllustrative Typical Examples

SECTION 1 - PLAIN MATERIAL AWAY FROM ANY WELDING

l1land 1.2

13

14

SECTION 2 - CONNECTED MATERIAL IN MECHANICALLY FASTENED JOINTS

2.1

As Seen Wi
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2.2
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DESIGN FOR CYCLIC LOADING (FATIGUE)

[App. K3.

TABLE A-K3.1 (Contd)
Fatigue Design Parameters

Threshold
Fry 4
Stress Constant ksi Potential Crack
Description Category G (MPa) Initiation Point
SECTION 3 — WELDED JOINTS JOINING COMPONENTS OF BUILT-UP MEMBERS
3.1 Base metal and weld metal in B 120 x 108 16 From surface or
members without attachments built-up (110) internal
of plates or shapes connected by discontinuities in
continuous longitudinal complete-joint- weld away from
penetration groove welds, back gouged end of weld
and welded from second side, or by
continuous fillet welds.
3.2 Base metal and weld metal in B’ 61x 108 12 From surface or
members without attachments built-up (83) internal
of plates or shapes, connected by discontinuities in
continuous longitudinal complete weld, including
penetration groove welds with backing weld attaching
bars not removed, or by continuous backing bars
partial-joint-penetration groove welds.
3.3 Base metal and weld metal D 22 x 108 7 From the weld
termination of longitudinal welds at weld (48) termination into
access holes in connected built-up the web or flange
members.
3.4 Base metal at ends of longitudinal E 11 x 108 4.5 In connected
intermittent fillet weld segments. (31) material at start
and stop loca-
tions of any weld
deposit
3.5 Base metal at ends of partial length In flange at toe
welded coverplates narrower than the of end weld or in
flange having square or tapered ends, flange at
with or without welds across the ends of termination of
coverplates wider than the flange with longitudinal weld
welds across the ends. or in edge of
Flange thickness < 0.8 in. (20 mm) E 11 x 108 4.5 flange with wide
(1) coverplates
Flange thickness > 0.8 in. (20 mm) E’ 3.9x 108 2.6
(18)
3.6 Base metal at ends of partial length E’ 3.9x108 2.6 In edge of flange
welded coverplates wider than the (18) at end of

flange without welds across the ends.

coverplate weld

SECTION 4 — LONGITUDINAL FILLET WELDED E

ND CONNECTIONS

4.1 Base metal at junction of axially
loaded members with longitudinally
welded end connections. Welds shall be
on each side of the axis of the member
to balance weld stresses.

t< J2-in. (13 mm)

t> %-in. (13 mm)

11 x 108

3.9x 108

45
@Y
2.6
(18)

Initiating from
end of any weld
termination
extending into
the base metal
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters
lllustrative Typical Examples
SECTION 3 - WELDED JOINTS JOINING COMPONENTS OF BUILT-UP MEMBERS
31
3.2
3.3
3.4
35
3.6
(b)
SECTION 4 - LONGITUDINAL FILLET WELDED END CONNECTIONS
4.1
-, t= thickness - t = thickness
—
@ -, E —
(@ (b) —
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters
Threshold
Fry Potential
Stress Constant ksi Crack
Description Category G (MPa) Initiation Point

SECTION 5 — WELDED JO

INTS TRANSVERSE TO DI

RECTION OF STRESS

5.1 Base metal and weld metal in or B 120 x 108 16 From internal
adjacent to complete joint penetration (110) discontinuities
groove welded splices in rolled or in filler metal or
welded cross sections with welds along the
ground essentially parallel to the fusion
direction of stress. boundary
5.2 Base metal and weld metal in or From internal
adjacent to complete joint penetration discontinuities
groove welded splices with welds in filler metal or
ground essentially parallel to the along fusion
direction of stress at transitions in boundary or at
thickness or width made on a slope no start of transi-
greater than 8 to 20%. tion when F, >
F, <90 ksi (620 MPa) B 120 x 108 16 90 ksi (620
(110) MPa)
F,> 90 ksi (620 MPa) B’ 61 x 108 12
(83)
5.3 Base metal with F, equal to or B 120 x 108 16 From internal
greater than 90 ksi (620 MPa) and (110) discontinuities
weld metal in or adjacent to complete in filler metal or
joint penetration groove welded splices discontinuities
with welds ground essentially parallel along the
to the direction of stress at transitions fusion
in width made on a radius of not less boundary
than 2 ft. (600 mm) with the point of
tangency at the end of the groove
weld.
5.4 Base metal and weld metal in or C 44 x 108 10 From surface
adjacent to the toe of complete joint (69) discontinuity at
penetration T or corner joints or toe of weld
splices, with or without transitions in extending into
thickness having slopes no greater base metal or
than 8 to 20%, when weld reinforce- along fusion
ment is not removed. boundary.
5.5 Base metal and weld metal at Initiating from
transverse end connections of ten- geometrical
sion-loaded plate elements using par- discontinuity at
tial joint penetration butt or T or corner toe of weld
joints, with reinforcing or contouring extending into
fillets, F, shall be the smaller of the base metal or,
toe crack or root crack stress range. initiating at
Crack initiating from weld toe: c 44 x 108 10 weld root sub-
(69) ject to ?ensmn
extending up
and then out
Crack initiating from weld root: (o4 Eqn. A-K3.3 None through weld
or A-K3.3M provided
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters
lllustrative Typical Examples
SECTION 5 — WELDED JOINTS TRANSVERSE TO DIRECTION OF STRESS
51
YC"R Finigh
(@) (b)
5.2
F, > 90 ksi (620 MPa)
Cat.B’
53 .
/Rzz-z (600 mm)
./P,F/.ns = ==
ish %
Ve Ko
(@) (b) @
F, 2 90 ksi (620 MPa)
Cat.B’
5.4 . .
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5.5
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DESIGN FOR CYCLIC LOADING (FATIGUE)

[App. K3.

TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

rolled beam webs or flanges at toe of
transverse fillet welds adjacent to
welded transverse stiffeners.

Threshold
Fry .
Stress Constant ksi Potential Crack
Description Category G (MPa) Initiation Point
SECTION 5 — WELDED JOINTS TRANSVERSE TO DIRECTION OF STRESS (cont'd)
5.6 Base metal and filler metal at Initiating from geo-
transverse end connections of metrical disconti-
tension-loaded plate elements using a nuity at toe of weld
pair of fillet welds on opposite sides of extending into
the plate. F, shall be the smaller of base metal or,
the toe crack or root crack stress initiating at weld
range. root subject to
Crack initiating from weld toe: C 44 x 108 10 tension extending
(69) up and then out
. through weld
Crack initiating from weld root: c” Eqn. None
A-K3.4 or provided
A-K3.4M
5.7 Base metal of tension loaded C 44 x 108 10 From geometrical
plate elements and on girders and (69) discontinuity at toe

of fillet extending
into base metal

SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS

6.1 Base metal at details attached by
complete joint penetration groove
welds subject to longitudinal loading
only when the detail embodies a
transition radius R with the weld
termination ground smooth.

R >24in. (600 mm)
24in.>R>6in.
(600 mm > R > 150 mm)

6in.>R>2in.
(150 mm > R > 50 mm)

2in. (50 mm) >R

120 x 108

44 %108

22 x 108

11 x108

16
(110)

10
(69)

(48)

4.5
(31)

Near point of
tangency of radius
at edge of member
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

lllustrative Typical Examples

SECTION 5 — WELDED JOINTS TRANSVERSE TO DIRECTION OF STRESS (cont'd)

5.6
Potential cracking
due to bending -
tensile stress  *—
t
\ 1 pt
e (0
C
__\/\__
5.7

SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS

6.1

— Cop
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[App. K3.

TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

Description

Stress
Category

Constant
G

Threshold

Fry
ksi
(MPa)

Potential Crack
Initiation Point

SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS (cont'd)

6.2 Base metal at details of equal
thickness attached by complete joint
penetration groove welds subject to
transverse loading with or without
longitudinal loading when the detail
embodies a transition radius R with the
weld termination ground smooth:

When weld reinforcement is removed:

R > 24 in. (600 mm) B 120 x 108 16 Near points of
(110) tangency of
radius or in the
24in.>R=>6n. c 44 % 10° 10 weld or at fusion
(600 mm > 150 mm) (69) boundary or
member or
attachment
6in.>R=2in. D 22 x 108 7
(150 mm > R 2 50 mm) (48)
2in. (50 mm) > R E 11 x 108 45
(31)
When weld reinforcement is not At toe of the
removed: weld either
R > 24 in. (600 mm) c 44 x 108 10 along edge of
(69) member or the
attachment
24in.>R=6in. C 44 x 108 10
(600 mm > R = 150 mm) (69)
6in.>R>2in. D 22x 108 7
(150 mm > R > 50 mm) (48)
2in. (50 mm) >R E 11 x 108 45
(31)
6.3 Base metal at details of unequal
thickness attached by complete joint
penetration groove welds subject to
transverse loading with or without longi-
tudinal loading when the detail embod-
ies a transition radius R with the weld
termination ground smooth.
When weld reinforcement is removed:
R>2in. (50 mm) D 22 x10°8 7 At toe of weld
(48) along edge of
thinner material
R<2in. (50 mm) E 11x 108 45 In weld termina-
(31) tion in small
radius
When reinforcement is not removed: At toe of weld
Any radius E 11 x 108 45 along edge of
(31) thinner material
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

lllustrative Typical Examples

SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS (cont'd)

6.2

—a G Cop

= 23
(e)

6.3

G
— Cop

@) 7.,

-—, Cop
(b) —
R
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DESIGN FOR CYCLIC LOADING (FATIGUE)

[App. K3.

TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

Threshold
FTH
Stress Constant Ksi Potential Crack
Description Category G (MPa) Initiation Point
SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS (cont'd)
6.4 Base metal subject to longitudinal In weld termination
stress at transverse members, with or or from the toe of
without transverse stress, attached by the weld extending
fillet or partial penetration groove welds into member
parallel to direction of stress when the
detail embodies a transition radius, R,
with weld termination ground smooth:
R>2in. (50 mm) D 22 x 108 7
(48)
R <2in. (50 mm) E 11 x 108 45
(31)

SECTION 7 — BASE METAL AT SHORT ATTACHMENTS'

7.1 Base metal subject to longitudinal
loading at details attached by complete
penetration groove welds parallel to
direction of stress where the detail em-
bodies a transition radius, R, less than
2 in. (50 mm), and with detail length in
direction of stress, a, and attachment
height normal to surface of member, b:

In the member at
the end of the
weld

a<2in. (50 mm) C 44 % 108 10
(69)
2in. (50 mm)<a<12b D 22 x 108 7
or4in (100 mm) (48)
a>12bor 4 in. (100 mm) E 11 x 108 45
when bis < 1in. (25 mm) 31)
a>12bor4in. (100 mm) E’ 3.9x 108 2.6
when bis > 1 in. (25 mm) (18)
7.2 Base metal subject to longitudinal In weld termination
stress at details attached by fillet or extending into
partial joint penetration groove welds, member
with or without transverse load on
detail, when the detail embodies a
transition radius, R, with weld
termination ground smooth:
R >2in. (50 mm) D 22 x 108 7
(48)
R <2in. (50 mm) E 11 x 108 45
(31)

1 “Attachment” as used herein, is defined as any steel detail welded to a member which, by its mere
presence and independent of its loading, causes a discontinuity in the stress flow in the member and

thus reduces the fatigue resistance.
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

lllustrative Typical Examples

SECTION 6 — BASE METAL AT WELDED TRANSVERSE MEMBER CONNECTIONS (cont'd)

6.4

SECTION 7 — BASE METAL AT SHORT ATTACHMENTS'

7.1

7.2
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

Threshold
Fry .
Stress Constant Ksi Potential Crack
Description Category G (MPa) Initiation Point
SECTION 8 - MISCELLANEOUS
8.1 Base metal at stud-type shear (¢} 44 x 108 10 At toe of weld in
connectors attached by fillet or (69) base metal
electric stud welding.
8.2 Shear on throat of continuous or F 150 x 10%° 8 In throat of weld
intermittent longitudinal or transverse (Eqn (55)
fillet welds. .
A-K3.2 or
A-K3.2M)
8.3 Base metal at plug or slot welds. E 11 x 108 4.5 At end of weld in
(31) base metal
8.4 Shear on plug or slot welds. F 150 x 10%° 8 At faying surface
(Eqn. (55)
A-K3.2 or
A-K3.2M)
8.5 Not fully-tightened high-strength E’ 3.9x 108 7 At the root of the
bolts, common bolts, threaded anchor (48) threads extending
rods and hanger rods with cut, ground into the tensile
or rolled threads. Stress range on stress area
tensile stress area due to live load
plus prying action when applicable.
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TABLE A-K3.1 (Cont'd)
Fatigue Design Parameters

lllustrative Typical Examples

SECTION 8 - MISCELLANEOUS

8.1

8.2

8.3

8.4

8.5
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NUMERICAL VALUES

TABLE 1
Design Strength as a Function of F,

F, Design Stress, ksi (MPa)
ksi (MPa) 0.9x 0.6 F,[a] 0.85 F, [b] 0.90 F, [c]
33 (230) 17.8 (124) 28.1 (196) 29.7 (207)
35 (240) 18.9 (130) 29.8 (204) 31.5(216)
36 (250) 19.4 (135) 30.6 (213) 32.4 (225)
40 (275) 21.6 (149) 34.0 (234) 36.0 (248)
42 (290) 22.7 (157) 35.7 (247) 37.8 (261)
45 (310) 24.3 (167) 38.3 (264) 40.5 (279)
46 (317) 24.8 (171) 39.1 (269) 41.4 (285)
50 (345) 27.0 (186) 42.5 (293) 45.0 (311)
55 (380) 29.7 (205) 46.8 (323) 49.5 (342)
60 (415) 32.4 (224) 51.0 (353) 54.0 (374)
65 (450) 35.1(243) 55.3 (383) 58.5 (405)
70 (485) 37.8(262) 59.5 (412) 63.0 (437)
90 (620) 48.6 (335) 76.5 (527) 81.0 (558)
100 (690) 54.0 (373) 85.0 (587) 90.0 (621)

[a] See Section F2, Equation F2-1
[b] See Section E2, Equation E2-1
[c] See Section D1, Equation D1-1
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Design Strength as a Function of F,
Design Strength, ksi (MPa)
Connected Part
of Designated Bolt or Threaded Part of
Steel Designated Steel
Tension | Bearing | Tension Shear Shear
ASTM ) F, F, 0.75 x 0.75 x 0.75 x 0.75 x 0.75 x
g Desig- o Ksi Ksi F, 24F, 0.75F, | 0.40F, | 0.50F,
= nation o (MPa) (MPa) [a] [b] [c] [d] [e]
A36/A36M - 36 58-80 435 104 32.6 17.4 21.8
(250) |(400-500)| (300) (720) (225) (120) (150)
A53 - 35 60 45.0 108 - - -
(240) (415) (311) (747) - - .
" - 50 70 52.5 126 39.4 21.0 26.3
= A2421A242M (345) (485) (364) (873) (273) (146) (182)
S || AsssiAsBEM 42 63 47.3 113 35.4 18.9 23.2
2 (290) (435) (326) (783) (245) (131) (163)
g 20 60 45.0 108 33.8 18.0 225
£ (275) (415) (311) (747) (233) (125) (156)
5 A500 - | 33/391f] 45 33.8 81.0 - - -
2 (230/269) | (310) (233) (558) - - -
5 42/46 [f] 58 435 104 - _ _
= (290/315) | (400) (300) (720) - - -
G 46/50 [f] 62 46.5 112 - - -
g (315/345) | (427) (320) (769) - - -
[ A501 - 36 58 435 104 - - -
g (250) (400) (300) (720) - - -
©
0 | A514/A514M | - 100 110-130 | 825 198 61.9 33.0 41.3
4 (690) |(760-895)| (570) (1370) (428) (228) (285)
= 90 100-130 | 75.0 180 56.3 30.0 375
w. (620) |(690-895)| (518) (1240) (388) (207) (259)
[}
S | A529/A529M | - 50 70-100 52.5 126 39.4 21.0 26.3
& (345) |(485-690)| (364) (873) (273) (146) (182)
55 70-100 52.5 126 39.4 21.0 26.3
(380) |(485-690)| (364) (873) (273) (146) (182)
A570/A570M | - 40 55 41.3 99.0 - - -
(275) (380) (285) (684) - - -
42 58 435 104 - - .
(290) (400) (300) (720) - - -
A572/A572M | 42 42 60 45.0 108 33.8 18.0 225
(290) | (290) (415) (311) (747) (233) (125) (156)
50 50 65 48.8 117 36.6 19.5 24.2
(345)| (345) (450) (338) (810) (253) (135) (169)
55 55 70 52.5 126 39.4 21.0 26.3
(380) | (380) (485) (364) (873) (273) (146) (182)
60 60 75 56.3 135 422 225 28.1
(415)| (415) (520) (390) (936) (293) (156) (195)
65 65 80 60.0 144 45.0 24.0 30.0
(450) | (450) (550) (413) (990) (309) (165) (206)
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TABLE 2 (cont'd)

Design Strength as a Function of F,

Design Strength, ksi (MPa)
Connected Part
of Designated Bolt or Threaded Part of
Steel Designated Steel
Tension | Bearing | Tension Shear Shear
ASTM 2 Fy F, 0.75 x 0.75 x 0.75 x 0.75 x 0.75 x
g Desig- o Ksi Ksi F, 24F, | 075F, | 040F, |050F,
= nation © (MPa) (MPa) [a] [b] [c] [d] [e]
A606 - 45 65 48.8 117 - - -
(310) (450) (338) (810) - - -
50 70 52.5 126 - - -
(345) (485) (364) (873) - - -
A607 - 45 60 45.0 108 - - -
(310) (415) (311) (747) - - -
50 65 48.8 117 - - -
2 (345) (450) (338) (810) - - -
g 55 70 52.5 126 - - -
3 (380) (485) (364) (873) - - -
8 60 75 56.3 135 - - -
:;'_- (415) (520) (390) (936) - - -
5 65 80 60.0 144 - - -
> (450) (550) (413) (990) - - -
< 70 85 63.8 153 - - -
E (485) (585) (439) (1050) - - -
;% A618 - 50 70 52.5 126 - - -
% (345) (485) (364) (873) - - -
2 50 65 48.8 117 - - -
‘;’_ (345) (450) (388) (810) - - -
g A913/A913M 50 50 65 48.8 117 36.6 19.5 24.4
v (345) |  (345) (450) (338) (810) (253) (135) (169)
% 60 60 75 56.3 135 42.2 225 | 281
o (415) |  (415) (520) (390) (936) (293) (156) (195)
3 65 65 80 60.0 144 45.0 24.0 30.0
g (450) (450) (550) (413) (990) (309) (165) (206)
<
n 70 70 90 67.5 162 50.6 27.0 33.8
(485) (485) (620) (465) (1120) (349) (186) (233)
A992/A992M - 50 to 65 65 48.8 117 36.6 19.5 24.4
(345 to 450)|  (450) (338) (810) (253) (135) (169)
A449 - 92 120 - - 67.5 36.0 45.0
(635) (825) ) - (464) (248) (309)
o 81 105 - - 59.1 315 394
S (560) (725) ) - (408) (218) (272)
58 90 - 50.6 27.0 33.8
(400) (620) - - (349) (186) (233)

[a] On effective net area, see Sections D1, J5.2.

a function of hole type spacing, are given.

[c] On nominal body area, see Table J3.2.

[d] Threads not excluded from shear plane, see Table J3.2.

[e] Threads excluded from shear plane, see Table J3.2.

[f] Smaller value for circular shapes, larger for square or rectangular shapes.

Note: For dimensional and size limitations, see the appropriate ASTM Specification.

[b] Produced by fastener in shear, see Section J3.10. Note that smaller maximum design bearing stresses, as
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Design Stress for Compression Members of
; v ; - .
36 ksi Specified Yield Stress Steel, ¢. = 0.85"
& q)chr & ¢CFCI‘ & ¢chr & ¢chr & ¢CFCI
r ksi r ksi r ksi r ksi r ksi
1 30.6 41 28.0 81 21.7 121 14.2 161 8.23
2 30.6 42 27.9 82 21.5 122 14.0 162 8.13
3 30.6 43 27.8 83 21.3 123 13.8 163 8.03
4 30.6 44 27.6 84 21.1 124 13.6 164 7.93
5 30.6 45 27.5 85 20.9 125 134 165 7.84
6 30.5 46 27.4 86 20.7 126 13.3 166 7.74
7 30.5 47 27.2 87 20.5 127 13.1 167 7.65
8 30.5 48 27.1 88 20.4 128 12.9 168 7.56
9 30.5 49 27.0 89 20.2 129 12.7 169 7.47
10 30.4 50 26.8 90 20.0 130 12.6 170 7.38
11 30.4 51 26.7 91 19.8 131 12.4 171 7.30
12 30.4 52 26.5 92 19.6 132 12.2 172 7.21
13 30.3 53 26.4 93 19.4 133 12.1 173 7.13
14 30.3 54 26.3 94 19.2 134 11.9 174 7.05
15 30.2 55 26.1 95 19.0 135 11.7 175 6.97
16 30.2 56 25.9 96 18.8 136 115 176 6.89
17 30.1 57 25.8 97 18.7 137 114 177 6.81
18 30.1 58 25.6 98 18.5 138 11.2 178 6.73
19 30.0 59 25.5 99 18.3 139 11.0 179 6.66
20 30.0 60 25.3 100 18.1 140 10.9 180 6.59
21 29.9 61 25.2 101 17.9 141 10.7 181 6.51
22 29.8 62 25.0 102 17.7 142 10.6 182 6.44
23 29.8 63 24.8 103 17.5 143 10.4 183 6.37
24 26.7 64 24.7 104 17.3 144 10.3 184 6.30
25 29.6 65 24.5 105 17.1 145 10.2 185 6.23
26 29.5 66 24.3 106 16.9 146 10.0 186 6.17
27 29.5 67 24.2 107 16.8 147 9.87 187 6.10
28 294 68 24.0 108 16.6 148 9.74 188 6.04
29 29.3 69 23.8 109 16.4 149 9.61 189 5.97
30 29.2 70 23.6 110 16.2 150 9.48 190 5.91
31 29.1 71 23.5 111 16.0 151 9.36 191 5.85
32 29.0 72 23.3 112 15.8 152 9.23 192 5.79
33 28.9 73 23.1 113 15.6 153 9.11 193 5.73
34 28.8 74 229 114 154 154 9.00 194 5.67
35 28.7 75 22.8 115 15.3 155 8.88 195 5.61
36 28.6 76 22.6 116 151 156 8.77 196 5.55
37 28.5 77 22.4 117 14.9 157 8.66 197 5.50
38 28.4 78 22.2 118 14.7 158 8.55 198 5.44
39 28.3 79 22.0 119 14.5 159 8.44 199 5.39
40 28.1 80 21.9 120 14.3 160 8.33 200 5.33

[a] When element width-to-thickness ratio exceeds A, , see Appendix B5.3.
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TABLE 3-36M

Design Stress for Compression Members of
250 MPa Specified Yield Stress Steel, ¢, = 0.85"

& q)chr & ¢chr & ¢chr & ¢chr & ¢chr
r MPa r MPa r MPa r MPa r MPa
1 212 41 194 81 150 121 97.8 161 56.8
2 212 42 194 82 149 122 96.5 162 56.1
3 212 43 193 83 147 123 95.3 163 55.4
4 212 44 192 84 146 124 94.1 164 54.7
5 212 45 191 85 145 125 92.8 165 54.1
6 212 46 190 86 144 126 91.6 166 53.4
7 212 47 189 87 142 127 90.4 167 52.8
8 212 48 188 88 141 128 89.2 168 52.1
9 212 49 187 89 140 129 88.0 169 51.5

10 211 50 186 90 138 130 86.8 170 50.9

11 211 51 185 91 137 131 85.6 171 50.3

12 211 52 184 92 136 132 84.4 172 49.7

13 211 53 183 93 134 133 83.2 173 49.2

14 210 54 182 94 133 134 82.0 174 48.6

15 210 55 181 95 132 135 80.7 175 48.1

16 210 56 180 96 130 136 79.6 176 47.5

17 209 57 179 97 129 137 78.4 177 47.0

18 209 58 178 98 128 138 77.3 178 46.4

19 208 59 177 99 126 139 76.2 179 45.9

20 208 60 176 100 125 140 75.1 180 45.4

21 208 61 174 101 124 141 74.0 181 449

22 207 62 173 102 122 142 73.0 182 44.4

23 207 63 172 103 121 143 72.0 183 43.9

24 206 64 171 104 120 144 71.0 184 43.5

25 206 65 170 105 118 145 70.0 185 43.0

26 205 66 169 106 117 146 69.0 186 425

27 204 67 168 107 116 147 68.1 187 42.1

28 204 68 166 108 115 148 67.2 188 41.6

29 203 69 165 109 113 149 66.3 189 41.2

30 203 70 164 110 112 150 65.4 190 40.8

31 202 71 163 111 111 151 64.5 191 40.3

32 201 72 161 112 109 152 63.7 192 39.9

33 201 73 160 113 108 153 62.9 193 39.5

34 200 74 159 114 107 154 62.1 194 39.1

35 199 75 158 115 105 155 61.3 195 38.7

36 198 76 156 116 104 156 60.5 196 38.3

37 198 77 155 117 103 157 59.7 197 37.9

38 197 78 154 118 102 158 58.9 198 37.5

39 196 79 153 119 100 159 58.2 199 37.2

40 195 80 151 120 99.1 160 57.5 200 36.8

[a] When element width-to-thickness ratio exceeds A, , see Appendix B5.3.
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Design Stress for Compression Members of
; = ; S .
50 ksi Specified Yield Stress Steel, ¢. = 0.85"
& q)chr & ¢CFCI‘ & ¢CFI:I & ¢CFI:I & ¢chr
r ksi r ksi r ksi r ksi r ksi
1 42.5 41 37.6 81 26.3 121 14.6 161 8.23
2 42.5 42 37.4 82 26.0 122 14.3 162 8.13
3 42.5 43 37.1 83 25.7 123 141 163 8.03
4 42.5 44 36.9 84 25.4 124 13.9 164 7.93
5 42.4 45 36.7 85 25.1 125 13.7 165 7.84
6 42.4 46 36.4 86 24.8 126 134 166 7.74
7 42.4 47 36.2 87 24.4 127 13.2 167 7.65
8 42.3 48 35.9 88 24.1 128 13.0 168 7.56
9 42.3 49 35.7 89 23.8 129 12.8 169 7.47
10 42.2 50 35.4 90 23.5 130 12.6 170 7.38
11 42.1 51 35.1 91 23.2 131 12.4 171 7.30
12 42.1 52 34.9 92 22.9 132 12.3 172 7.21
13 42.0 53 34.6 93 22.6 133 12.1 173 7.13
14 41.9 54 34.3 94 22.3 134 11.9 174 7.05
15 41.8 55 34.1 95 22.0 135 11.7 175 6.97
16 41.7 56 33.8 96 21.7 136 115 176 6.89
17 41.6 57 33.5 97 21.4 137 114 177 6.81
18 41.5 58 33.2 98 21.1 138 11.2 178 6.73
19 41.4 59 33.0 99 20.8 139 11.0 179 6.66
20 41.3 60 32.7 100 20.5 140 10.9 180 6.59
21 41.2 61 324 101 20.2 141 10.7 181 6.51
22 41.0 62 32.1 102 19.9 142 10.6 182 6.44
23 40.9 63 31.8 103 19.6 143 104 183 6.37
24 40.8 64 31.5 104 19.3 144 10.3 184 6.30
25 40.6 65 31.2 105 19.0 145 10.2 185 6.23
26 40.5 66 30.9 106 18.7 146 10.0 186 6.17
27 40.3 67 30.6 107 18.4 147 9.87 187 6.10
28 40.1 68 30.3 108 18.1 148 9.74 188 6.04
29 40.0 69 30.0 109 17.8 149 9.61 189 5.97
30 39.8 70 29.7 110 17.6 150 9.48 190 5.91
31 39.6 71 29.4 111 17.3 151 9.36 191 5.85
32 39.4 72 29.1 112 17.0 152 9.23 192 5.79
33 39.3 73 28.8 113 16.7 153 9.11 193 5.73
34 39.1 74 28.5 114 16.4 154 9.00 194 5.67
35 38.9 75 28.2 115 16.1 155 8.88 195 5.61
36 38.7 76 27.9 116 15.9 156 8.77 196 5.55
37 38.5 77 27.6 117 15.6 157 8.66 197 5.50
38 38.2 78 27.2 118 15.3 158 8.55 198 5.44
39 38.0 79 26.9 119 151 159 8.44 199 5.39
40 37.8 80 26.6 120 14.8 160 8.33 200 5.33

[a] When element width-to-thickness ratio exceeds A, , see Appendix B5.3.
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TABLE 3-50M

Design Stress for Compression Members of
345 MPa Specified Yield Stress Steel, ¢, = 0.85"

& q)chr & ¢chr & ¢chr & ¢chr & ¢chr
r MPa r MPa r MPa r MPa r MPa
1 293 41 259 81 181 121 101 161 56.8
2 293 42 258 82 179 122 98.9 162 56.1
3 293 43 256 83 177 123 97.3 163 55.4
4 293 44 255 84 175 124 95.7 164 54.7
5 293 45 253 85 173 125 94.2 165 54.1
6 292 46 251 86 171 126 92.7 166 53.4
7 292 47 249 87 169 127 91.2 167 52.8
8 292 48 248 88 166 128 89.8 168 52.1
9 292 49 246 89 164 129 88.4 169 51.5

10 291 50 244 90 162 130 87.1 170 50.9

11 291 51 242 91 160 131 85.7 171 50.3

12 290 52 241 92 158 132 84.5 172 49.7

13 290 53 239 93 156 133 83.2 173 49.2

14 289 54 237 94 154 134 82.0 174 48.6

15 288 55 235 95 152 135 80.7 175 48.1

16 288 56 233 96 149 136 79.6 176 47.5

17 287 57 231 97 147 137 78.4 177 47.0

18 286 58 229 98 145 138 77.3 178 46.4

19 286 59 227 99 143 139 76.2 179 45.9

20 285 60 225 100 141 140 75.1 180 45.4

21 284 61 223 101 139 141 74.0 181 449

22 283 62 221 102 137 142 73.0 182 44.4

23 282 63 219 103 135 143 72.0 183 43.9

24 281 64 217 104 133 144 71.0 184 43.5

25 280 65 215 105 131 145 70.0 185 43.0

26 279 66 213 106 129 146 69.0 186 42.5

27 278 67 211 107 127 147 68.1 187 42.1

28 277 68 209 108 125 148 67.2 188 41.6

29 276 69 207 109 123 149 66.3 189 41.2

30 275 70 205 110 121 150 65.4 190 40.8

31 273 71 203 111 119 151 64.5 191 40.3

32 272 72 201 112 117 152 63.7 192 39.9

33 271 73 199 113 115 153 62.9 193 39.5

34 269 74 196 114 113 154 62.1 194 39.1

35 268 75 194 115 111 155 61.3 195 38.7

36 267 76 192 116 109 156 60.5 196 38.3

37 265 77 190 117 107 157 59.7 197 37.9

38 264 78 188 118 106 158 58.9 198 37.5

39 262 79 186 119 104 159 58.2 199 37.2

40 261 80 184 120 102 160 57.5 200 36.8

[a] When element width-to-thickness ratio exceeds A,, see Appendix B5.3.
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Values of ¢. F,,/ F,, $.=0.85
for Determining Design Stress for Compression
: a
Members for Steel of Any Yield Stress®
7\’0 q)CI:CI’/E/ ?\‘C q)cE:r”'; 7\‘0 ¢CI:CI’/E/ 7\‘0 q)CFDIIE/
0.02 0.850 0.82 0.641 1.62 0.284 2.42 0.127
0.04 0.849 0.84 0.632 1.64 0.277 2.44 0.125
0.06 0.849 0.86 0.623 1.66 0.271 2.46 0.123
0.08 0.848 0.88 0.614 1.68 0.264 2.48 0.121
0.10 0.846 0.90 0.605 1.70 0.258 2.50 0.119
0.12 0.845 0.92 0.596 1.72 0.252 2.52 0.117
1.04 0.843 0.94 0.587 1.74 0.246 2.54 0.116
0.16 0.841 0.96 0.578 1.76 0.241 2.56 0.114
0.18 0.839 0.98 0.568 1.78 0.235 2.58 0.112
0.20 0.836 1.00 0.559 1.80 0.230 2.60 0.110
0.22 0.833 1.02 0.550 1.82 0.225 2.62 0.109
0.24 0.830 1.04 0.540 1.84 0.220 2.64 0.107
0.26 0.826 1.06 0.531 1.86 0.215 2.66 0.105
0.28 0.823 1.08 0.521 1.88 0.211 2.68 0.104
0.30 0.819 1.10 0.512 1.90 0.206 2.70 0.102
0.32 0.814 1.12 0.503 1.92 0.202 2.72 0.101
0.34 0.810 1.14 0.493 1.94 0.198 2.74 0.099
0.36 0.805 1.16 0.484 1.96 0.194 2.76 0.098
0.38 0.800 1.18 0.474 1.98 0.190 2.78 0.096
0.40 0.795 1.20 0.465 2.00 0.186 2.80 0.095
0.42 0.789 1.22 0.456 2.02 0.183 2.82 0.094
0.44 0.784 1.24 0.446 2.04 0.179 2.84 0.092
0.46 0.778 1.26 0.437 2.06 0.176 2.86 0.091
0.48 0.772 1.28 0.428 2.08 0.172 2.88 0.090
0.50 0.765 1.30 0.419 2.10 0.169 2.90 0.089
0.52 0.759 1.32 0.410 2.12 0.166 2.92 0.087
0.54 0.752 1.34 0.401 2.14 0.163 2.94 0.086
0.56 0.745 1.36 0.392 2.16 0.160 2.96 0.085
0.58 0.738 1.38 0.383 2.18 0.157 2.98 0.084
0.60 0.731 1.40 0.374 2.20 0.154 3.00 0.083
0.62 0.724 1.42 0.365 2.22 0.151 3.02 0.082
0.64 0.716 1.44 0.357 2.24 0.149 3.04 0.081
0.66 0.708 1.46 0.348 2.26 0.146 3.06 0.080
0.68 0.700 1.48 0.339 2.28 0.143 3.08 0.079
0.70 0.692 1.50 0.331 2.30 0.141 3.10 0.078
0.72 0.684 1.52 0.323 2.32 0.138 3.12 0.077
0.74 0.676 1.54 0.340 2.34 0.136 3.14 0.076
0.76 0.667 1.56 0.306 2.36 0.134 3.16 0.075
0.78 0.659 1.58 0.299 2.38 0.132 3.18 0.074
0.80 0.650 1.60 0.291 2.40 0.129 3.20 0.073
[a] When element width-to-thickness ratios exceed A, , see Appendix B5.3
Values of A2> 2.24 exceed K/ r of 200 for F, = 36 ksi (250 MPa)
Values of > 2.64 exceed KI/rof 200 for F, = 50 ksi (345 MPa)
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NUMERICAL VALUES

TABLE 5
Values of Kl / rfor F,=36 and 50 ksi*
Ki/r Ki/r

Ae F,=36 F,=50 Ae F,=36 F,=50
0.02 18 1.5 0.82 73.1 62.0
0.04 3.6 3.0 0.84 74.9 63.6
0.06 5.3 4.5 0.86 76.7 65.1
0.08 7.1 6.1 0.88 78.5 66.6
0.10 8.9 7.6 0.90 80.2 68.1
0.12 10.7 9.1 0.92 82.0 69.6
0.14 12.5 10.6 0.94 83.8 711
0.16 14.3 121 0.96 85.6 72.6
0.18 16.0 13.6 0.98 87.4 741
0.20 17.8 15.1 1.00 89.2 75.7
0.22 19.6 16.6 1.02 90.9 77.2
0.24 21.4 18.2 1.04 92.7 78.7
0.26 23.2 19.7 1.06 94.5 80.2
0.28 25.0 21.2 1.08 96.3 81.7
0.30 26.7 22.7 1.10 98.1 83.2
0.32 28.5 24.2 1.12 99.9 84.7
0.34 30.3 25.7 1.14 102 86.3
0.36 32.1 27.2 1.16 103 87.8
0.38 33.9 28.8 1.18 106 89.3
0.40 35.7 30.3 1.20 107 90.8
0.42 37.4 31.8 1.22 109 92.3
0.44 39.2 33:3 1.24 M 93.8
0.46 41.0 34.8 1.26 112 95.3
0.48 42.8 36.3 1.28 114 96.8
0.50 44.6 37.8 1.30 116 98.4
0.52 46.4 39.3 1.32 118 99.9
0.54 48.1 40.9 1.34 120 101
0.56 49.9 42.4 1.36 121 103
0.58 51.7 43.9 13.8 123 104
0.60 53.5 45.4 1.40 125 106
0.62 55.3 46.9 1.42 127 107
0.64 57.1 48.4 1.44 128 109
0.66 58.8 49.9 1.46 130 111
0.68 60.6 51.4 1.48 132 112
0.70 62.4 53.0 1.50 134 114
0.72 64.2 54.5 1.62 136 115
0.74 66.0 56.0 1.54 137 117
0.76 67.8 57.5 1.56 139 118
0.78 69.5 59.0 1.58 141 120
0.80 713 60.5 1.60 143 121

* Note: Calculated values are based on U.S. customary units. Metric units give values within 1 percent of
those listed.
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TABLE 5 (cont'd)
Values of Kl / rfor F,=36 and 50 ksi*

Ki/r Ki/r
Ae F, =36 F, =50 Ae F, =50

1.62 144 122 2.42 183
1.64 146 124 2.44 185
1.66 148 126 2.46 186
1.68 150 127 2.48 188
1.70 152 129 2.50 189
1.72 153 130 252 191
1.74 155 132 2.54 192
1.76 157 133 2.56 194
1.78 159 135 2.58 195
1.80 161 136 2.60 197
1.82 162 138 2.62 198
1.84 164 139 2.64 200
1.86 166 141

1.88 168 142

1.90 169 144

1.92 171 145

1.94 173 147

1.96 175 148

1.98 177 150

2.00 178 151

2.02 180 153

2.04 182 154

2.06 184 156

2.08 186 157

2.10 187 159

2.12 189 160

2.14 191 162

2.16 193 163

2.18 194 165

2.20 196 167

2.22 198 168

2.24 200 170

2.26 171

2.28 173

2.30 174

2.32 176

2.34 177

2.36 179

2.38 180

2.40 182

Heavy line indicates Kl / r of 200.
* Note: Calculated values are based on U.S. customary units. Metric units give values within 1 percent

of those listed.

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



150

NUMERICAL VALUES

TABLE 6

From Table B5.1*

Slenderness Ratios of Elements as a Function of F,

F, , ksi (MPa)

Ratio 36 (250) 42 (290) 46 (317) 50 (345) 60 (415) 65 (450)
0.38,/E/F, 10.8 9.99 9.54 9.15 8.35 8.03
0.45,/E/F, 12.8 11.8 11.3 10.8 9.89 9.51
0.56,/E/F, 15.9 14.7 141 13.5 12.3 11.8
0.75/E/F, 213 19.7 18.8 18.1 16.5 15.8
112,JEIF, 31.8 294 28.1 27.0 24.6 23.7
1.40,/E/F, 39.7 36.8 35.2 33.7 30.8 29.6
1.49,/E/F, 42.3 39.2 374 35.9 328 315
1.86,[E/F, 52.8 48.9 46.7 44.8 40.9 39.3
3.76,/EIF, 107 98.8 94.4 90.6 82.7 79.4
5.70,/E/F, 162 150 143 137 125 120

0.045E/F, 36.3 31.0 28.4 26.1 21.8 20.0
0.07E/F, 56.4 48.3 44 1 40.6 33.8 31.2
0.11E/F, 88.6 76.0 69.3 63.8 53.2 491
0.31E/F, 250 214 195 180 150 138

those listed.

E = 29,000 ksi (200 000 MPa)

* Note: Calculated values are based on U.S. Customary Units. Metric units give values within 1 percent of

LRFD Specification for Sructural Seel Buildings, December 27, 1999

AMERICAN INSTITUTE OF STEEL CONSTRUCTION




NUMERICAL VALUES

151

TABLE 7
Values of C,,
for Use in Section C1

M M M
M, Cn M, Cn M, Cn
-1.00 1.00 -0.45 0.78 0.10 0.56
-0.95 0.98 -0.40 0.76 0.15 0.54
-0.90 0.96 -0.35 0.74 0.20 0.52
-0.85 0.94 -0.30 0.72 0.25 0.50
-0.80 0.92 -0.25 0.70 0.30 0.48
-0.75 0.90 -0.20 0.68 0.35 0.46
-0.70 0.88 -0.15 0.66 0.40 0.44
-0.65 0.86 -0.10 0.64 0.45 0.42
-0.60 0.84 -0.05 0.62 0.50 0.40

0.60 0.36
-0.55 0.82 0 0.60 0.80 0.28
-0.50 0.80 0.05 0.58 1.00 0.20

Note 1: Cp, = 0.6 0.4 (M; / M>)
Note 2: M; / M, is positive for reverse curvature and negative for single curvature. \ M1| <| M2|
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TABLE 8-36
¢vVn

(ksi) for Plate Girders by Appendix F2 for
Aw 36 ksi Yield Stress Steel,
Tension Field Action Not Included

Aspect ratio a/ h: Stiffener Spacing to Web Depth

h Over
tw 05 | 06 | 0.7 | 0.8 | 0.9 1.0 1.2 1.4 16 18 | 20 | 25 | 3.0 3.0
60 | 194 | 194 | 194 | 194 | 19.4 | 19.4 | 19.4 | 19.4 | 194 | 194 | 19.4 | 19.4 | 19.4 | 194
70 | 194 | 194 | 194 | 194 | 19.4 | 19.4 | 19.4 | 19.4 | 194 | 194 | 194 | 194 | 19.4 | 194
80 | 194 (194|194 (194|194 | 19.4 | 19.4 | 194 | 194 | 194 | 189 | 182 | 179 | 16.9
90 | 194 (194 | 194 | 194 | 194 | 194 | 194 | 185 | 17.8 | 17.2 | 16.8 | 16.2 | 159 | 14.7
100 | 19.4 | 19.4 | 194 | 194 | 194 | 19.2 | 176 | 16.6 | 16.0 | 155 | 149 | 13.8 | 13.2 | 11.9
110 | 194 | 194 | 194 | 194 | 184 | 174 | 16.0 | 148 | 13.7 | 12.8 | 123 | 11.4 | 109 9.8
120 | 19.4 | 19.4 | 19.4 | 18.1 | 16.9 | 16.0 | 14.0 | 125 | 11.5 | 10.8 | 10.8 | 10.3 | 9.6 9.2
130 | 19.4 | 19.4 | 18.2 | 16.7 | 156 | 141 | 11.9 | 106 | 98 | 9.2 | 88 82| 7.8 7.0
140 | 19.4 | 188 | 16.9 | 155 | 135 | 121 [ 103 | 9.2 | 84 | 79 7.6 70| 6.7 6.1
150 | 19.4 | 17.6 | 15.7 | 135 | 11.8 | 10.6 | 8.9 80| 73| 69| 6.6 6.1 | 59 5.3
160 | 189 | 16.5 | 141 | 11.9 | 104 | 9.3 7.9 70| 65| 61| 58 5.4 4.6
170 | 17.8 | 155 | 125 | 105 | 9.2 | 8.2 70| 62| 57| 54| 51 4.1
180 | 16.8 | 13.9 | 11.1 94| 82| 73 6.2 55| 51| 48| 46 3.7
200 | 149 | 11.2 90| 76| 66| 59| 50| 45| 41 3.0
220 | 123 | 9.3 75| 63| 55| 49| 42 25
240 | 103 | 7.8 63| 53| 46| 41 21
260 88 | 6.6 53| 45| 39| 35 18
280 76| 57| 46| 39

300 66| 50| 40

320 58| 44
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TABLE 8-36 M
LIAZ) (MPa) for Plate Girders by Appendix F2
Av for 250 MPa Yield Stress Steel,
Tension Field Action Not Included
Aspect ratio a/ h: Stiffener Spacing to Web Depth
i Over
tw 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0 25 3.0 3.0
60 135 135 135 135 135 135 135 135 135 135 135 135 135 135
70 135 135 135 135 135 135 135 135 135 135 135 135 135 134
80 135 135 135 135 135 135 135 135 135 134 131 126 124 117
90 135 135 135 135 135 135 135 128 123 119 117 112 110 101
100 135 135 135 135 135 133 122 115 111 107 102 | 95.0 | 91.0 81.9
110 135 135 135 135 128 121 111 102 | 94.1 | 88.6 | 84.6 | 785 | 75.2 67.7
120 135 135 135 125 117 111 | 96.4 | 859 | 79.1 | 744 | 71.1 | 66.0 | 63.2 56.9
130 135 135 126 116 108 | 96.9 | 82.1 | 73.2 | 67.4 | 63.4 | 60.6 | 56.2 | 53.8 48.5
140 135 130 117 107 | 93.4 | 83.6 | 70.8 | 63.1 | 58.1 | 54.7 | 52.2 | 48.5 | 46.4 41.8
150 135 122 109 | 93.3 | 81.3 | 728 | 61.7 | 55.0 | 50.6 | 47.6 | 45,5 | 42.2 | 40.4 36.4
160 131 114 | 97.3 | 82.0 | 71.5 | 64.0 | 54.2 | 48.3 | 445 | 41.9 | 40.0 | 37.1 32.0
170 124 107 | 86.2 | 72.6 | 63.3 | 56.7 | 48.0 | 428 | 39.4 | 37.1 | 35.4 28.3
180 117 | 955 | 76.9 | 64.8 | 56.5 | 50.6 | 42.8 | 38.2 | 35.2 | 33.1 | 31.6 25.3
200 102 | 77.3 | 62.3 | 525 | 45.8 | 41.0 | 34.7 | 30.9 | 285 20.5
220 | 846 | 63.9 | 51.5 | 43.4 | 37.8 | 33.8 | 28.7 16.9
240 | 71.1 | 53.7 | 43.2 | 36.4 | 31.8 | 284 14.2
260 | 60.6 | 45.8 | 36.8 | 31.0 | 27.1 | 24.2 12.1
280 | 52.2 | 39.5 | 31.8 | 26.8
300 | 455 | 34.4 | 27.7
320 | 40.0 | 30.2
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TABLE 8-50

kil (ksi) for Plate Girders by Appendix F2

w

for 50 ksi Yield Stress Steel,
Tension Field Action Not Included

Aspect ratio a/ h: Stiffener Spacing to Web Depth

i Over
tw 05|06 |07 |08 |09 10| 12 |14 | 16 | 18 | 20 | 25 | 3.0 | 3.0
60 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.6
70 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.9 | 26.1 | 25.5 | 24.6 | 24.0 | 22.8
80 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.0 | 245 | 235 | 228 | 223 | 21.5 | 20.6 | 18.6
90 | 27.0 | 27.0 | 27.0 | 27.0 | 26,5 | 25.1 | 23.1 | 21.8 | 20.4 | 19.2 | 183 | 17.0 | 16.3 | 14.7
100 | 27.0 | 27.0 | 27.0 | 25.6 | 239 | 226 | 20.1 | 179 | 16,5 | 155 | 149 | 13.8 | 13.2 | 11.9
110 | 27.0 | 27.0 | 25.3 | 23.2 | 21.7 | 19.6 | 16.6 | 148 | 13.7 | 128 | 123 | 114 | 109 | 9.8
120 | 27.0 | 259 | 23.2 | 21.1 | 184 | 16,5 | 14.0 | 125 | 115 | 108 | 103 | 96 | 9.2 | 83
130 | 27.0 | 239 | 214 | 180 | 157 | 141 | 119 | 106 | 98| 92| 88| 82| 7.8 | 7.0
140 | 25,5 | 22.2 | 184 | 155 | 13,5 | 121 | 10.3 9.2 8.4 7.9 7.6 7.0 6.7 6.1
150 | 23.8 | 19.9 | 16.1 | 13.5 | 11.8 | 10.6 8.9 8.0 7.3 6.9 6.6 6.1 5.9 5.3
160 | 223 | 175 | 141 | 119 | 104 9.3 7.9 7.0 6.5 6.1 5.8 5.4 4.6
170 | 206 | 155 | 125|105 | 92| 82| 70| 62| 57| 54| 51 4.1
180 | 183|139 (111 | 94| 82| 73| 62| 55| 51| 48| 4.6 3.7
200 | 149 | 112 | 90| 76| 66| 59| 50| 45| 41 3.0
220 | 12.3 9.3 7.5 6.3 55 4.9 4.2 2.5
240 | 10.3 7.8 6.3 53 4.6 4.1 21
260 88| 66| 53| 45| 39| 35 1.8
280 76| 57| 46| 39
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TABLE 8-50 M
LIAZ) (MPa) for Plate Girders by Appendix F2
Av " for 345 MPa Yield Stress Steel,
Tension Field Action Not Included
Aspect ratio a/ h: Stiffener Spacing to Web Depth

l Over
tw 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0 25 3.0 3.0
60 | 186 186 186 186 186 186 186 186 186 186 186 186 186 184
70 | 186 186 186 186 186 186 186 186 186 180 176 170 166 158
80 | 186 186 186 186 186 186 180 169 163 158 154 148 142 128
90 | 186 186 186 186 183 173 160 151 141 132 126 117 112 101
100 | 186 186 186 177 165 156 139 124 114 107 102 95.0 ( 91.0 81.9
110 | 186 186 175 161 150 135 115 102 941 | 88.6| 84.6 | 785 | 75.2 67.7
120 | 186 179 160 146 127 114 96.4| 859 | 79.1| 744 | 71.1| 66.0 | 63.2 56.9
130 | 186 165 147 124 108 96.9| 82.1| 73.2| 674 | 63.4| 60.6 | 56.2 | 53.8 48.5
140 | 176 153 127 107 93.4| 836 | 70.8| 63.1 | 58.1 | 54.7 | 52.2 | 48,5 | 46.4 41.8
150 | 164 138 111 93.3| 81.3| 728 | 61.7| 55.0| 50.6 | 47.6 | 45.5| 42.2 | 40.4 36.4
160 | 154 121 97.3| 82.0| 715| 64.0| 54.2 | 483 | 445 | 419 | 40.0| 37.1 32.0
170 | 142 107 86.2 | 726 | 63.3| 56.7 | 48.0| 428 | 394 | 37.1| 354 28.3
180 | 126 955 | 76.9| 64.8| 565 | 50.6 | 42.8 | 38.2 | 35.2| 33.1| 31.6 25.3
200 | 102 77.3| 623 | 525 | 458 | 41.0| 34.7| 30.9| 28.5 20.5
220 846 | 63.9| 51.5| 43.4 | 37.8| 33.8| 28.7 16.9
240 71.1| 53.7| 43.2| 36.4| 31.8| 28.4 14.2
260 60.6 | 45.8 | 36.8 | 31.0| 27.1| 24.2
280 522 | 39.5| 31.8| 26.8
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TABLE 9-36
LIAZ) (ksi) for Plate Girders by Appendix G for
Aw 36 ksi Yield Stress Steel,
Tension Field Action Included™
(Italic values indicate gross area,
as percent of (h x t,) required for pairs of
intermediate stiffeners of 36 ksi yield stress
steel with V, / ¢V, = 1.0)"
Aspect ratio a/ h: Stiffener Spacing to Web Depth
Over
h 3.0
tw 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6 18 2.0 25 3.0 [c]
60 194 (194 | 194 | 194 | 194 | 194 | 19.4 | 194 | 194 | 194 | 194 | 194 | 194 19.4
70 194 (194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 19.4
80 194 (194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 19.4 | 19.1 | 18.6 | 18.3 16.9
90 | 194 (194|194 | 194 | 194 | 194 | 194 | 190 | 185 | 18.2 | 17.8 | 17.3 | 16.8 14.7
100 | 194 | 194 | 194 | 194 | 194 | 19.3 | 186 | 18.1 | 176 | 17.2 | 16.6 | 15.6 | 14.9 11.9
110 | 194 | 194 | 194 | 19.4 | 19.1 | 18.7 | 179 | 17.2 | 16.3 | 156 | 15.1 | 14.0 | 13.3 9.8
120 | 19.4 | 194 | 194 | 19.0 | 185 | 18.1 | 17.0 | 16.0 | 15.1 | 144 | 139 | 128 | 12.0 8.3
130 | 194 | 194 | 19.1 | 186 | 181 | 17.4 | 16.1 | 151 | 142 | 135 | 129 | 11.8 | 11.0 7.0
140 | 19.4 | 193 | 18.7 | 18.2 | 174 | 16.6 | 154 | 144 | 135 | 128 | 12.2 | 11.0 | 10.2 6.1
150 | 19.4 | 19.0 | 184 | 175 | 16.7 | 16.0 | 148 | 13.8 | 129 | 12.2 | 11.6 | 104 | 9.6 5.3
160 | 19.3 | 18.7 | 179 | 17.0 | 16.2 | 155 | 143 | 13.3 | 124 | 11.7 | 11.1 | 9.9 4.6
170 | 19.1 | 184 | 17.4 | 16.6 | 158 | 15.1 | 13.9 | 12.9 | 12.0 | 11.3 | 10.7 4.1
0.3 0.4
180 | 189 | 18.0 | 17.1 | 16.2 | 155 | 14.8 | 13.6 | 12.6 | 11.7 | 11.0 | 10.4 3.7
0.2 0.7 1.1 1.3 1.5
200 | 18.4 | 17.3 | 16.4 | 156 | 149 | 142 | 131 | 12.0 | 11.2 3.0
0.1 0.9 1.4 2.1 2.5 2.8
220 | 17.8 | 16.9 | 16.0 | 15.2 | 145 | 13.8 | 12.7 25
1.1 2.0 2.6 3.0 3.6
240 | 17.4 | 16.5 | 15.7 | 149 | 14.2 | 135 2.1
1.5 2.7 3.4 3.9 4.3
260 | 17.1 | 16.2 | 154 | 146 | 14.0 | 13.3 1.8
1.3 3.0 4.0 4.6 5.0 5.4
280 | 16.8 | 16.0 | 15.2 | 14.4
2.7 | 4.2 5.0 5.6
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TABLE 9-36 (cont'd)

LIAZ) (ksi) for Plate Girders by Appendix G
Aw " for 36 ksi Yield Stress Steel,
Tension Field Action Included™
(Italic values indicate gross area,
as percent of (h x t,) required for pairs of
intermediate stiffeners of 36 ksi yield stress
steel with V, / ¢V, = 1.0)"
Aspect ratio a / h : Stiffener Spacing to Web Depth

Over
h 3.0

t, | 05| 06| 07|08 |09 | 10| 12|14 16| 18]|20]25]30] [c]

300 | 16.6 | 15.8 | 15.0
3.9 5.2 5.9

320 | 16.4 | 15.6
4.9 6.0
[a] For area of single-angle and single-plate stiffeners, or when V,,/ ¢ V,, < 1.0, see Equation A-G4-1.
[b] For end-panels and all panels in hybrid and web-tapered plate girders, use Table 9-36.

[c] Same as for Table 9-36.
Note: Girders so proportioned that the computed shear is less than that given in the right-hand column

do not require intermediate stiffeners.
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NUMERICAL VALUES

¢ vWh
Aw

TABLE 9-36 M

Tension Field Action Included™

(Italic values indicate gross area,
as percent of (h x t,) required for pairs of

intermediate stiffeners of 250 MPa yield stress
steel with V, / ¢V, = 1.0)"

(MPa) for Plate Girders by Appendix G
for 250 MPa Yield Stress Steel,

Aspect ratio a / h: Stiffener Spacing to Web Depth

Over
h 3.0
tw 0.5 0.6 0.7 | 0.8 | 0.9 1.0 1.2 14 1.6 1.8 2.0 25 3.0 [c]
60 | 135 135 [ 135 | 135 (135 | 135 135 135 | 135 | 135 135 135 | 135 135
70 (135 |135 |135 |135 |135 [135 |135 |135 |135 |135 |135 |135 | 135 134
80 [135 (135 |135 |135 [135 |135 [135 [135 |135 |135 |133 |129 |127 117
90 | 135 [135 |135 |135 |135 |135 |135 |[132 |129 |126 |124 |120 | 117 101
100 | 135 135 | 135 [135 [135 |[134 | 129 125 | 122 119 115 108 | 103 81.9
110 | 135 135 | 135 |[135 [132 (130 | 124 |119 | 113 | 108 104 96.9 | 91.8 67.7
120 | 135 135 [ 135 | 132 (129 | 126 118 111 | 105 | 100 96.0 | 88.4| 83.0 56.9
130 | 135 135 | 132 (129 |[126 |120 | 112 105 98.6 | 93.7 | 89.6 | 81.7 | 76.2 48.5
140 | 135 134 | 130 |126 |120 | 115 107 995 936 | 88.7 | 845| 76.5| 709 41.8
150 | 135 |132 |128 |122 |116 |111 | 103 955| 89.6 | 84.6 | 80.4| 72.2 | 66.5 36.4
160 | 134 | 130 |124 |118 | 113 | 108 99.2 | 92.2| 86.3 | 81.2 | 77.0 | 68.8 32.0
170 | 132 128 | 121 |115 |[110 | 105 96.5| 89.4| 835 | 785 | 74.2 28.3
0.3 | 04
180 | 131 125 | 118 | 113 |[107 | 103 942 87.2| 81.2| 76.2| 71.9 25.3
0.2 0.7 1.1 1.3 1.5
200 | 128 | 120 |114 |109 |103 | 98.8| 90.6 | 83.6 | 77.6 20.5
01| 09 1.4 2.1 2.5 2.8
220 (124 | 117 |111 | 106 |101 96.1 | 87.9 16.9
1.1 20 | 26 | 30 | 36
240 | 121 | 114 |109 |103 | 98.5| 94.0 14.2
1.5 2.7 3.4 3.9 4.3
260 | 118 112 | 107 | 102 96.9| 92.4 12.1
1.3 | 30 | 40 | 46 | 50 | 54
280 | 117 111 | 105 | 100
27 | 42 | 50 | 56
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TABLE 9-36 M (cont'd)

GV (MPa) for Plate Girders by Appendix G
Aw “for 250 MPa Yield Stress Steel,
Tension Field Action Included™
(Italic values indicate gross area,
as percent of (h x t,) required for pairs of

intermediate stiffeners of 250 MPa yield stress
steel with V,/ ¢V, = 1.0)"

Aspect ratio a/ h: Stiffener Spacing to Web Depth

Over
h 3.0
tw | 05|06 | 07| 08| 09| 10| 12| 14| 16| 18| 20| 25| 30 [c]

300 | 115 | 109 | 104
39 | 52 | 59

320 | 114 | 108
4.9 6.0

[a] For area of single-angle and single-plate stiffeners, or whenV, / ¢V, <10, see Equation A-G4-1.
[b] For end-panels and all panels in hybrid and web-tapered plate girders, use Table 9-36M.

[c] Same as for Table 9-36M.

Note: Girders so proportioned that the computed shear is less than that given in the right-hand column
do not require intermediate stiffeners.
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TABLE 9-50

Av " for 50 ksi Yield Stress Steel,
Tension Field Action Included ™

LIAL) (ksi) for Plate Girders by Appendix G

(Italic values indicate gross area, as percent of (h x t,)

18 | 32 | 40 | 46 | 49 | 52

required for pairs of intermediate stiffeners of 50 ksi
yield stress steel with V, / ¢V, = 1.0)
Aspect ratio a / h : Stiffener Spacing to Web Depth
Over
h 3.0
tw 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0 25 3.0 [c]
60 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.6
70 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.9 | 26.5 | 26.1 | 25.4 | 249 | 22.8
80 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 27.0 | 26.5 | 25.8 | 25.1 | 246 | 24.1 | 23.3 | 224 | 186
90 | 27.0 | 27.0 | 27.0 | 27.0 | 26.8 | 26.3 | 25.3 | 24.4 | 23.4 | 225 | 21.7 | 20.2 | 19.2 | 14.7
100 | 27.0 | 27.0 | 27.0 | 265 | 259 | 25.3 | 24.0 | 225 | 21.4 | 20.4 | 19.6 | 18.0 | 17.0 | 119
110 | 270 | 270 | 265 | 258 | 25.1 | 242 | 224 | 21.0 | 198 | 188 | 180 | 16.4 | 153 9.8
120 | 270 | 26.7 | 259 | 25.1 | 240 | 230 | 21.2 | 198 | 186 | 176 | 16.8 | 152 | 141 8.3
130 | 270 | 26.2 | 254 | 24.1 | 230 | 220 | 20.3 | 189 | 17.7 | 16.7 | 159 | 142 | 131 7.0
140 | 26.7 | 25.8 | 245 | 23.3 | 22.2 | 21.3 | 196 | 182 | 17.0 | 16.0 | 15.1 | 13,5 | 12.3 6.1
150 | 26.3 | 25.2 | 239 | 22.7 | 21.6 | 20.7 | 19.0 | 176 | 16.4 | 154 | 145 | 129 | 11.7 5.3
160 | 26.0 | 246 | 23.3 | 22.2 | 21.1 | 20.2 | 185 | 17.1 | 159 | 149 | 140 | 124 4.6
0.2 0.4 0.5 0.8
170 | 25.6 | 24.1 | 228 | 21.7 | 20.7 | 19.8 | 18.1 | 16.7 | 15.2 | 145 | 13.6 4.1
0.5 1.0 1.2 1.4 1.6
180 | 25.1 | 23.7 | 224 | 21.3 | 20.3 | 194 | 178 | 16.4 | 15.2 | 14.2 | 13.3 3.7
0.4 0.9 1.5 1.9 22 2.3 2.5
200 | 243 | 23.0 | 21.8 | 20.8 | 19.8 | 189 | 17.3 | 15.9 | 14.7 3.0
1.0 1.8 2.3 2.7 3.2 3.5 3.7
220 | 23.7 | 225 | 241 | 204 | 194 | 185 | 16.9 25
1.7 2.7 3.3 3.8 4.1 4.5
240 | 23.2 | 221 | 21.0 | 20.0 | 19.1 | 18.2 2.1

260 | 23.0 | 21.8 | 20.8 | 19.8 | 18.8 | 18.0
32 | 44 51 56 | 59 6.1

280 | 22.7 | 21.6 | 20.6 | 19.6
4.4 54 6.0 6.4

[b] For end-panels and all panels in hybrid and web-tapered plate girders, use Table 9-50.
[c] Same as for Table 9-50.

do not require intermediate stiffeners.

[a] For area of single-angle and single-plate stiffeners, or when V,,/ ¢ V,, < 1.0, see Equation A-G4-1.

Note: Girders so proportioned that the computed shear is less than that given in the right-hand column
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TABLE 9-50 M
q)vVn

——— (MPa) for Plate Girders by Appendix G
Aw  “for 345 MPa Yield Stress Steel,
Tension Field Action Included™

(Italic values indicate gross area, as percent of (h x t,)

required for pairs of intermediate stiffeners of 345 MPa
yield stress steel with V, / ¢V, = 1.0)"

Aspect ratio a/h : Stiffener Spacing to Web Depth

Over
h 3.0
tw | 05| 06 | 07 |08 |09 | 10| 12|14 | 16| 18| 20| 25 | 30 | [c]

60 | 186 | 186 | 186 | 186 | 186 | 186 | 186 | 186 | 186 |186 |186 |[186 (186 |184

70 | 186 | 186 | 186 | 186 | 186 | 186 | 186 | 186 | 186 |183 (180 |175 (172 |158

80 | 186 | 186 | 186 | 186 | 186 | 186 | 183 | 178 | 174 |170 |167 (161 |[155 |128

90 | 186 | 186 | 186 | 186 | 185 | 181 | 174 | 169 | 162 |155 (150 |140 (133 |101

100 | 186 | 186 | 186 | 183 | 179 | 175 | 165 | 155 | 147 |141 (135 |125 (117 81.9

110 | 186 | 186 | 183 | 178 | 173 | 167 | 155 | 145 | 137 |130 (124 |113 (106 67.7

120 | 186 | 184 | 179 | 173 | 165 | 158 | 147 | 137 | 129 |122 (116 |105 97.1| 56.9

130 | 186 | 181 | 175 | 166 | 159 | 152 | 140 | 130 | 122 |115 (110 98.3| 90.4| 48.5

140 | 184 | 178 | 169 | 161 | 154 | 147 | 135 | 125 | 117 |110 (104 93.1| 85.0| 41.8

150 | 181 | 174 | 165 | 157 | 149 | 143 | 131 | 121 | 113 |106 (100 88.8| 80.6| 36.4

160 | 179 | 170 | 161 | 153 | 146 | 139 | 128 | 118 | 110 |103 96.9| 85.3 32.0
02| 04| 05| 08

170 | 176 | 166 | 158 | 150 | 143 | 136 | 125 | 115 | 107 |100 94.1 28.3

180 | 173 | 163 | 155 | 147 | 140 | 134 | 123 | 113 | 105 | 97.8| 91.8 25.3
04| 09| 15| 19| 22| 23| 25

200 | 168 | 159 | 151 | 143 | 137 | 130 | 119 | 109 | 101 20.5
10| 18| 23| 27| 32| 35| 37

220 | 164 | 155 | 148 | 140 | 134 | 128 | 116 16.9
17| 27| 33| 38| 41| 45

240 | 161 | 153 | 145 | 138 | 132 | 126 14.2
18| 32| 40| 46| 49| 52

260 | 158 | 151 | 143 | 136 | 130 | 124
32| 44| 51| 56| 59| 6.1

280 | 157 | 149 | 142 | 135
44| 54| 60| 64

[a] For area of single-angle and single-plate stiffeners, or when V,,/ ¢V, < 1.0, see Appendix A-G4-1.
[b] For end-panels and all panels in hybrid and web-tapered plate girders, use Table 8-50M.

[c] Same as for Table 8-50M.

Note: Girders so proportioned that the computed shear is less than that given in the right-hand column
do not require intermediate stiffeners.
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TABLE 10

Nominal Horizontal Shear Load for
One Connector Qx, kips
From Equations 15-1 and 15-2

Specified Compressive Strength
of concrete £, ksi [d]
Connector [b] 3.0 3.5 4.0

%-in. dia. x 2-in. hooked or headed stud 9.4 10.5 11.6
%-in. dia. x 2% in. hooked or headed stud 14.6 16.4 18.1
¥in. dia. x 3-in. hooked or headed stud 21.0 23.6 26.1
7%-in. dia. x 3%-in. hooked or headed stud 28.6 321 355
Channel C3 x 4.1 10.2 L;[c] 11.5 L. [c] 12.7 L [c]
Channel C4 x 5.4 11.1 L, [c] 124 L, [c] 13.8 L;[c]
Channel C5 x 6.7 11.9 L, [c] 13.3 L. [c] 14.7 L. [c]

[a] Applicable only to concrete made with ASTM C33 aggregates.

[b] The nominal horizontal loads tabulated may also be used for studs longer than shown.
[c] Lc = length of channel, inches.

[d] F,>0.5 (f; w) %7, w= 145 Ibs./cu. ft.

TABLE 10 M

Nominal Horizontal Shear Load for
One Connector Q,, kN¥
From Equations 15-1 and 15-2

Specified Compressive Strength
of Concrete, ./, MPa [d]
Connector [b] 20 25 30

12.7 mm dia.x 50 mm hooked or headed stud 42 48 55
15.9 mm dia.x 63 mm hooked or headed stud 65 75 86
19.0 mm dia.x 75 mm hooked or headed stud 93 108 123
22.2 mm dia.x 88 mm hooked or headed stud 127 145 167
Channel C75 x 6.1 1.8 L;[c] 2.1 L [c] 2.4 L;[c]
Channel C100 x 8 1.9L; [c] 22 L[c] 2.6 L;[c]
Channel C130 x 10.4 2.1 L [c] 2.4 L;[c] 2.7 Ls[c]

[a] Applicable only to concrete made with ASTM C33 aggregates.

[b] The nominal horizontal loads tabulated may also be used for studs longer than shown.
[c] L = length of channel, mm.

[d] F,> 0.1 (£, w)°7®, w = 2325 kg/m®
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COMMENTARY

on the Load and Resistance Factor
Design Specification for Structural
Steel Buildings

December 27, 1999

INTRODUCTION
The Specification is intended to be complete for normal design usage.

The Commentary furnishes background information and references for the benefit of the
engineer seeking further understanding of the basis, derivations and limits of the specifi-
cation.

The Specification and Commentary are intended for use by design professionals with
demonstrated engineering competence.
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Al.

A2.

CHAPTER A

GENERAL PROVISIONS

SCOPE

Load and Resi stance Factor Design (LRFD) isan improved approach to the design
of structural steel for buildings. It involves explicit consideration of limit states,
multiple load factors, and resistance factors, and implicit probabilistic determina-
tion of reliability. The designation LRFD reflects the concept of factoring both
loads and resistance. Thistype of factoring differs from the AISC allowable stress
design (ASD) Specification (AISC, 1989), whereonly theresistanceisdivided by a
factor of safety (to obtain allowable stress) and from the plastic design portion of
that Specification, where only the loads are multiplied by a common load factor.
The LRFD method was devised to offer the designer greater flexibility, moreratio-
nality, and possible overall economy.

Theformat of using resistance factors and multiple load factorsis not new, as sev-
era such design codes are in effect [the ACI-318M Building Code Requirements
for Structural Concrete (ACI, 1999) and the AASHTO L oad and Resistance Factor
Design for Bridges (AASHTO, 1996)]. Nor should the new LRFD method give
designs radically different from the older methods, since it was tuned, or “cali-
brated,” to typical representative designs of the earlier methods. The principal new
ingredient is the use of a probabilistic mathematical model in the development of
theload and resi stance factors, which made it possible to give proper weight to the
accuracy with which the various loads and resistances can be determined. Also, it
provides a rational methodology for transference of test results into design provi-
sions. A more rational design procedure leading to more uniform reliability isthe
practical result.

TYPES OF CONSTRUCTION

Connection Classification. In the first edition of the LRFD Specification (AISC,
1986), the types of construction were changed from Type 1 through Type 3 (AISC,
1978) to the more general terms of fully-restrained (FR) and partially restrained
(PR), to provide appropriate recognition of connection stiffness. The third edition
of the LRFD Specification emphasizes the combined importance of stiffness,
strength and ductility in connection design.

Examples of connection classification schemes include those described by
Ackroyd and Gerstle (1982), Bjorhovde, Colson, and Brozzetti (1990), and
Eurocode 3 (1992) (Leon, 1994). The basic assumption made in classifying con-
nectionsisthat their most important behavioral characteristics canbemodeled by a
moment-rotation (M-6) curve such as shown in Figure C-A2.1. Implicit in the
moment-rotation curve is the definition of the connection as aregion of the con-
nected members, along with the connecting elements. The connectionisdefined in
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thisway because the rotation is measured over a gage length that incorporates the
contributionsof both the connecting el ementsand the membersbeing connected.

Connection Srength. Referring to Figure C-A2.1, it is presumed that the nominal
connection strength M,, can be determined on the basis of an ultimate limit state
model of the connection or from test data. Further, many PR connections do not
exhibit a plateau in their moment-rotation relationship, even at large rotations. In
determining their strength based on tests, it is necessary to assume a rotation at
which to definethe nominal strength. For this purpose, the connection strength can
be defined at a rotation of approximately 6,=0.02 radians (Hsieh and Deierlein,
1991, and Leon, Hoffman, and Staeger, 1996).

Animportant aspect of the nominal strength of aconnection, M, isitsrelationship
to the strength of the connected beam Mg peam. A cOnnection isfull strength if M, >
M peam, Otherwise the connection is partial strength.

A partia strength PR connection must be designed with sufficient ductility to per-
mit the connection components to deform and to avoid any brittle failure modes.

Itisalso useful to definealower limit for the strength, bel ow which the connection
can betreated as simple. Connectionsthat transmit |essthan 0.2Mg peam 8t arotation
of 0.02 radians can be considered to have no flexura strength for design. It should
be recognized, however, that the aggregate strength of many weak partial strength
connections(e.g. those with acapacity lessthan 0.2M, peam) Can be significant when
compared to that of afew strong connections (FEMA, 1997).

Connection ductility. Connection ductility is a key parameter when the deforma-
tions are concentrated in the connection elements, asisthe typical casein partial
strength PR connections. Theductility required will depend on theflexibility of the
connections and the particular application. For example, the ductility requirement
for abraced framein anon-seismic areawill generally belessthan for an unbraced
framein ahigh seismic area. Referring again to Figure C-A2.1, the rotation capac-
ity, 8., can be defined as the value of the connection rotation at the point where
either (a) the resisting strength of the connection has dropped to 0.8M,, i.e. to 80
percent of the nominal connection strength, or (b) the connection has deformed
beyond areasonable limit, e.g. 0.03 radians. This second criterion for determining
0, isintended to apply to connections where there is no loss in strength until very
large rotations occur. For example, tests of double-angle web connections show
that some detailswill deform in aductile manner beyond the point where the beam
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Fig. C-A2.1. Typical moment-rotation response of a partially-restrained connection.
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comesinto contact with the supporting column. However, it woul d not be appropri-
ate to rely on these extremely large rotations (typically more than 0.1 radians) for
design.

The available ductility, 6,, should be compared with the required rotational ductil-
ity under thefull factored | oads, asdetermined by an analysisthat takesinto account
the nonlinear behavior of the connection. Inthe absence of accurate analyses of the
required rotation capacity, the connection ductility may be considered adequate
whentheavailableductility isgreater than 0.03 radians. Thisrotationisequal tothe
minimum beam-to-column connection ductility as specified in the AISC seismic
provisionsfor special moment frames (AISC, 1997 and 1999). Many types of par-
tial strength PR connections, such astop and seat-angledetails, meet thiscriterion.

Connection Stiffness. Because many PR connections manifest nonlinear behavior
even at low forcelevels, theinitia stiffness of the connection, K;, does not charac-
terize the connection response adequately. Short of modeling the nonlinear
response, a better measure of behavior is the secant stiffness, K (see Figure
C-A2.1). Thesecant stiffnessisdefined onthe basisof either the moment, Mg, or the
rotation, 65, that would occur under the applied |oads. Generally, two distinct values
of secant stiffness should be considered in design, with one corresponding to the
behavior under service loads and the other to the behavior under factored loads.

The ratio of connection stiffness to beam stiffness can be defined as a=K.L/El,
where L and El are the length and bending rigidity, respectively, of the connected
beam. Limiting values of o are approximate ways of categorizing connection stiff-
nessin order to simplify theanalysis. Thelimitsare not exact values, and generally
depend on the structural geometry and the limit state used to establish the criterion.
For continuous beams in braced frames, for example, limits based on achieving a
certain percentage of the fixed-end moment or reaching a deflection limit can be
used to establish stiffness criteria (Leon, 1994).

Following such an approach, where o is defined using the secant stiffness for the
serviceability limit state, it isreasonableto classify connections asfully restrained
if oo > 20. On the other hand, connections with o. < 2 may be approximated as
simple.

Sructural Analysis and Design. When the secant stiffness falls below the fully
restrained limit, engineers should account for the PR behavior in determining mem-
ber and connection forces, displacements, and framestability effects. Thisrequires,
first, that the moment-rotation characteristics of the connection be known, and sec-
ond, that these characteristics be incorporated in analysis and member design.

Typical moment-rotation curves for many PR connections are available from sev-
eral databases: Goverdhan (1983); Ang and Morris (1984); Nethercot (1985); and
Kishi and Chen (1986), for example. Care should be exercised when utilizing tabu-
lated moment-rotation curves not to extrapol ate to sizes or conditions beyond those
used to develop the database, since other failure modes may control (ASCE Task
Committeeon Effective Length, 1997). When the connectionsto be model ed do not
fall withintherange of the databases, it ispossibleto derivethe characteristicsfrom
tests, simple component modeling, or finite element studies(FEMA, 1995). Exam-
ples of how to model connection behavior are given in numerous references
(Bjorhovde, Brozzetti, and Colson, 1988; Bjorhovde, Colson, Haaijer, and Stark,
1992; Bjorhovde, Colson, and Zandonini, 1996; Chenand L ui, 1991; L orenz, Kato,
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and Chen, 1993; Chen and Toma, 1994; Chen, Goto, and Liew, 1995; and Leon et
al., 1996).

The degree of sophistication of the analysis depends on the problem at hand.
Usually design for PR construction requires separate analysesfor the serviceability
and ultimate limit states. For serviceability, an analysisusing linear springswith a
secant stiffness K is often sufficient. Under factored loads, a more careful proce-
dureisneeded to ensure that the characteristics assumed in the analysis are consis-
tent with those of the connection response. As shown in Figure C-A2.1, the
response is especially nonlinear as the applied moment approaches the nominal
connection strength, M. In particular, the effect of the connection nonlinearity on
second-order moments and other stability checks need to be considered (ASCE
Task Committee on Effective Length, 1997). The preferable method of incorporat-
ing these effectsin the ultimate limit state check isthrough asecond-order analysis
that model s the nonlinear moment-rotation response of the connections explicitly.
Alternatively, for regular structuresin regions of low to moderate seismicity, prop-
erly calibrated second-order elastic analysis methods or plastic hinge methods
(e.g.,Leonetal., 1996) can be used. Elastic procedures may, for example, uselinear
springs with reduced secant-stiffness values determined to be consistent with the
maximum rotations cal culated under the factored loads.

Prior to this Specification, an analysis procedurewas used that ignored therestrain-
ing effect of connections for gravity loads. However, the effect was taken into
account for lateral load resistance to wind loads. This method was referred to as
“simple framing”, and required that three conditions be satisfied (Disque, 1964).
Today's approach of using a predictable degree of connection restraint is a more
accurate representation of the structural behavior.

MATERIAL
Structural Steel
ASTM Designations

Thegrades of structural steel approved for use under the LRFD Specification, cov-
ered by ASTM standard specifications, extend to a yield stress of 100 ksi (690
MPa). Someof these ASTM standards specify aminimumyield point, while others
specify aminimum yield strength. Theterm “yield stress” isused in the Specifica-
tion as a generic term to denote either the yield point or the yield strength.

Itisimportant to be aware of limitationsof availability that may exist for somecom-
binationsof strengthand size. Not all structural section sizesareincludedinthevar-
iousmaterial specifications. For example, the 60 ksi (415 MPa) yield strength steel
inthe A572/A572M specificationincludesplateonly upto 1%4-in. (32 mm) in thick-
ness. Another limitation on availability is that even when a product isincluded in
the specifications, it may be infrequently produced by the mills. Specifying these
products may result in procurement delays or require ordering large quantities
directly from the producing mills. Consequently, it is prudent to check availability
before completing the details of adesign.

Propertiesin the direction of rolling are of principal interest in the design of steel
structures. Hence, yield stress as determined by the standard tensiletest isthe prin-
cipal mechanical property recognized in the sel ection of the steel sapproved for use
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under the Specification. It must be recognized that other mechanical and physical
properties of rolled steel, such as anisotropy, ductility, notch toughness,
formability, corrosion resistance, etc., may also be important to the satisfactory
performance of a structure.

It isnot possibleto incorporate in the Commentary adequate information to impart
full understanding of all factors which might merit consideration in the selection
and specification of materials for unique or especially demanding applications. In
such a situation the user of the Specification is advised to make use of reference
material containedintheliteratureon the specific propertiesof concern and to spec-
ify supplementary material production or quality requirements as provided for in
ASTM materia specifications. One such case is the design of highly restrained
welded connections (A1SC, 1973). Rolled steel isanisotropic, especially insofar as
ductility is concerned; therefore, weld contraction strains in the region of highly
restrained welded connections may exceed the capabilities of the materia if special
attention is not given to material selection, details, workmanship, and inspection.

Another special situation isthat of fracture control design for certain types of ser-
vice conditions (AASHTO, 1996). The relatively warm temperatures of steel in
buildings, the essentially static strain rates, the stress intensity, and the number of
cycles of full design stress make the probability of fracture in building structures
extremely remote. Good workmanship and good design detailsincorporating joint
geometry that avoids severe stress concentrations are generally the most effective
means of providing fracture-resistant construction. However, for especially
demanding service conditions such as low temperatures with impact loading, the
specification of steels with superior notch toughness may be warranted.

Heavy Shapes

The web-to-flange intersection and the web center of heavy hot-rolled shapes as
well astheinterior portions of heavy plates may contain a coarser grain structure
and/or lower toughnessmaterial than other areas of these products. Thisisprobably
caused by ingot segregation, aswell as somewhat |ess deformation during hot roll-
ing, higher finishing temperature, and a slower cooling rate after rolling for these
heavy sections. This characteristic is not detrimental to suitability for service for
compression members, or for non-welded members.

However, when heavy cross sections are joined by splices or connections using
compl ete-joint-penetration welds which extend through the coarser and/or lower
notch-tough interior portions, tensile strainsinduced by weld shrinkage may result
in cracking, for example in a complete-joint-penetration welded connection of a
heavy crosssection beamto any column section. When membersof | esser thickness
arejoined by compl ete-j oint-penetration welds, which induce smaller weld shrink-
agestrains, to thefiner grained and/or more notch-tough surface material of ASTM

A6/A6M Group 4 and 5 shapes and heavy built-up cross sections, the potential for
cracking issignificantly lower, for examplein acomplete-joint-penetration groove
welded connection of anon-heavy cross-section beam to aheavy cross-section column.

For critical applicationssuch as primary tension members, material should be spec-
ified to provide adequate toughness at servicetemperatures. Because of differences
inthe strain rate between the Charpy V-notch (CVN) impact test and the strain rate
experienced in actual structures, the CVN test isconducted at atemperature higher
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than the antici pated servicetemperature for the structure. Thelocation of the CVN
test is shown in Figure C-A3.1.

Thetoughnessrequirements of Section A3.1c areintended only to provide material
of reasonabletoughnessfor ordinary service applications. For unusual applications
and/or low temperature service, more restrictive requirements and/or toughness
requirements for other section sizes and thicknesses may be appropriate. To mini-
mizethe potential for fracture, the notch toughness requirements of Section A3.1c
must be used in conjunction with good design and fabrication procedures. Specific
requirements are given in Sections J1.5, J1.6, J2.6, J2.8, and M2.2.

For rotary-straightened W-shapes, an area of reduced notch toughness has been
documented in a limited region of the web immediately adjacent to the flange as
illustrated in Figure C-A3.2. Preliminary recommendations have been issued
(AISC, 1997) and AISC is currently exploring the associated implications for
design and construction. It is anticipated that recommendations will be forthcom-
ing, albeit after the publication of this document. For this reason, the reader is
encouraged to maintain an awareness of AlSC recommendations as they become
available.

3. Bolts, Washers, and Nuts

The ASTM standard for A307 bolts covers two grades of fasteners. Either grade
may be used under the LRFD Specification; however, it should be noted that Gr. B
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isintended for pipe flange bolting and Gr. A isthe grade long in use for structural
applications.

Anchor Rods and Threaded Rods

Since there is a limit on the maximum available length of A325 or A325M and
A490 or A490M bolts, the attempted use of these boltsfor anchor rodswith design
lengths longer than the maximum available lengths has presented problemsin the
past. Theinclusion of A449 and A354 materialsin this Specification allowsthe use
of higher strength material for bolts longer than A325 or A325M and A490 or
A490M bolts. Thedesigner should beawarethat pretensioning of anchor rodsisnot
recommended due to relaxation and the potential for stress corrosion after
pretensioning.

The designer should specify the appropriate thread and SAE fit for threaded rods
used as load-carrying members.

Filler Metal and Flux for Welding

Thefiller metal specificationsissued by the American Welding Society (AWS) are
general specifications which include filler metals suitable for building construc-
tion, as well as consumables that would not be suitable for building construction.
For exampl e, some el ectrodes covered by the specificationsare specifically limited
to single pass applications, while others are restricted to sheet metal applications.
Many of thefiller metalslisted are“low hydrogen,” that is, they deposit filler metal
with low levels of diffusible hydrogen. Other materialsare not. Filler metalslisted
under the various AWS A5 specifications may or may not have required impact
toughness, depending on the specific electrode classification. Section J2.6 has
identified certain welded joints where notch toughness of filler metal is needed in
building construction. However, on structures subject to dynamic loading, filler
metals may be required to deliver notch-tough weld depositsin other joints. Filler
metals may be classified in either the as-welded or post weld hesat-treated
(stress-relieved) condition. Since most structural applications will not involve
stressrelief, itisimportant to utilizefiller materialsthat are classified in conditions
similar to those experienced by the actual structure.

When specifying filler metal and/or flux by AWS designation, the applicable stan-
dard specifications should be carefully reviewed to assure a complete understand-
ing of the designation reference. Thisis necessary because the AWS designation
systemsare not consistent. For exampl e, inthe case of electrodesfor shielded metal
arc welding (AWS Ab.1), thefirst two or three digits indicate the nominal tensile
strength classification, inksi, of thefiller metal and thefinal two digitsindicate the
type of coating. For metric designations, the first two digits times 10 indicate the
nominal tensile strength classification in MPa. In the case of mild steel electrodes
for submerged arc welding (AWS A5.17), thefirst one or two digitstimes 10 indi-
catethenominal tensile strength classification for both U.S. Customary and metric
units, while the final digit or digits times 10 indicate the testing temperature in
degrees F (degrees Celsius), for filler metal impact tests. In the case of low-alloy
steel covered arc welding electrodes (AWS A5.5), certain portions of the designa
tion indicate a requirement for stress relief, while others indicate no stress relief
requirement.

Engineersdo not, in general, specify the exact filler metal to be employed on apar-
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ticular structure. Rather, the decision as to which welding process and which filler
metal is to be utilized is usually left with the fabricator or erector. To ensure that the
proper filler metals are used, codes restrict the usage of certain filler materials, or
impose qualification testing to prove the suitability of the specific electrode.

LOADS AND LOAD COMBINATIONS

The load factors and load combinations are developed in Ellingwood, MacGregor,
Galambos, and Cornell (1982) based on the recommended minimum loads given in
ASCE 7 (ASCE, 1998).

The load factors and load combinations recognize that when several loads act in
combination with the dead load (e.g., dead plus live plus wind), only one of these
takes on its maximum lifetime value, while the other load is at its “arbitrary
point-in-time value” (i.e., at a value which can be expected to be on the structure at
any time). For example, under dead, live, and wind loads the following combina-
tions are appropriate:

YoD+7,.L (C-A4-1)
YoD+v, L +7WW (C-A4-2)
YoD+v L+7y W, (C-A4-3)

where v is the appropriate load factor as designated by the subscript symbol.Sub-
script a refers to an “arbitrary point-in-time” value.

The mean value of arbitrary point-in-time live load L,is on the order of 0.24 to 0.4
times the mean maximum lifetime live load L for many occupancies, but its disper-
sion is far greater. The arbitrary point-in-time wind load W, acting in conjunction
with the maximum lifetime live load, is the maximum daily wind. It turns out that
yw, Wa is a negligible quantity so only two load combinations remain:

1.2D+1.6L (C-Ad-4)
1.2D + 0.5L +[L.6W (C-A4-5)
Errata 9/4/01

The load factor 0.5 assigned to L in the second formula reflects the statistical prop-
erties of L,, but to avoid having to calculate yet another load, it is reduced so it can
be combined with the maximum lifetime wind load.

The nominal loads D, L, W, E, and Sare the code loads or the loads givenin ASCE 7.
The latest edition of the ASCE 7 Standard on structural loads released in 1998 has
adopted, in most aspects, the seismic design provisions from NEHRP (1997), as has
the AISC Seismic Provisionsfor Structural Seel Buildings (AISC, 1997 and 1999).
The reader is referred to the commentaries to these documents for an expanded dis-
cussion on seismic loads, load factors, and seismic design of steel buildings.
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1

Required Strength at Factored L oads

LRFD permitsthe use of both elastic and plastic structural analyses. LRFD provi-
sions result in essentially the same methodology for, and end product of, plastic
design as included in the AISC ASD Specification (AI1SC, 1989) except that the
LRFD provisionstend to be slightly more liberal, reflecting added experience and
theresultsof further research. The 10 percent redistribution permitted is consi stent
with that in the AISC ASD Specification (AISC, 1989).

In some circumstances, as in the proportioning of the bracing membersthat carry
no calculated forces (see Section C3) and of connection components (see Section
J1.7), the required strength is explicitly stated in the Specification.

Limit States

A limit stateisacondition which representsthelimit of structural usefulness. Limit
statesmay bedictated by functional requirements, such as maximum deflectionsor
drift; they may be conceptual, such as plastic hinge or mechanism formation; or
they may represent the actual collapse of thewhole or part of the structure, such as
fracture or instability. Design criteriaensure that alimit state is violated only with
an acceptably small probability by selecting the combination of load and resistance
factorsand nominal load and resi stance val ueswhich will never be exceeded under
the design assumptions.

Two kinds of limit states apply for structures: limit states of strength which define
safety against extreme loads during the intended life of the structure, and limit
statesof serviceability which definefunctional requirements. TheL RFD Specifica
tion, like other structural codes, focuses on the limit states of strength because of
overriding considerations of public safety for thelife, limb, and property of human
beings. Thisdoesnot mean that limit statesof serviceability are notimportant tothe
designer, who must equally ensurefunctional performanceand economy of design.
However, these latter considerations permit more exercise of judgment on the part
of designers. Minimum considerations of public safety, on the other hand, are not
matters of individual judgment and, therefore, specifications dwell more on the
limit states of strength than on the limit states of serviceability.

Limit states of strength vary from member to member, and several limit states may
apply to agiven member. The following limit states of strength are the most com-
mon: onset of yielding, formation of aplastic hinge, formation of a plastic mecha-
nism, overall frame or member instability, lateral-torsional buckling, local buck-
ling, tensile fracture, development of fatigue cracks, deflection instability,
alternating plasticity, and excessive deformation. The most common serviceability
limit states include unacceptabl e elastic deflections and drift, unacceptable vibra-
tions, and permanent deformations.

Design for Strength
The general format of the LRFD Specification is given by the formula:

ZYQ < 90R, (C-A5-1)
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where
z = summation
i = type of load, i.e., dead load, live load, wind, etc.
Qi =nominal load effect

i = load factor corresponding to Q;

2vQi = required strength

R, =nomina strength

) = resistance factor corresponding to R,
oR, =design strength

The l€eft side of Equation C-A5-1 represents the required resistance computed by
structural analysis based upon assumed loads, and the right side of Equation
C-A5-1representsalimiting structural capacity provided by the selected members.
InLRFD, the designer comparesthe effect of factored |oadsto the strength actually
provided. Theterm design strength refersto theresistance or strength ¢ R, that must
be provided by the sel ected member. Theload factorsy and the resistance factors ¢
reflect the fact that loads, load effects (the computed forces and moments in the
structural elements), and the resistances can be determined only to imperfect
degreesof accuracy. Theresistancefactor ¢ isequal to or lessthan 1.0 becausethere
isalwaysachancefor theactua resistanceto belessthan the nominal value R,com-
puted by the equations given in Chapters D through K. Similarly, the load factorsy
reflect thefact that the actual |oad effects may deviatefromthennominal valuesof Q;
computed from the specified nominal |oads. Thesefactorsaccount for unavoidable
inaccuraciesinthetheory, variationsinthe material propertiesand dimensions, and
uncertaintiesin the determination of loads. They provide amargin of reliability to
account for unexpected loads. They do not account for gross error or negligence.

The LRFD Specification is based on (1) probabilistic models of loads and resis-
tance, (2) acalibration of the LRFD criteriato the 1978 edition of the AISC ASD
Specification for selected members, and (3) the evaluation of the resulting criteria
by judgment and past experience aided by comparative design office studies of
representative structures.

Thefollowingisabrief summary of theprobabilistic basisfor LRFD (Ravindraand
Galambos, 1978, and Ellingwood, MacGregor, Galambos, and Cornell, 1982). The
load effects Q and the resistance factors R are assumed to be statistically independ-
ent random variables. In Figure C-A5.1, frequency distributions for Q and R are
portrayed as separate curves on acommon plot for ahypothetical case. Aslong as
theresistance Risgreater than (to theright of) the effects of theloads Q, amargin of
safety for the particular limit state exists. However, because Q and R are random
variables, there is some small probability that R may be less than Q, (R<Q). The
probability of thislimit stateisrelated to the degree of overlap of thefrequency dis-
tributionsin Figure C-A5.1, which dependsontheir relative positioning (RnVvs. Qn)
and their dispersions.

An equivalent situation may berepresented asin Figure C-A5.2. If theexpressionR
< Qisdivided by Q and theresult expressed logarithmically, theresult will beasin-
glefrequency distribution curve combining the uncertainties of both Rand Q. The
probability of attaining alimit state (R< Q) isequal to the probability that In (R/
Q)< 0 and is represented by the shaded areain the diagram.
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The shaded area may be reduced and thus reliability increased in either of two
ways: (1) by moving the mean of In(R/ Q) totheright, or (2) by reducing the spread
of thecurvefor agiven position of themean relativeto the origin. A convenient way
of combining thesetwo approachesishby defining the position of the mean using the
standard deviation of In (R/ Q) asthe unit of measure. Thus, the distance from the
originto the mean ismeasured asthe number of standard deviations of the function
In(R/Q). Asshownin FigureC-A5.2, thisisstated as 3 timeso in(rig) , thestandard
deviation of In (R/Q). Thefactor 3 therefore is called the “reliability index.”

If the actual shape of thedistribution of In (R/ Q) wereknown, and if an acceptable
value of the probability of reaching the limit state could be agreed upon, one could
establish acompletely probability-based set of design criteria. Unfortunately, this
much information frequently is not known. The distribution shape of each of the
many variables (material, loads, etc.) has an influence on the shape of the distribu-
tionof In(R/ Q). Often only themeansand the standard deviations of themany vari-
ablesinvolved in the makeup of the resistance and theload effect can be estimated.
However, this information is enough to build an approximate design criterion
which isindependent of the knowledge of the distribution, by stipulating the fol-
lowing design condition:

FREQUENCY

R I

A~/ I

| |

| |

| |

1 1

0 Q, — R
"overLap "

RESISTANCE R
LOAD EFFECT Q

Fig. C-A5.1. Frequency distribution of load effect Q and resistance R.

1
0 [n(R/Q) ] In(R/ Q)

In(R/Q)

Fig. C-A5.2. Definition of Reliability Index.
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BOwriq) = Bk +V5 <1n(R,/Q,) (C-A5-2)

In this equation, the standard deviation has been replaced by the approximation

VZ +VZ2,whereVr = 0r / RnandVq = 0q / Qm (orand oq arethe standard devi-
ations, R, and Qr, are the mean values, Vr and Vg are the coefficients of variation,
respectively, of theresistance R and theload effect Q). For structural elementsand
the usual loading, Ry, Qm, and the coefficients of variation, Vrsand Vo, can be esti-
mated, so a calculation of

/
B= %Q;”) (C-A5-3)
NAYA +Vg

will giveacomparativevalueof themeasureof reliability of astructureor component.

Thedescription of the determination of B asgiven aboveisasimpleway of defining
the probabilistic method used in the development of LRFD. A more refined
method, which can accommodate more complex design situations (such as the
beam-column interaction equation) and include probabilistic distributions other
than the lognormal distribution used to derive Equation C-A5-3, has been devel-
oped sincethepublication of Ravindraand Galambos (1978), and isfully described
in Galambos, Ellingwood, MacGregor, and Cornell (1982). Thislatter method has
been used in the devel opment of the recommended load combinationsin ASCE 7.
The two methods give essentially the same 3 valuesfor most steel structural mem-
bers and connections.

Statistical properties (mean values and coefficients of variations) are presented for
the basic material propertiesand for steel beams, columns, composite beams, plate
girders, beam-columns, and connection elementsin aseries of eight articlesin the
September 1978 issue of the Journal of the Structural Division of ASCE (Vol. 104,
ST9). The corresponding load statisticsare given in Galambos, et a. (1982). Based
on these statistics, the values of 8 inherent in the 1978 edition of the AISC ASD
Specification were evaluated under different load combinations (live/dead,
wind/dead, etc.), and for various tributary areas for typical members (beams, col-
umns, beam-columns, structural components, etc.). As might be expected, there
was a considerable variation in the range of 8 values. Examination of the many 3
values associated with ASD revealed certain trends. For example, compact rolled
beams (flexure) and tension members (yielding) had B values that decreased from
about3.1atL/D=0.50t02.4atL/D=4.Thisdecreaseisaresult of ASD applying
the samefactor to dead load, whichisrelatively predictable, and liveload, whichis
more variable. For bolted or welded connections, 3 wason the order of 4to 5. Reli-
ability indices for load combinations involving wind and earthquake | oads tended
to be lower. Based on a thorough assessment of implied reliabilities in existing
acceptable design practice, common load factors for various structural materials
(stedl, reinforced concrete, etc.) were developed in Ellingwood et al. (1982).

One of the features of the probability-based method used in the development of
LRFD is that the variations of  values can be reduced by specifying severa
“target” B values and selecting multiple load and resistance factors to meet these
targets. The Committee on Specifications set the point at which LRFD iscalibrated
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toASD at L / D = 3.0 for braced compact beamsin flexure and tension members at
yield. The resistance factor, ¢, for these limit states is 0.90, and the implied B is
approximately 2.6 for membersand 4.0 for connections; thislarger 3 valuefor con-
nectionsreflectsthefact that connectionsare expected to be stronger than the mem-
bers that they connect. Limit states for other members are handled consistently.

Computer methodsaswell aschartsaregivenin Ellingwood et al . (1982) for theuse
of specification writersto determinetheresistancefactors ¢. Thesefactorscan also
be approximately determined by the following:

¢9=(R,/R,) exp (-0.558V,) (C-A5-4)*

where

R, = mean resistance
R, = nominal resistance according to the equations in Chapters D through K
V, = coefficient of variation of the resistance

Design for Serviceability and Other Considerations

Nominally, serviceability should be checked at the unfactored loads. For combina-
tions of gravity and wind or seismic loads some additional reduction factor may be
warranted.

*Note that exp(X) isidentical to the more familiar €
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CHAPTER B

DESIGN REQUIREMENTS

NET AREA
Critical net areais based on net width and load transfer at a particular chain.

EFFECTIVE AREA OF TENSION MEMBERS

Section B3 deal swith the effect of shear lag, whichisapplicableto both welded and
bolted tension members. The reduction coefficient U isapplied to the net area A, of
bolted members and to the gross area A, of welded members. Asthelength of con-
nection | isincreased, the shear lag effect is diminished. This concept is expressed
empirically by the egquation for U. Munse and Chesson (1963) have shown that
using this expression to compute an effective area, with few exceptions, the
estimated strength of some 1,000 bolted and riveted connection test specimenscor-
related with observed test results within a scatterband of +10 percent. Newer
research (Easterling and Gonzales, 1993) provides further justification for current
provisions.

For any given profile and connected elements, X is afixed geometric property. Itis
illustrated as the distance from the connection plane, or face of the member, to the
centroid of the member section resisting the connection force. See Figure C-B3.1.
Thelength | isdependent upon the number of fastenersor equivalent length of weld
required to develop the given tensile force, and thisin turn is dependent upon the
mechanical propertiesof themember and the capacity of thefastenersor weld used.
Thelength | isillustrated as the distance, paralel to the line of force, between the
first and last fastenersin alinefor bolted connections. The number of boltsinaline,
for the purpose of the determination of |, is determined by the line with the maxi-
mum number of boltsin the connection. For staggered bolts, the out-to-out dimen-
sionisusedforl. SeeFigure C-B3.2. Thereisinsufficient datato establish avalue of
Uif dl lineshaveonly onebolt, but it isprobably conservativeto use A.equal tothe
net area of the connected element. For welded connections, | is the length of the
weld parallel to the line of force. For combinations of longitudinal and transverse
welds (see Figure C-B3.3), | isthe length of longitudinal weld because the trans-
verseweld haslittle or no effect onthe shear lag problem, i.e., it doeslittleto get the
load into the unattached portions of the member.

Previous issues of this Specification have presented values for U for bolted or
riveted connections of W, M, and S shapes, tees cut from these shapes, and other
shapes. These values are acceptable for use in lieu of calculated values and are
retained here for the convenience of designers.

For bolted or riveted connections the following values of U may be used:
(& W, M, or S shapes with flange widths not |ess than two-thirds the depth, and
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structural tees cut from these shapes, provided the connection isto the flanges
and has no fewer than three fasteners per line in the direction of stress, U
=0.90.

W, M, or S shapesnot meeting the conditionsof subparagraph a, structural tees
cut from these shapes, and all other shapes including built-up cross sections,
provided the connection has no fewer than three fasteners per linein the direc-
tion of stress, U = 0.85.

[ X

Treat as a
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Fig. C-B3.1. Determination of x for U.
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B5.

(c) All members having only two fasteners per linein the direction of stress, U =
0.75.

When atension load istransmitted by fillet welds to some but not all elements of a
cross section, the weld strength will control.

LOCAL BUCKLING

For the purposes of this Specification, steel sections are divided into compact
sections, noncompact sections, and sections with slender compression elements.
Compact sections are capable of developing afully plastic stress distribution and
they possessarotational capacity of approximately 3 beforetheonset of local buck-
ling (Yura, Galambos, and Ravindra, 1978). Noncompact sections can develop the
yield stress in compression elements before local buckling occurs, but will not
resist inelastic local buckling at the strain levels required for afully plastic stress
distribution. Slender compression elements buckle elastically before the yield
stressis achieved.

The dividing line between compact and noncompact sections is the limiting
width-thickness ratio A,. For a section to be compact, all of its compression ele-
ments must have width-thickness ratios equal to or smaller than the limiting A,,.

Use out-to-out
distance
forl

Fig. C-B3.2. Staggered holes.
T

. T T
Ol d

Fig. C-B3.3. Longitudinal and transverse welds.
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TABLE C-B5.1
Limiting Width-Thickness Ratios for Compression
Elements
Width- Limiting Width-thickness Ratios A,
Description of Thickness
Element Ratio Non-seismic Seismic
Flanges of I-shaped sections blt
(including hybrid sections) and 0.38E/Fy 0.3LEFy
channels in flexure [a]
Webs in combined flexural and hity For P, / P, <0.125

axial compression

a6 |E |1 275R s05 |E |1 154R,
Fy ¢be Fy ¢be

For P, / @»P, >0.125

112 /5 [2.33—’3“] >1.49 /5
Fy PPy Fy

[a] For hybrid beams use Fsin place of F,

A greater inelastic rotation capacity than provided by thelimiting valuesi, givenin
Table C-B5.1 may berequired for some structuresin areasof high seismicity. It has
been suggested that in order to devel op aductility of from 3to5inastructural mem-
ber, ductility factorsfor elementswould haveto liein the range of 5to 15. Thus, in
thiscaseit is prudent to provide for an inelastic rotation of 7 to 9 timesthe elastic
rotation (Chopraand Newmark, 1980). Inorder to providefor thisrotation capacity,
thelimits A, for local flange and web buckling would be as shown in Table C-B5.1
(Galambos, 1976).

More information on seismic design is contained in the A1SC Seismic Provisions
for Sructural Steel Buildings (AISC, 1997) and the Seismic Provisions for Struc-
tural Seel Buildings Supplement No. 1 (AISC, 1999).

Another limiting width-thickness ratio is A,, representing the distinction between
noncompact sections and sections with slender compression elements. Aslong as
the width-thickness ratio of a compression element does not exceed the limiting
valuel,, local elastic bucklingwill not governitsstrength. However, for those cases
where the width-thickness ratios exceed A, elastic buckling strength must be con-
sidered. A design procedurefor such slender-element compression sections, based
on elastic buckling of plates, isgivenin Appendix B5.3. The effective width Equa-
tion A-B5-12 applies strictly to stiffened elements under uniform compression. It
does not apply to cases where the compression element is under stress gradient. A
method of dealing with the stress gradient in acompression element isprovided in
Section B2 of the AISI Specification for the Design of Cold-Formed Steel Struc-
tural Members(1996). Exceptionsaregirderswith slender webs. Such plategirders
are capable of developing postbuckling strength in excess of the elastic buckling
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load. A design procedurefor plate girdersincluding tension field actionisgivenin
Appendix G.

Thevaluesof thelimiting ratiosA, and A, specifiedin Table B5.1 aresimilar tothose
in AISC (1989) and Table 2.3.3.3 of Galambos (1976), except that: (1) A, =
038,/ E/ Fy, limited in Galambos (1976) to indeterminate beams when moments
are determined by elastic analysis and to determinate beams, was adopted for all
conditions on the basis of Yura et a. (1978); and (2) A,= 0.045E/F, for plastic
design of circular hollow sections was obtained from Sherman (1976).

The high shape factor for circular hollow sections makesit impractical to use the
sameslendernesslimitsto definetheregionsof behavior for different typesof load-
ing. In Table B5.1, the values of A, for acompact shapethat can achievethe plastic
moment, and A, for bending, are based on an analysis of test datafrom several proj-
ectsinvolving the bending of pipesin aregion of constant moment (Sherman and
Tanavde, 1984, and Galambos, 1998). The sameanalysis produced the equation for
the inelastic moment capacity in Table A-F1.1 in Appendix F1. However, amore
restrictive value of A, is required to prevent inelastic local buckling from limiting
the plastic hingerotation capacity needed to devel op amechanisminacircular hol-
low beam section (Sherman, 1976).

Thevalues of A, for axial compression and for bending are both based on test data.
The former value has been used in building specifications since 1968 (Winter,
1970). Appendices B5 and F1 also limit the diameter-to-thicknessratio for any cir-
cular section to 0.45E/F,. Beyond this, the local buckling strength decreases rap-
idly, making it impractical to use these sectionsin building construction.

Following the SSRC recommendations (Galambos, 1998) and the approach used
for other shapes with slender compression elements, a Q factor is used for circular
sectionsto account for interaction between local and column buckling. The Q fac-
tor istheratio between thelocal buckling stressand theyield stress. Thelocal buck-
ling stressfor the circular section istaken from theinelastic AlSI criteria (Winter,
1970) and is based on tests conducted on fabricated and manufactured cylinders.
Subsequent tests on fabricated cylinders (Galambos, 1998) confirm that this equa-
tion is conservative.

The definitions of the width and thickness of compression elements agree with the
1978 AISC ASD Specification with minor modifications. Their applicability
extendsto sectionsformed by bending and to unsymmetrical and hybrid sections.

For built-up I1-shaped sections under axial compression, modifications have been
madetotheflangelocal buckling criteriontoincludeweb-flangeinteraction. Thek,
inthe A, limit, in Equations A-B5-7 and A-B5-8 and the elastic buckling Equation
A-B5-8 are the same that are used for flexural members. Theory indicates that the
web-flange interaction in axial compression is at least as severe as in flexure.
Rolled shapes are excluded from this criterion because there are no standard sec-
tions with proportions where the interaction would occur. In built-up sections
where theinteraction causes areduction in the flange local buckling strength, itis
likely that the web is also athin stiffened element.

The k factor accountsfor theinteraction of flange and web local buckling demon-
strated in experiments conducted by Johnson (1985). The maximum limit of 0.763
corresponds to F, = 0.69E / A? which was used as the local buckling strength in
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earlier editions of both the ASD and LRFD Specifications. An h/ t, = 27.5is
required to reach k. = 0.763. Fully fixed restraint for an unstiffened compression
element corresponds to k. = 1.3 while zero restraint gives k; = 0.42. Because of
web-flange interactions it is possible to get k. < 0.42 from the new k. formula. If
h/ty >570E/ Fy useh/t,=570,/E/ Fy inthek.equation, which corresponds
to the 0.35 limit.

[lustrationsof someof therequirementsof TableB5.1areshowninFigureC-B5.1.

LIMITING SLENDERNESS RATIOS

ChaptersD and E providereliable criteriafor resistance of axially loaded members
based on theory and confirmed by tests for al significant parameters including
denderness. The advisory upper limits on slenderness contained in Section B7 are
based on professional judgment and practical considerations of economics, ease of
handling, and care required to minimize inadvertent damage during fabrication,
transport, and erection. Out-of-strai ghtness within reasonabl e tolerances does not
affect the strength of tension members, and the effect of out-of-straightness within
specified tolerances on the strength of compression members is accounted for in
formulas for resistance. Applied tension tends to reduce, whereas compression
tendsto amplify, out-of-straightness. Therefore, moreliberal criteriaare suggested
for tension members, including those subject to small compressive forcesresulting
from transient loads such as earthquake and wind. For members with slenderness
ratios greater than 200, these compressive forces correspond to ¢.F lessthan 5.33
ksi (18 MPa).
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Fig. C-B5.1 Sdlected examples of Table B5.1 requirements.
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CHAPTER C

FRAMES AND OTHER STRUCTURES

Cl. SECOND ORDER EFFECTS

While resistance to wind and seismic loading can be provided in certain buildings
by means of shear walls, which aso provide for overall frame stability at factored
gravity loading, other building frames must providethisresistance by frameaction.
Thisresistance can be achieved in severa ways, e.g., by asystem of bracing, by a
moment-resisting frame, or by any combination of |ateral force-resisting elements.

For frames under combined gravity and lateral loads, drift (horizontal deflection
caused by applied loads) occurs at the start of loading. At a given value of the
applied loads, the frame has a definite amount of drift A. In unbraced frames, addi-
tional secondary bending moments, known as the PA moments, may be devel oped
inthe columnsand beamsof thelateral |oad-resisting systemsin each story. Pisthe
total gravity load above the story and A is the story drift. As the applied load
increases, the PA moments also increase. Therefore, the PA effect must often be
accounted for inframedesign. Similarly, in braced frames, increasesin axial forces
occur inthe members of the bracing systems; however, such effectsare usually less
significant. The designer should consider these effects for all types of frames and
determineif they aresignificant. Since PA effectscan causeframedriftstobelarger
than those cal cul ated by ignoring them, they should also beincluded in the service
load drift analysis when they are significant.

In unbraced frames designed by plastic analysis, the limit of 0.75¢.P, on column
axial loads has been retained to help ensure stahility.

The designer may use second-order elastic analysisto compute the maximum fac-
tored forces and moments in a member. These represent the required strength.
Alternatively, for structures designed on the basis of elastic analysis, the designer
may use first order analysis and the amplification factors B; and Bs,.

In the general case, a member may have first order moments not associated with
sidesway which are multiplied by B;, and first order moments produced by forces
causing sidesway which are multiplied by Bs.

Thefactor B, applies only to moments caused by forces producing sidesway and is
calculated for an entire story. In building frames designed to limit A,/ L to aprede-
termined value, the factor B, may be found in advance of designing individual
members.

Drift limits may also be set for design of various categories of buildings so that the
effect of secondary bending can be insignificant (Kanchanalai and Lu, 1979, and
ATC, 1978). It isconservative to use the B, factor with the sum of the sway and the
no-sway moments, i.e., with My + M.
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Thetwo kinds of first order moment M, and M,, may both occur in sidesway frames
from gravity loads. M, is defined as a moment developed in amember with frame
sidesway prevented. If a significant restraining force is necessary to prevent
sidesway of an unsymmetrical structure (or an unsymmetrically loaded symmetri-
cal structure), the moments induced by releasing the restraining force will be My
moments, to be multiplied by B,. In most reasonably symmetric frames, this effect
will be small. If such amoment B,M; is added algebraically to the B;M,; moment
developed with sidesway prevented, afairly accurate value of M, will result. End
moments produced in sidesway frames by lateral loads from wind or earthquake
will always be M;; moments to be multiplied by B..

When first order end momentsin members subjected to axial compression aremag-
nified by B; and B, factors, equilibrium requiresthat they be balanced by moments
in connected members (Figure C-C1.1). This can generally be accomplished satis-
factorily by distributing the difference between the magnified moment and thefirst
order moment to any other moment-resi sting members attached to the compressed
member (or members) in proportion to the relative stiffness of the uncompressed
members. Minor imbalances may be neglected in the judgment of the engineer.
However, complex conditions, such as occur when there is significant magnifice-
tionin several membersmeeting at ajoint, may requireasecond order elastic analy-
sis. Connections shall also be designed to resist the magnified end moments.

The center-to-center member length is usually used in the structural analysis. In
braced and unbraced frames, P, is governed by the maximum slenderness ratio
regardless of the plane of bending. However, P, and P, arealways cal cul ated using
thedlendernessratioin the plane of bending. Thus, when flexureisabout the strong

— — First order moment
P HH* w ‘HH Total moment
P
H——w
N 777
o Boy M
EN H_— 2u Vlou
s e Y
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Fig. C-C1.1. Moment amplification.
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axis only, two different values of slenderness ratio may be involved in solving a
given problem.

When second order analysisis used, it must account for the interaction of the fac-
tored load effects, that is, combinations of factored loads must be used in analysis.
Superposition of forces obtained from separate analyses is not adequate.

When bending occursabout both the x and they axes, therequired flexural strength
cal culated about each axisisadjusted by thevalue of C.,and Py or P, corresponding
to the distribution of moment and the dendernessratio inits plane of bending, and is
then taken asafraction of the design bending strength, ¢,Mp, about that axis, with due
regard to the unbraced length of the compression flange where thisis afactor.

Equations C1-2 and C1-3 approximate the maximum second order moments in
compression members with no relative joint translation and no transverse loads
between the ends of the member. This approximation iscompared to an exact solu-
tion (Ketter, 1961) in Figure C-C1.2. For single curvature, Equation C1-3isslightly
unconservative, for azero end moment it isalmost exact, and for doublecurvatureit
is conservative. The 1978 AISC ASD Specification imposed the limit C,, > 0.4
which correspondsto aM; / M, ratio of 0.5. However, Figure C-C1.2 showsthat if,
for example, M,/ M, = 0.8, the C, = 0.28 is already very conservative, so the limit
hasbeen removed. Thelimit wasoriginally adopted from Austin (1961), which was
intended to apply to lateral-torsional buckling, not second-order in-plane bending
strength. The AISC Specifications, both inthe 1989 ASD and LRFD, use amodifi-
cation factor C, as given in Equation F1-3 for lateral-torsional buckling. C, is
approximately the inverse of Cp, as presented in Austin (1961) with a 0.4 limit. In

| i
} 0
e — 7, 7}
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Fig, C-C1.2. Second-order moments for beam-columnsin braced frames.
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B TABLE C-Cl.1
Amplification Factors y and C,,
Case b4 Cn
_.EEEEEEEEEEEEEEEEEEE*_EU 0 1.0
V
_.anmmg_ 04 1-0a P
K [=2
gllllllllllllllllll% 04 1_0_4PU
/ /‘ el
¥ f ’ 02 1-02
L, P,
F—’7 03 1-0.3-2
) 7 .
/
% l % 02 1-02 P“l

Galambos (1961) it was pointed out that Equation C1-3 could be used for in-plane
second order momentsif the 0.4 limit waseliminated. Unfortunately, Austin (1961)
was misinterpreted and a lateral-torsional buckling solution was used for an
in-plane second-order analysis. This oversight has now been corrected.

For beam columns with transverse loadings, the second-order moment can be
approximated by using the following equation

Cm =1+ LIJPU /Pe]_
for simply supported members

where

_TCQE 1
M,L?
8, = maximum deflection due to transverse loading, in. (mm)
M, = maximum factored design moment between supports due to transverse
loading, kip-in. (N-mm)

For restrained ends, some limiting cases are given in Table C-C1.1 together with
two cases of simply supported beam-columns (Iwankiw, 1984). Thesevaluesof C,,
are always used with the maximum moment in the member. For the restrained-end
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cases, the values of B, will be most accurate if values of K < 1.0 corresponding to
the end boundary conditions are used in calculating Pg. In lieu of using the equa-
tionsabove, C, = 1.0 can be used conservatively for transversely loaded members
with unrestrained ends and 0.85 for restrained ends.

If, asinthe case of aderrick boom, abeam-columnissubject totransverse (gravity)
load and a cal cul able amount of end moment, the value &, should include the deflec-
tion between supports produced by this moment.

Stiffness reduction adjustment due to column inelasticity is permitted.

FRAME STABILITY

Thestability of structuresmust be considered from the standpoint of thestructureas
awhole, including not only the compression members, but al so the beams, bracing
system, and connections. The stability of individual elements must also be pro-
vided. Considerable attention has been given in the technical literature to this sub-
ject, and various methods of analysis are avail able to assure stability. The Guideto
Sability Design Criteria for Metal Structures (Galambos, 1998) considersthe sta-
bility of individual e ements, and the effects of individual elements on the stability
of the structure as awhole.

The effective length concept is one method of estimating the interaction effects of
the total frame on a compression element being considered. This concept uses K
factors to equate the strength of a framed compression element of length L to an
equival ent pin-ended member of length KL subject to axial load only. Other rational
methods are available for evaluating the stability of frames subject to gravity and
side loading and individual compression members subject to axial load and
moments. Although the concept is completely valid for ideal structures, its practi-
cal implementation involves several assumptions of idealized conditions which
will be mentioned later.

Two conditions, oppositein their effect upon column strength under axial loading,
must be considered. If enough axial load is applied to the columnsin an unbraced
frame dependent entirely on their own bending stiffness for resistance to lateral
deflection of thetopsof thecolumnswith respect to their bases(see Figure C-C2.1),
the effective length of these columns will exceed the actual length. On the other
hand, if the same frame were braced to resist such lateral movement, the effective
length would be less than the actual length, dueto the restraint (resistance to joint
translation) provided by the bracing or other lateral support. Theratio K, effective
column length to actual unbraced length, may be greater or less than 1.0.

The theoretical K values for six idealized conditions in which joint rotation and
trangdation are either fully realized or nonexistent are tabulated in Table C-C2.1.

Also shown are suggested design values recommended by the Structural Stability
Research Council (SSRC) for usewhen these conditionsare approximated in actual
design. In general, these suggested values are slightly higher than their theoretical
equivalents, since joint fixity is seldom fully realized.

If the column base in Case (f) of Table C-C2.1 weretruly pinned, K would actually
exceed 2.0for aframesuch asthat picturedin Figure C-C2.1, becausetheflexibility
of the horizontal member would prevent realization of full fixity at the top of the
column. Ontheother hand, it has been shown (Galambos, 1960) that therestraining
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Table C-C2.1
K Values for Columns
Buckled shape of column is (a) (b) (d) (e) (f)
shown by dashed line. l l l l l
wyts o 9 i
’l ', \ ':' :
/ : | ! i
{ \ \ H !
i ! i { !
1 ! 1 I !
' H ' H !
‘|“ '|| / 1 !
T I
Theoretical K value 0.5 0.7 1.0 1.0 2.0 2.0
Recommended design
value when ideal conditions 0.65 0.80 1.2 1.0 2.10 2.0
are approximated
End condition code 4% Rotation fixed and translation fixed
l«?‘ Rotation free and translation fixed
@ Rotation fixed and translation free
T Rotation free and translation free

influence of foundations, even where these footings are designed only for vertical
load, can bevery substantial inthe case of flat-ended column base detailswith ordi-
nary anchorage. For thiscondition, adesign K value of 1.5would generally be con-

servativein Case (f).

While in some cases masonry walls provide enough lateral support for building
framesto control lateral deflection, light curtainwall construction and wide column
spacing can create a situation where only the bending stiffness of the frame pro-
videsthissupport. Inthiscasetheeffectivelength factor K for an unbraced length of
column L is dependent upon the bending stiffness provided by the other in-plane
members entering the joint at each end of the unbraced segment. If the combined
stiffness provided by the beamsis sufficiently small, relativeto that of the unbraced
column segments, KL could exceed two or more story heights (Bleich, 1952).

Trandlation of thejointsin the plane of atrussisinhibited and, dueto end restraint,
the effective length of compression members might be assumed to be lessthan the
distance between panel points. However, itisusual practicetotakeK asequal to 1.0
(ASCE Task Committee on Effective Length, 1997). If all members of the truss
reached their ultimate |oad capacity simultaneously, therestraints at the ends of the

compression members would be greatly reduced.
Severd rational methods are available to estimate the effective length of the col-

umnsin an unbraced frame with sufficient accuracy for design. These range from
simpleinterpolation between theidealized casesshownin Table C-C2.1 to compre-
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hensive analytical procedures. Once atrial selection of framing members has been
made, the use of the alignment chart in Figures C-C2.2aand b affordsafairly rapid
method for determining adequate K values. However, it should be noted that this
alignment chart is based upon assumptions of idealized conditions which seldom
existinreal structures (ASCE Task Committee on Effective Length, 1997). These
assumptions are as follows:

oy
2
3)
(4)

()
(6)
(")

(8)
(9)

Behavior is purely elastic.
All members have constant cross section.
All joints arerigid.

For braced frames, rotations at opposite ends of beamsare equal in magnitude,
producing single-curvature bending.

For unbraced frames, rotations at opposite ends of the restraining beams are
equal in magnitude, producing reverse-curvature bending (inflection point at
the beam midspan from lateral loading only).

The stiffness parameter LvP/ El of al columns are equal.

Joint restraint is distributed to the column above and bel ow thejoint in propor-
tionto | / L of the two columns.

All columns buckle simultaneously.
No significant axial compression force existsin the girders.

Thealignment chart for sidesway uninhibited shownin Figure C-C2.2bisbased on
the following equation:

GaGs(W/K)?-36  (TWK) _
6Ga+Gs)  tan(T/K)

N

|

(C-C2-1)

|
|
|
l
KL — H
l
|
|
|

I

i 1

Fig. C-C2.1. Column effective length.

/
[
|
|
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GA K GB
50.0 -1.0 50.0
10.0 1 E 10,0

5.0 3 E 5.0
3.0 T 09 F 3.0
2.0 1 L 2.0
| Lo |
1.0 4 L 1.0
0.8 - T - 0.8
0.7 - 0.7
0.6 - —— o 7 ™ 006
0.5- - 0.5
0.4 - 1 - 0,4
0.3 - 0.3
0.2 - 108 0.2
0.1 1 T - 0.1
0- Los Lo
SIDESWAY INHIBITED

Notesfor Fig. C-C2.2aand b: Thesubscripts A and B refer to thejointsat thetwo endsof the column
section being considered. G is defined as

_3(le/Le)
S(lg/ Lg)

in which X indicates a summation of all members rigidly connected to that joint and lying on the
planeinwhich buckling of the columnisbeing considered. | isthemoment of inertiaand L, the un-
supported length of a column section, and | isthe moment of inertia and L, the unsupported length
of agirder or other restraining member. | and | are taken about axes per pendicular to the plane of
buckling being considered.

For column ends supported by but not rigidly connected to a footing or foundation, G istheoreti-
cally infinity, but, unless actually designed as a true friction-free pin, may be taken as “ 10" for
practical designs. If the column end is rigidly attached to a properly designed footing, G may be

| taken as 1.0. Smaller values may be used if justified by analysis. | Errata 9/4/01

Fig. C-C2.2a. Alignment chart for effective length of columns
in continuous frames — Sdesway | nhibited.
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100.0 - %8:8 [ 1000
50.0 -50.0
30,0 - 5,0 L 30,0
20.0 - 4,0 -20.0
10.0 - 10,0
9.0 ] 30 [9,0
8.0 8.0
7.0 - L 2.0
6,0 6,0
5.0 -5.0
4,0 2.0 4.0
3,0 - -3,0
2.0 -2.0
- 1‘5 -
1.0 L 1.0
0 - 1.0 -0
SIDESWAY UNINHIBITED

See Notesin Fig. C-C2.2a.

Fig. C-C2.2b. Alignment chart for effective length of columnsin
continuous frames — Sdesway Uninhibited.

with G defined as
_3(EI/L),

=—_ <% (C-C2-2)
Z(EI/L) o

The expression for G given in the footnote of the alignment chart has assumed that

E of the beams and columns are the same. However the alignment chart isvalid for

different materialsif Equation C-C2-2isused. An equation for the sidesway-inhib-

ited chart can be found in ASCE Task Committee on Effective Length (1997).
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Where the actual conditions differ from the assumptions above, unrealistic K fac-
tors may result. There are modifications available that may be used with Figure
C-C2.2b or Equation C-C2-1 to give buckling loads that better reflect the condi-
tionsinreal structures (ASCE Task Committeeon Effective Length, 1997 and Chen
and Lui, 1987). Some of the modifications are summarized below.

Columnsloaded into the inelastic range of column behavior can be viewed as hav-
ing atangent modulus E; that is smaller than E. For such columns, E/E; = E+/E in
Equation C-C2-2, which gives smaller G values, and therefore, smaller K factors
than those based on elastic behavior (assumption 1). It is conservative to base the
column design on elastic K factors. For less conservative solutions, inelastic K fac-
tors can be determined by using 1E for E; in Equation C-C2-2 wheret = E{/Eisa
stiffness reduction factor (SRF). Yura (1971) and Disque (1973) showed that the
SRF could be determined from the ratio of the inelastic column design strength to
the elastic column design strength. Using the column design strengths ¢P, from
Equation E2-2 (inelastic) and E2-3 (elastic) gives

@ For(Pu/Py)s% (elastic); 1= 1.0

(b) For (P, /P,) >% (inelastic)

1=-7.38R,/P) |og[(F:“)/8:y)j (C-C2-3)

where P, isthe column sguash load, (F,Ag), and Py istherequired column strength.
P, must not exceed ¢:P,.

When abeam connection at the column under consideration is a shear connection
(no moment), then that beam cannot be considered inthe X.(El/L)4 term of Equation
C-C2-2. Only FR connections can be used directly in the determination of G
(assumption 3). PR connections with a documented moment-rotation response
can beutilized, but the (El/L), of each beam must be adjusted to account for the con-
nection flexibility. ASCE Task Committee on Effective Length (1997) provides a
detailed discussion of frame stability with PR connections. PR connections cannot
be considered asrigid (FR) connectionswhen assessing frame stability. Section A2
contains additional information on PR connections.

A beam dtiffness of 6EI/L was used in the development of Equation C-C2-1
(assumption 5). For other values of beam stiffness, use m(EIl/L), in determining G
where m= (actual girder stiffness coefficient)/6. When the far end of agirder hasa
shear connection instead of a FR connection, m= 0.5. A genera expression for m
when theinflection point from alateral load analysisislocated anywhere along the
girder span is available (ASCE Task Committee on Effective Length, 1997).

Compressive axia load in agirder reducesits stiffness, which will have an adverse
effect on K of the column (see assumption 9). To account for any compressive axial
load inagirder, thegirder stiffnessparameter (El/L),in Equation C-C2-2 should be
modified by the factor

~ QO
Qu

(C-C2-4)
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where Q isthe axial load in the girder and Q, isthe in plane buckling load of the
girder based onK = 1.0. Tensileaxial load inthe girders can beignored when deter-
mining G.

Sidesway instability of an unbraced frame is a story phenomenon involving the
sum of the sway resistances of each column in the story and the sum of the fac-
tored gravity loads in the columns in that story. If each column in a story of an
unbraced frameis designed to support its own P and PA moment, then all the col-
umnswill bucklesimultaneously (assumption 8). Under thiscondition, thereisno
interaction among the columns in the story; column sway instability and frame
instability occur at the same time. Framing systems can be used that redistribute
the story XPA to the columns in that story in proportion to their individual
stiffnesses. In an unbraced frame that contains columns that contribute little or
nothingto the sway stiffnessof thestory, such columnscanbedesignedusingK =
1.0 (leaning columns), but the other columnsin the story must be designed to sup-
port the destabilizing PA moments developed from the loads on such columns.
Similarly, more highly loaded columns in a story will redistribute some of their
PA moments to more lightly loaded columns.

Two methodsfor evaluating story frame stability are recognized, the story stiffness
method (LeMessurier, 1976 and 1977) and the story buckling method (Yura, 1971)
asreflected in Equations C1-4 and C1-5, respectively. For anindividual columnin
the sway-resisting system,

22— (KL)* 5

he T°El e YT P,
To account for the redi stribution of the PA momentswithin astory, determine P, for
anindividual columninthesway-resisting system by substituting A" for A, where

A= KL |5
nr VE
and K” is given below.
For the story stiffness method
P A
K= £ P oh C-C2-5
\/0.822Pu 2R, (2 HLj ( )
where
_TPEl
P. = o

The 0.822 factor isthe ratio of the lateral column shear force per radian of drift to
the buckling load of asway permitted column with large end restraint, G = 0. This
factor will approach 1.0 for moreflexible systems or systemswith alarge percent-
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Cs.

age of leaner columns. Less conservative methods are given in ASCE Task Com-
mittee on Effective Length (1997). The term,

5P, EFAOh @
HL
isaconstant for all rigidly connected columnsinastory andisthesametermusedin

Equation C1-4.
For the story buckling approach

k= B[ 2R (C-C2-6)
RAZR,

where(ZP, / ZPs,) isthesametermfoundin Equation C1-5andisaconstant for all
rigidly-connected columnsin a story.

Thevalueof P, calculated using K’ by either method cannot betaken greater than P,
based on sidesway inhibited buckling. Additional simplified methodsweregivenin
the previous edition of thiscommentary. Although they are not repeated here, they
are equally valid within the limitations placed on them in that edition. A compari-
son of the influence of those methods may be found in Geschwindner (1994).

Thetheoretical K-factors that are lessthan 1.0 (Cases (a) and (b) in Table C-C2.1
and the sidesway inhibited alignment chart in Figure C-C2.2a), are based on the
assumption that there is no relative lateral movement of the ends of the column.
When bracing is proportioned by the requirements of Section C3, K equal to 1.0
should be used, not values less than 1.0, because a small relative movement of the
brace points is anticipated.

STABILITY BRACING
Scope

The design requirements consider two general types of bracing systems, relative
and nodal, asshowninFig. C-C3.1. A relative column brace system (such as diago-
nal bracing or shear walls) is attached to two locations along the length of the col-
umn that defines the unbraced length. The relative brace system shown consists of
the diagonal and the strut that controls the movement at one end of the unbraced
length, A, with respect to the other end of the unbraced length, B. The diagonal and
the strut both contribute to the strength and stiffness of the relative brace system.
However, whenthestrutisafloor beam, itsstiffnessislarge compared to the diago-
nal so thediagonal controlsthe strength and stiffness of therelative brace. A nodal
brace control sthe movement only at the particular brace point, without direct inter-
action with adjacent braced points. Therefore to define an unbraced length there
must be additional adjacent brace pointsasshown in Figure C-C3.1. Thetwo nodal
column bracesat C and D that areattached to therigid abutment definethe unbraced
length for which K = 1.0 can be used. For beamsacrossframe between two adjacent
beams at midspanisanodal brace becauseit preventstwist of thebeamsonly at the
particular cross frame location. The unbraced length is half the span length. The
twist at the ends of the two beamsis prevented by the beam-to-column connections
at the end supports. Similarly, a nodal lateral brace attached at midspan to the top
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flange of the beams and arigid support assumesthat thereisno lateral movement at
the column locations.

The brace requirementswill enable amember to potentially reach amaximum load
based on the unbraced length between the brace pointsand K = 1.0. Thisisnot the
same as the no-sway buckling load as illustrated in Figure C-C3.2 for the braced
cantilever. Thecritical stiffnessis 1.0 P¢/L, corresponding to K = 1.0. A brace with
five times this stiffness is necessary to reach 95 percent of the K = 0.7 limit. Theo-
retically, an infinitely stiff brace is required to reach the no-sway limit. Bracing
required to reach specified rotation capacitiesor ductility limitsisbeyond the scope
of these recommendations. Member inelasticity has no significant effect on the
brace requirements (Yura, 1995).

Winter (1958 and 1960) devel oped the concept of dual criterion for bracing design,
strength and stiffness. The brace force is a function of the initial column
out-of-straightness, A,, and the brace stiffness, . For arelative brace system, the
relationship between column load, brace stiffness and sway displacement isshown
inFigureC-C3.3.1f B =, thecritical bracestiffnessfor aperfectly plumb member,
thenP=P.only if thesway deflection getsvery large. Unfortunately, suchlargedis-

typ
v ¥ v ¥ brace

,\
>
\
\
\
o
1
1
1
rigid abutment

e B
st~ 1\~diagonal S
* t I} t
P Relative P P Nodal P
Column Bracing

)
{

I 2L I - I -T
,/ T rigid T
/ support
/ Ly PP Ly
/]\
1 7 .
\\ relative X f
\ crossframe
\\ (nodal)
\ nodal
I ST ] - £ T
Lateral Bracing Torsional Brace

Beam Bracing
Fig. C-C3.1. Types of bracing.
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placementsproducelarge braceforces. For practical design, A must bekept small at
the factored load level.

The brace stiffness requirements, By, for frames, columns, and beamswere chosen
astwicethecritical stiffness. The ¢ = 0.75 specified for al brace stiffness require-
mentsisconsistent with theimplied resistancefactor for el astic Euler column buck-
ling, i.e.0.877 x ¢.=0.75. For therel ative brace system shownin Figure C-C3.3, B
=23, gives Py, = 0.4% P for A, = 0.002L. If the brace stiffness provided, B, isdif-
ferent from the requirement, then the brace force or brace moment can be muilti-
plied by the following factor:

1

Ber (C-C3-1)
o_Por

Bac

No ¢ is specified in the brace strength requirements since ¢ isincluded in the com-
ponent design strength provisionsin other chapters of this Specification.

Theinitial displacement, A,, for relative and nodal bracesisdefined with respect to
the distance between adjacent braces, asshown in Figure C-C3.4. Theinitia Ajisa
displacement from the straight position at the brace points caused by sources other
than brace elongations from gravity loads or compressive forces, such as displace-
ments caused by wind or other lateral forces, erection tolerances, column shorten-

No sidesway K = 0.7

7 Y RS gt A e
Pe
e
1 +— K=1.0
ol K>1
0 1 2 3 4 5 6

T Brace Design BL/Pe

Fig. C-C3.2. Braced cantilever.

Ay=0.002L

0.4% P,

0.5% 1.0% 15%  2.0%
(@) Ar/A, (b) Py (% 0fP)

Fig. C-C3.3. Effect of initial out-of-plumbness.
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ing, etc. The brace force recommendations for frames, columns and beam lateral
bracing are based on an assumed A,= 0.002L, where L isthe distance between adja-
cent brace points. For torsional bracing of beams, an initial twist angle, 6,, is
assumed where 6, = 0.002L/h,, and h, isthe distance between flange centroids. For
other A, and 6, values, use direct proportion to modify the brace strength require-
ments, P, and My,. For cases where it is unlikely that al columnsin a story are
out-of -plumb in the same direction, Chen and Tong (1994) recommend an average
A, =0.002L / +/n, wheren, columns, eachwitharandom A,, areto be stabilized by
thebrace system. Thisreduced A, would be appropriate when combining the stabil -
ity brace forces with wind and seismic forces.

Brace connections, if they areflexibleor can dlip, should beconsideredinthe eval u-
ation of the bracing stiffness as follows:
1 1 + 1

Bact Bconn Bbrace

The brace system stiffness, B.q, islessthan the smaller of the connection stiffness,
Beonn, OF the stiffness of thebrace, Burace- Slip in connectionswith standard holesneed
not be considered except when only afew boltsare used. When eval uating the brac-
ing of rows of columns or beams, consideration must be given to the accumulation
of the brace forces along the length of the brace that resultsin adifferent displace-
ment at each beam or column location. Ingeneral, braceforcescan beminimized by
increasing the number of braced bays and using stiff braces.

(C-C3-2)

Columns

For nodal column bracing, thecritical stiffnessisafunction of the number of inter-
mediate braces (Winter, 1958 and 1960). For one intermediate brace, i = 2P/L,,
and for many braces B; = 4P/L,. The relationship between the critical stiffness and
the number of braces, n, can be approximated (Yura, 1995) as 3; = N;P/Ly, where N,
=4 -2/n. The most severe case (many braces) was adopted for the brace stiffness
requirement, By = 2 x 4P/L,. The brace stiffness, Equation C3-6, can bereduced by
theratio, Ni/4, to account for the actual number of braces.

brace

brace

l— A, —»]

—— A+A, —>

Fig. C-C3.4. Definitions.
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4a.

The unbraced length, L, in Equations C3-4 and C3-6 is assumed to be equal to the
length L, that enables the column to reach P,. When the actual bracing spacing is
lessthan L, the cal cul ated required stiffness may become quite conservative since
the stiffnessequationsareinversely proportional to L. In such cases, L, can be sub-
stituted for L. For example, aW12x53 (W310x79) with P,= 400 kips (1 780 kN)
can have amaximum unbraced length of 14 ft (4.3 m) for A36 (A36M) steel. If the
actual bracing spacing is 8 ft (2.4 m), then 14 ft (4.3 m) may be used in Equations
C3-4 and C3-6 to determine the required stiffness.

Winter's rigid model would derive a brace force of 0.8 percent P, which accounts
only for lateral displacement force effects. To account for the additional force due
to member curvature, this theoretical force has been increased to one percent P,.

Beams

Beam bracing must prevent twist of the section, not lateral displacement. Both lat-
era bracing (for example, joi stsattached to the compression flange of asimply sup-
ported beam) and torsional bracing (for example, a cross frame or diaphragm
between adjacent girders) can effectively control twist. L ateral bracing systemsthat
are attached near the beam centroid are ineffective. For beams with double curva-
ture, theinflection point can not be considered abrace point because twist occurs at
that point (Galambos, 1998). A lateral brace on oneflange near theinflection point
also is ineffective. In double curvature cases the lateral brace near the inflection
point must be attached to both flangesto prevent twist, or torsional bracing must be
used. The beam brace requirements are based on the recommendations by Yura
(1993).

Lateral Bracing

For lateral bracing, the following stiffness requirement was derived following
Winter's approach:

Bor = 2N, (CoPy) CCy/ $Ly (C-C3-3)
where
N; =1.0for relative bracing
= (4-2/n) for discrete bracing

n = number of intermediate braces
P; = beam compressive flange force
= °Ely/Ly?
lyc = out-of-plane moment of inertia of the compression flange
Cp, = moment modifier from Chapter F

C: = accounts for top flange loading (use Ci=1.0 for centroidal loading)
=1+ (1.2/n)

Cy = double curvature factor (compression in both flanges)
=1+ (MslM |_)2

Ms = smallest moment causing compression in each flange
M, = largest moment causing compression in each flange

The Cq factor varies between 1.0 and 2.0 and is applied only to the brace closest to
theinflection point. Theterm (2N, C;) can be conservatively approximated as 10 for
any number of nodal braces and 4 for relative bracing and (C,Pr) can be approxi-
mated by M, / h which simplifies Equation C-C3-3 to the stiffness requirements
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given by Equations C3-8 and C3-10. Equation C-C3-3 can be used in lieu of Equa-
tions C3-8 and C3-10.

The brace strength requirement for relative bracing is
Py = 0.004 M,CCq/ h, (C-C3-4a)
and for nodal bracing
Py = 0.01M,C,Cy/ h, (C-C3-4b)

They are based on an assumed initial lateral displacement of the compression
flange of 0.002L,. The brace strength requirements of EquationsC3-7 and C3-9are
derived from Equations C-C3-4a and C-C3-4b assuming top flange loading (C; =
2). Equations C-C3-4aand C-C3-4b can beusedinlieu of EquationsC3-7 and C3-9
respectively.

Torsional Bracing

Torsional bracing can either be attached continuously along the length of the beam
(for example, metal deck or slabs) or belocated at discrete pointsal ong thelength of
the member (for example, cross frames). Torsional bracing attached to the tension
flangeisjust aseffective asabraceattached at mid depth or the compression flange.
Partially restrained connections can be used if their stiffnessisconsidered in evalu-
ating the torsional brace stiffness.

Thetorsional brace requirements are based on the buckling strength of abeam with
a continuous torsional brace along its length developed by Taylor and Ojalvo
(1966) and modified for cross-section distortion by Yura (1993).

CZEIB,
2C

t

M, <M, = \/(CbUMO)Z + (C-C3-5)

Theterm (Cy,yM,) isthe buckling strength of the beam without torsional bracing. Cy
= 1.2 when there is top flange loading and C; = 1.0 for centroidal loading.
B+ =nPBr / Listhecontinuoustorsional bracestiffnessper unitlength or itsequiva:
lent when n nodal braces, each with astiffness 3+, are used along the span L and the
2 accounts for initial out-of-straightness. Neglecting the unbraced beam buckling
term gives a conservative estimate of the torsiona brace stiffness requirement
(Equation C3-13). A more accurate estimate of the brace requirements can be
obtained by replacing M, with (M, —C,,M,) in Equations C3-11 and C3-13. The Ps
termin Equations C3-12, C3-14 and C3-15 accountsfor cross-section distortion. A
web stiffener at the brace point reduces cross-sectional distortion and improvesthe
effectiveness of atorsional brace. When acrossframeisattached near both flanges
or adiaphragm is approximately the same depth as the girder, then web distortion
will beinsignificant so B equalsinfinity. Therequired bracing stiffness, B, given
by Equation C3-12 was obtained by solving the following expression that repre-
sents the brace system stiffness including distortion effects:

1.1 +i (C-C3-6)

Br Bm  Pu

Thebracemoment requirementsarebased on an assumedinitial twist of 0.002L,/ h,,.
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Parallel chord trusseswith both chords extended to the end of the span and attached
to supports can betreated like beams. In Equations C3-7 through C3-11, M, may be
taken asthe maximum compressive chord forcetimesthe depth of thetrussto deter-
minethebrace strength and stiffnessrequirements. Cross-section distortion effects,
Bec, Need not be considered when full-depth cross frames are used for bracing.
When either chord does not extend to the end of the span, consideration should be
given to control twist near the ends of the span by the use of cross frames or ties.
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CHAPTER D

TENSION MEMBERS

DESIGN TENSILE STRENGTH

Dueto strain hardening, aductilesteel bar loadedin axial tension canresist, without
fracture, aforcegreater than the product of itsgrossareaand itscoupon yield stress.
However, excessive el ongation of atension member dueto uncontrolled yielding of
itsgrossareanct only marksthelimit of itsuseful ness, but can precipitatefailure of
the structural system of which it is a part. On the other hand, depending upon the
reduction of areaand other mechanical properties of the steel, the member can fail
by fracture of the net area at aload smaller than required to yield the gross area.
Hence, general yielding of thegrossareaand fracture of the net areaboth constitute
failure limit states. The relative values of ¢, given for yielding and fracture reflect
the same basic difference in factor of safety as between design of members and
design of connectionsin the AISC ASD Specification.

Thelength of the member in the net areais negligible relative to the total length of
the member. As a result, the strain hardening condition is quickly reached and
yielding of the net areaat fastener holes does not constitute alimit state of practical
significance.

BUILT-UP MEMBERS

The slenderness ratio L / r of tension members other than rods, HSS, or straps
should preferably not exceed the limiting value of 300. This slenderness limit rec-
ommended for tension membersis not essential to the structural integrity of such
members; it merely assuresadegree of stiffness such that undesirablelateral move-
ment (“slapping” or vibration) will be unlikely.

See Section B7 and Commentary Section E4.

PIN-CONNECTED MEMBERSAND EYEBARS

Forged eyebars have generally been replaced by pin-connected plates or eyebars
thermally cut from plates. Provisionsfor the proportioning of eyebarscontainedin
the LRFD Specification are based upon standards evolved from long experience
with forged eyebars. Through extensive destructive testing, eyebars have been
found to provide balanced designs when they are thermally cut instead of forged.
The somewhat more conservative rulesfor pin-connected members of nonuniform
cross section and those not having enlarged “ circular” heads are likewise based on
the results of experimental research (Johnston, 1939).

Somewhat stockier proportions are provided for eyebars and pin-connected mem-
bers fabricated from steel having ayield stress greater than 70 ksi (485 MPa), in
order to eliminateany possibility of their “ dishing” under the higher design stress.
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CHAPTER E

COLUMNS AND OTHER COMPRESSION MEMBERS

EFFECTIVE LENGTH AND SLENDERNESSLIMITATIONS
Effective Length

The Commentary on Section C2 regarding frame stability and effectivelength fac-
torsapplieshere. Further analytic methods, formulas, charts, and referencesfor the
determination of effective length are provided in Chapter 15 of the SSRC Guide
(Galambos, 1998).

Design by Plastic Analysis

Thelimitation on A, is essentially the sameasthat for | / r in Chapter N of the 1989
AISC Specification—Allowable Stress Design and Plastic Design.

DESIGN COMPRESSIVE STRENGTH
FOR FLEXURAL BUCKLING*

Equations E2-2 and E2-3 are based on areasonabl e conversion of research datainto
design equations. Conversion of the alowable stress design (ASD) equations
which was based on the CRC—Column Research Council—curve (Galambos,
1998) was found to be cumbersome for two reasons. Thefirst was the nature of the
ASD variable safety factor. Secondly, the differencein philosophical origins of the
two design procedures requires an assumption of a live load-to-dead load ratio
(L/D).

Since al L / D ratios could not be considered, a value of approximately 1.1 at A
equal to 1.0 was used to calibrate the exponential equation for columns with the
lower range of A against the appropriate ASD provision. The coefficient with the
Euler equation was obtained by equating the ASD and LRFD expressions at A
of 1.5.

Equations E2-2 and E2-3 are essentially the same curve as column-strength curve
2P of the Structural Stability Research Council which is based on an initial
out-of-straightness curve of | / 1500 (Bjorhovde, 1972 and 1988; Galambos, 1998;
Tide, 1985).

It should be noted that this set of column equationshasarangeof reliability (B) val-
ues. At low- and high-column slenderness, § values exceeding 3.0 and 3.3 respec-
tively areobtained comparedto § of 2.60at L / D of 1.1. Thisisconsidered satisfac-
tory, since the limits of out-of-straightness combined with residual stress have not
been clearly established. Furthermore, there has been no history of unacceptable

*For tapered members see Commentary Appendix F3.
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DESIGN COMPRESSIVE STRENGTH

behavior of columns designed using the ASD procedure. Thisincludes caseswith
L / D ratios greater than 1.1.

Equations E2-2 and E2-3 can be restated in terms of the more familiar slenderness
ratio Kl / r. First, Equation E2-2 is expressed in exponential form,

F, =| exp(-0.41907)]F, (C-E2-1)

Notethat exp(x) isidentical to €. Substitution of A according to definition of A¢in
Section E2 gives,

For ﬂ <471 \/E
r Fy
F(KIY
F, =1exp _0'0424E - F (C-E2-2)

For ﬁ >4.71 E
r Fy

. _087IE
¢ ( Kl JZ (C-E2-3)

r

DESIGN COMPRESSIVE STRENGTH FOR
FLEXURAL-TORSIONAL BUCKLING

Torsional buckling of symmetric shapes and flexural-torsional buckling of
unsymmetric shapes are failure modes usually not considered in the design of
hot-rolled columns. They generally do not govern, or the critical load differs very
little from the weak axis planar buckling load. Such buckling |oads may, however,
control the capacity of symmetric columnsmadefromrelatively thin plate elements
and unsymmetric columns. Design equations for determining the strength of such
columnsaregivenin Appendix E3. The AISC Design Guide, Torsional Analysisof
Sructural Steel Members (Seaburg and Carter, 1997) provides an overview of the
fundamentals and basic theory of torsional loading for structural steel members.
Design examples are also included.

Tees that conform to the limits in Table C-E3.1 need not be checked for flex-
ural-torsional buckling.

A simpler and more accurate design strength for the special case of teesand doubl e-
angles is based on Galambos (1991) wherein the y-axis of symmetry flexural-
buckling strength component is determined directly from the column formulas.

The separate A1SC Specification for Load and Resistance Factor Design of Sngle-
Angle Memberscontains detailed provisionsnot only for thelimit state of compres-
sion, but also for tension, shear, flexure, and combined forces.
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TABLE C-E3.1
Limiting Proportions for Tees
Ratio of Full Ratio of Flange
Flange Width to Thickness to Web
Shape Profile Depth or Stem Thickness
Built-up tees >0.50 >1.25
Rolled tees >0.50 >1.10

E4. BUILT-UP MEMBERS

Requirementsfor detailing and design of built-up members, which cannot be stated
in terms of calculated stress, are based upon judgment and experience.

The longitudinal spacing of connectors connecting components of built-up com-
pression members must be such that the slendernessratio | / r of individual shapes
does not exceed three-fourths of the slenderness ratio of the entire member. Addi-
tional requirements are imposed for built-up members consisting of angles. How-
ever, these minimum regquirements do not necessarily ensurethat the effective slen-
dernessratio of the built-up member isequal to that for the built-up member acting
asasingle unit. Section E4 gives formulas for modified slendernessratiosthat are
based on research and take into account the effect of shear deformation in the con-
nectors (Zandonini, 1985). Equation E4-1 for snug-tight intermediate connectorsis
empirically based on test results (Zandonini, 1985). Equation E4-2 isderived from
theory and verified by test data. In both casesthe end connection must bewelded or
dip-critical bolted (Adani and Goel, 1991). The connectors must be designed to
resist the shear forceswhich developin the buckled member. The shear stressesare
highest where the slope of the buckled shape is maximum (Bleich, 1952).

Maximum fastener spacing less than that required for strength may be needed to
ensure a close fit over the entire faying surface of components in continuous con-
tact. Specific requirements are given for weathering steel members exposed to
atmospheric corrosion (Brockenbrough, 1983).

The provisions governing the proportioning of perforated cover plates are based
upon extensive experimental research (Stang and Jaffe, 1948).
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CHAPTER F

BEAMS AND OTHER FLEXURAL MEMBERS

DESIGN FOR FLEXURE

Yielding

The bending strength of alaterally braced compact section is the plastic moment
M,. If the shape hasalarge shapefactor (ratio of plastic moment to the moment cor-
responding to the onset of yielding at the extremefiber), significant inel astic defor-
mation may occur at serviceload if the section is permitted to reach M, at factored
load. Thelimit of 1.5M, at factored load will control the amount of inelastic defor-
mation for sections with shape factors greater than 1.5. This provision is not
intended to limit the plastic moment of a hybrid section with a web yield stress
lower than the flangeyield stress. Yielding in the web does not result in significant
inelastic deformations. In hybrid sections, My =F S

Lateral-torsional buckling cannot occur if the moment of inertiaabout the bending
axisisequal to or lessthan the moment of inertiaout of plane. Thus, for shapesbent
about the minor axis and shapes with I, = I, such as square or circular shapes, the
limit state of lateral-torsional bucklingisnot applicableand yielding controlsif the
section is compact.

Lateral-Torsional Buckling
Doubly Symmetric Shapes and Channelswith L, <L,

The basic relationship between nominal moment M, and unbraced length L, is
shown in Figure C-F1.1 for acompact section with C, = 1.0. There are four princi-
pal zones defined on the basic curve by Ly, Ly, and L. Equation F1-4 defines the
maximum unbraced length L, to reach M, with uniform moment. Elastic lat-
eral-torsional buckling will occur when the unbraced length isgreater than L, given
by Equation F1-6. Equation F1-2 definesthe inelastic lateral -torsional buckling as
astraight line between the defined limits L, and L,. Buckling strength in the elastic
region L, > L, isgiven by Equation F1-14 for I-shaped members.

For other moment diagrams, the lateral buckling strength is obtained by multiply-
ing the basi c strength by C, asshown in Figure C-F1.1. Themaximum M,, however,
islimited to M,. Note that L, given by Equation F1-4 ismerely adefinition which
has physica meaning when C, = 1.0. For C, greater than 1.0, larger unbraced
lengthsare permitted to reach M, asshown by the curvefor C, > 1.0. For design, this
length could be calculated by setting Equation F1-2 equal to M, and solving this
equation for L, using the desired C, value.

The eguation
Cp =175+105(M1 / M) +03(M1 / M;)? <23 (C-F1-1)
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has been used since 1961 to adjust the flexural-torsional buckling equation for vari-
ationsin the moment diagram within the unbraced length. Thisequationisapplica-
ble only to moment diagrams that are straight lines between braced points. The
equation providesalower bound fit to the solutions devel oped by Salvadori (1956)
which are shown in Figure C-F1.2. Another equation

Ch=— T+ <25 (C-F1-2)

06— 0.4ﬂ
M2

fitsthe average value theoretical solutionswhen the beams are bent in reverse cur-
vature and also provides a reasonable fit to the theory. If the maximum moment

>~ Basic strength x C,
\

\

(F1-2)

plastic (F1-14)

le——1 | 1

design | | |
\Mp linelastic! elastic

! ! LTB :LTB

Lpg Lp L,
(F1-17) (F1-4) (F1-6)

Cp=1.0 (Basic strength)
Ly

Fig. C-F1.1. Nominal moment as a function of unbraced length and moment gradient.
Cb

30 Max Cp—warping significant

(c-F1-2)

2.5
Min Cp—no warping

2.0

1.5

1.0

+1.0 +0.5 0 -0.5 -1.0
= —1T] (LIIT]
Fig. C-F1.2. Moment modifier Cy, for beams.
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within the unbraced segment is equal to or larger than the end moment, C,=1.0is
used.

The equations above can be easily misinterpreted and misapplied to moment dia-
grams that are not straight within the unbraced segment. Kirby and Nethercot
(1979) presented an equation which appliesto various shapes of moment diagrams
within the unbraced segment. Their equation has been adjusted dlightly to the fol-
lowing

125M,
25M, +3M, +4M, +3M_

C,= (C-F1-3)

This equation gives more accurate solutionsfor fixed-end beams, and the adjusted
equation reduces exactly to Equation C-F1-2 for astraight line moment diagramin
single curvature. The C, equation used in the specification is shown in Figure
C-F1.3 for straight line moment diagrams. Other moment diagrams along with
exact theoretical solutionsin the SSRC Guide (Galambos, 1998) show good com-
parison with the new equation. The absol uteval ue of thethreeinterior quarter-point
moments plusthe maximum moment, regardlessof itslocation are used intheequa-
tion. The maximum moment in the unbraced segment is always used for compari-

son with the resistance. The length between braces, not the distance to inflection
points, and C, are used in the resistance equation.

Itisstill satisfactory to usethe former C, factor, Equation C-F1-1, for straight line
moment diagrams within the unbraced length.

The elastic strength of hybrid beams is identical to homogeneous beams. The
strength advantage of hybrid sections becomes evident only in the inelastic and
plastic slenderness ranges.

251 Cy=1.75+1.05 3 +0.3( 3 )< 23

10 | /2514,,,,,,

C.=
o™ 2.5M payt3My +4Mp+3M ¢
M, M, Mg M
05 1 MaMp Mg
(———+— )M,
Co— _ +, rafio shown
1 1 1 ] ’

+1.0 +0.5 0 -05 -1.0"’2

C-F1.3. Gy for a straight line moment diagram—prismatic beam.

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



Comm. F1.] DESIGN FOR FLEXURE 209

2b.

2c.

Doubly Symmetric Shapesand Channelswith L,> L,

The equation given in the Specification assumes that the loading is applied aong
the beam centroidal axis. If theload isplaced on thetop flange and the flangeis not
braced, there isatipping effect that reduces the critical moment; conversely, if the
load is suspended from the bottom flange and is not braced, there is a stabilizing
effect which increases the critica moment (Galambos, 1998). For unbraced top
flange loading, the reduced critical moment may be conservatively approximated
by setting the warping buckling factor X, to zero.

An effective length factor of unity isimplied in these critical moment equationsto
represent aworst case pinned-pinned unbraced segment. Including consideration
of any end restraint of the adjacent segmentson thecritical segment canincreaseits
buckling capacity. The effects of beam continuity on lateral-torsional buckling
have been studied and asimple and conservative design method, based on the anal -
ogy of end-restrained nonsway columns with an effective length factor less than
one, has been proposed (Galambos, 1998).

Tees and Double-Angles

The lateral-torsiona buckling strength (LTB) of singly symmetric tee beams is
given by afairly complex formula (Galambos, 1998). Equation F1-15 isasimpli-
fied formulation based on Kitipornchai and Trahair (1980). Seealso Ellifritt, Wine,
Sputo, and Samuel (1992).

The C, used for I-shaped beams is unconservative for tee beams with the stem in
compression. For such cases C,=1.0isappropriate. When beamsarebentinreverse
curvature, the portion with the stemin compression may control the LTB resistance
even though the moments may be small relative to other portions of the unbraced
lengthwith C, = 1.0. Thisisbecausethe LTB strength of ateewith the stemin com-
pression may beonly about one-fourth of the capacity for thestemintension. Since
the buckling strength is sensitive to the moment diagram, C, has been conserva-
tively taken as 1.0. In caseswhere the stem isin tension, connection details should
be designed to minimize any end restrai ning moments which might cause the stem
to bein compression.

Design by Plastic Analysis

Equation F1-17 setsalimit on unbraced | ength adjacent to aplastic hingefor plastic
analysis. There is a substantial increase in unbraced length for positive moment
ratios (reverse curvature) because the yielding is confined to zones close to the
brace points (Yuraet a., 1978).

Equation F1-18 is an equation in similar form for solid rectangular bars and sym-
metric box beams. Equations F1-17 and F1-18 assume that the moment diagram
within the unbraced length next to plastic hinge locations is reasonably linear. For
nonlinear diagrams between braces, judgment should be used in choosing arepre-
Sentative ratio.

EquationsF1-17 and F1-18 were devel oped to providerotation capacitiesof at least
3.0, which are sufficient for most applications (Yuraet a., 1978). When inelastic
rotationsof 7to 9 aredeemed appropriatein areasof high seismicity, asdiscussedin
Commentary Section B5, Equation F1-17 would become:
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Loa = 008615 Ery (C-F1-9)
oFy O

DESIGN FOR SHEAR
For unstiffened webs k, = 5.0, therefore

1.10,[Ek, /F,, = 2.45[E/F,,, and1.37,[Ek, /F,, = 307,[E/F,,

For webs with h/t,, <110,/Eky / Fy , the nominal shear strength V, is based on
shear yielding of the web, Equation F2-1 and Equation A-F2-1. Thish / t,, limit
was determined by setting the critical stress causing shear buckling F
equal to the yield stress of the web F,,, in Equation 35 of Cooper, Galambos, and
Ravindra(1978) and Timoshenko and Gere (1961). Whenh /t,, >110,/Ek, / Fy, ,
the web shear strength is based on buckling. Basler (1961) suggested taking the
proportional limit as 80 percent of the yield stress of the web. This correspondsto
h/t, = (10/08)/Ek, / Fyw. Thus, when h/t, >137,/Ek, / Fy, the web
strength is determined from the el astic buckling stress given by Equation 6 of Coo-
per et al. (1978) and Timoshenko and Gere (1961):

F o TEK
T 120-v)hit,)

The nominal shear strength, given by Equation F2-3 and A-F2-3, was obtained by
multiplying F by theweb areaand using E =29,000ksi (200 000 MPa) andv=0.3.
A dtraight line transition, Equation F2-2 and A-F2-2, is used between the limits

110,/Eky / Fyy and137,/Ek, / Fyy .

The shear strength of flexural members follows the approach used in the AISC
ASD Specification, except for two simplifications. First, the expression for the
plate buckling coefficient k, has been simplified; it corresponds to that given by
AASHTO Sandard Specification for Highway Bridges (1996). The earlier expres-
sionfor k,wasacurvefit to the exact expression; the new expression isjust asaccu-
rate. Second, the alternate method (tension field action) for web shear strength is
placed in Appendix G because it was desired that only one method appear in the
main body of the Specification with alternate methods given in the Appendix.
When designing plate girders, thicker unstiffened webs will frequently be less
costly than lighter stiffened web designs because of the additional fabrication. If a
stiffened girder design has economic advantages, the tension field method in
Appendix G will require fewer stiffeners.

(C-F2-1)

The equationsin this section were established assuming monotonically increasing
loads. If a flexural member is subjected to load reversals causing cyclic yielding
over large portions of aweb, such asmay occur during amajor earthquake, special
design considerations may apply (Popov, 1980).

BEAMSAND GIRDERSWITH WEB OPENINGS

Web openingsin structural floor members may be necessary to accommodate vari-
ousmechanical, electrical, and other systems. Strength limit states, including local
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buckling of the compression flange, web, and tee-shaped compression zone above
or below the opening, lateral buckling and moment-shear interaction, or service-
ability may control the design of aflexural member with web openings. Theloca-
tion, size, and number of openingsareimportant and empirical limitsfor them have
beenidentified. Onegeneral procedurefor ng these effectsand the design of
any needed reinforcement for both steel and composite beamsis given in Darwin
(1990) and in ASCE Task Committee on Design Criteriafor Composite Structures
in Steel and Concrete (1992 and 19923).
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CHAPTERH

MEMBERS UNDER COMBINED FORCES AND TORSION

H1. SYMMETRIC MEMBERSSUBJECT TO BENDING AND AXIAL

FORCE

Equations H1-1laand H1-1b are simplifications and clarifications of similar equa-
tionsused in the AISC ASD Specification since 1961. Previoudly, both equations
had to be checked. In the new formulation the applicable equation is governed by
thevalue of thefirst term, P,/ $P,. For bending about one axis only, the equations
have the form shown in Figure C-H1.1.

Thefirstterm P,/ P, hasthe samesignificanceastheaxial loadtermf,/ F,in Equa
tionsH1-1 of the AISC ASD Specification. This means that for membersin com-
pression P, must be based on the largest effective denderness ratio Kl / r. In the
development of Equations H1-1aand H1-1b, anumber of aternative formulations
were compared to the exact inelastic solutions of 82 sidesway cases reported in
Kanchanalai (1977). Inparticular, the possibility of using Kl / r astheactual column
length (K = 1) in determining P,, combined with an elastic second order moment
M., wasstudied. Inthose caseswherethetrue P, based on Kl /r, withK =1.0, wasin
theinel astic range, the errorsproved to be unacceptably large without the additional
check that P, <o.Pn, P, being based on effective length. Although deviations from
exact solutions were reduced, they still remained high.

In summary, it is not possible to formulate a safe general interaction equation for
compression without considering effective length directly (or indirectly by a sec-

$P, :
|
|
|
|
I
R, |
I
¢P," 9 M, |

0.2¢F, —Z—E—;_M:;’_____ ]
2(%P)" .M, }

My  0.9%,M, %M,
Fig. C-H1.1. Beam-column interaction equations.
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H2.

ond equation). Therefore, the requirement that the nominal compressivestrength P,,
be based on the effective length KL in the general equation is continued in the
LRFD Specification asit hasbeeninthe AISC ASD Specification since 1961. Itis
not intended that these provisions be applicable to limit nonlinear secondary flex-
urethat might be encounteredinlarge amplitude earthquake stability design (ATC,
1978).

Thedefinedterm M, isthe maximum moment inamember. Inthecal culation of this
moment, inclusion of beneficial second order effects of tension is optional. But
consideration of detrimental second order effects of axial compression and tranda-
tion of gravity loadsisrequired. Provisionsfor cal cul ation of these effectsaregiven
in Chapter C.

The interaction equations in Appendix H3 have been recommended for biaxially
loaded H and wide flange shapes in Galambos (1998) and Springfield (1975).
These equations which can be used only in braced frames represent a considerable
liberalization over the provisions given in Section H1, it is, therefore, also neces-
sary to check yielding under serviceloads, using the appropriateload and resistance
factorsfor the serviceability limit statein Equation H1-1aor H1-1bwith My = S,
and M, = SF,. Appendix H3 also provides interaction equations for rectangular
box-shaped beam-columns. These equationsaretaken from Zhou and Chen (1985).

UNSYMMETRIC MEMBERSAND MEMBERSUNDER TORSION AND
COMBINED TORSION, FLEXURE, SHEAR, AND/OR AXIAL
FORCE

This section dealswith types of cross sections and loadings not covered in Section
H1, especially wheretorsionisaconsideration. For such casesit isrecommended to
perform an elastic analysis based on the theoretical numerical methods available
fromtheliteraturefor the determination of the maximum normal and shear stresses,
or for the elastic buckling stresses. In the buckling cal cul ations an equivalent slen-
derness parameter is determined for use in Equation E2-2 or E2-3, asfollows:

Ae =/Fy I Fe
where F. is the elastic buckling stress determined from a stability analysis. This
procedure is similar to that of Appendix E3.

For theanalysisof memberswith open sectionsunder torsionrefer to AISC (1997).
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CHAPTERI

COMPOSITE MEMBERS

DESIGN ASSUMPTIONS AND DEFINITIONS

Force Determination. Loads applied to an unshored beam before the concrete has
hardened are resisted by the steel section alone, and only loads applied after the
concrete hashardened are considered asresisted by the composite section. It isusu-
ally assumed for design purposesthat concrete has hardened when it attains 75 per-
cent of its design strength. In beams properly shored during construction, all loads
may be assumed asresisted by the composite cross section. Loads applied to acon-
tinuous composite beam with shear connectorsthroughout its length, after the slab
iscrackedinthe negative moment region, areresisted in that region by the steel sec-
tion and by properly anchored longitudinal slab reinforcement.

For purposes of plastic analysis all loads are considered resisted by the composite
crosssection, sinceafully plastic strength isreached only after considerableyield-
ing at the locations of plastic hinges.

Elastic Analysis. The use of constant stiffness in elastic analyses of continuous
beamsisanalogousto the practicein reinforced concrete design. The stiffness cal-
culated using a weighted average of moments of inertia in the positive moment
region and negative moment regions may take the following form:

It :a.l pos +b|neg

where

I o0s = effective moment of inertia for positive moment, in.* (mm®*)
I neg = effective moment of inertia for negative moment, in.* (mm?®)

The effective moment of inertia shall be based on the cracked transformed section
considering degree of composite actions. For continuous beams subjected to grav-
ity loads only, thevalue of a may betaken as 0.6 and the value of b may betaken as
0.4. For the case of composite beamsin moment resi sting frames, the value of aand
b may be taken as 0.5.

Plastic Analysis. For composite beamswith shear connectors, plastic analysis may
be used only when the steel section in the positive moment region has a compact
web, i.e, h/t, <376,/ E/ Fy , and when the steel section in the negative moment
region is compact, as required for steel beams alone. No compactness limitations
areplaced on encased beams, but plastic analysisispermitted only if thedirect con-
tribution of concrete to the strength of sectionsis neglected; the concrete isrelied
upon only to prevent buckling.

Plastic Srress Distribution for Positive Moment. Plastic stress distributions are
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described in Commentary Section 13, and a discussion of the composite participa-
tion of slab reinforcement is presented.

Plastic Stress Distribution for Negative Moment. Plastic stress distributions are
described in Commentary Section |3.

Elastic SressDistribution. Thestrain distribution at any cross section of acompos-
ite beam isrelated to dlip between the structural steel and concrete elements. Prior
todlip, strainin both steel and concreteis proportional to the distance from the neu-
tral axisfor the elastic transformed section. After dip, the strain distributionisdis-
continuous, with ajump at the top of the steel shape. The strainsin steel and con-
crete are proportional to distances from separate neutral axes, one for steel and the
other for concrete.

Fully Composite Beam. Either the tensile yield strength of the steel section or the
compressive stress of the concrete slab governsthe maximum flexural strength of a
fully composite beam subjected to a positive moment. Thetensileyield strength of
thelongitudinal reinforcing barsin the slab governsthe maximum flexural strength
of afully composite beam subjected to anegative moment. \When shear connectors
areprovided in sufficient numbersto fully devel op thismaximum flexural strength,
any dlip that occurs prior to yielding is minor and has negligible influence both on
stresses and stiffness.

Partially Composite Beam. The effects of slip on elastic properties of a partially
composite beam can be significant and should be accounted for in calculations of
deflectionsand stressesat serviceloads. Approximateel astic propertiesof partialy
composite beamsare givenin Commentary Section 1 3. For simplified design meth-
ods, see Hansell, Galambos, Ravindra, and Viest (1978).

Concrete-Encased Beam. When the dimensions of a concrete slab supported on
steel beams are such that the slab can effectively serve asthe flange of acomposite
T-beam, and the concrete and steel are adequately tied together so asto act asaunit,
the beam can be proportioned on the assumption of composite action.

Two cases are recognized: fully encased steel beams, which depend upon natural
bond for interaction with the concrete, and those with mechanical anchorageto the
slab (shear connectors), which do not have to be encased.

COMPRESSION MEMBERS
Limitations

(1) Thelower limit of four percent on the cross-sectional area of structural steel
differentiates between composite and reinforced concrete columns. If thearea
islessthan four percent, acolumnwith astructural steel core should be designed
as areinforced concrete column.

(2) The specified minimum quantity of transverse and longitudinal reinforcement
in the encasement should be adequate to prevent severe spalling of the surface
concrete during fires.

(3) Very little of the supporting test datainvolved concrete strengthsin excess of 6
ksi (41 MPa), even though the cylinder strength for one group of four columns
was 9.6 ksi (66 MPa). Normal weight concreteisbelieved to havebeenusedin
all tests. Thus, the upper limit of concrete strength is specified as 8 ksi (55
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MPa) for normal weight concrete. A lower limit of 3ksi (21 MPa) is specified
for normal weight concrete and 4 ksi (28 MPa) for lightweight concrete to
encourage the use of good quality, yet readily available, grades of structural
concrete.

(4) Inaddition to the work of Bridge and Roderick (1978), SSRC Task Group 20
(1979), and Galambos and Chapuis (1980), recent work by Kenny, Bruce, and
Bjorhovde (1994) has shown that dueto concrete confinement effects, the pre-
vious limitation of 55 ksi (380 MPa) for the maximum steel yield stress is
highly restrictive. Further, the most commonly used reinforcing steel grade has
ayield stressof 60 ksi (415 MPa). Theincreaseisthereforearational recogni-
tion of material properties and structural behavior.

The 60 ksi (415 MPa) limitation for the yield stress is very conservative for
tubular composite columns, where the concrete confinement provided by the
tubewallsisvery significant. Kenny et a. have proposed raising thevalueof F,
for such columnsto whatever theyield stressisfor the steel grade used, but not
higher than 80 ksi (550 MPa).

(5) Thespecified minimumwall thicknessesareidentical to thoseinthe 1995 ACI
Building Code (1995). The purpose of this provisionisto prevent buckling of
the steel pipe or HSS before yielding.

Design Strength

The procedure adopted for the design of axially loaded composite columns is
described in detail in Galambos and Chapuis (1980). It is based on the equation for
the strength of a short column derived in Galambos and Chapuis (1980), and the
samereductionsfor slenderness asthose specified for steel columnsin Section E2.
The design follows the same path as the design of steel columns, except that the
yield stress of structural steel, the modulus of elasticity of steel, and the radius of
gyration of the steel section are modified to account for the effect of concrete and
longitudinal reinforcing bars. A detailed explanation of the origin of these modifi-
cations may be found in SSRC Task Group 20 (1979). Galambos and Chapuis
(2980) includes comparisonsof thedesign procedurewith 48 tests of axially |oaded
stub columns, 96 tests of concrete-filled pipesor tubing (HSS), and 26 tests of con-
crete-encased steel shapes. The mean ratio of thetest failure loadsto the predicted
strengths was 1.18 for al 170 tests, and the corresponding coefficient of variation
was 0.19.

Columnswith Multiple Steel Shapes

This limitation is based on Australian research reported in Bridge and Roderick
(1978), which demonstrated that after hardening of the concrete the composite col-
umnwill respond to loading asaunit even without lacing, tie plates, or batten plates
connecting the individual steel sections.

Load Transfer

To avoid overstressing either the structural steel section or the concrete at connec-
tions, atransfer of load by direct bearing, shear connectors, or a combination of
both isrequired. When shear connectors are used, auniform spacing is appropriate
inmost situations, but when largeforcesare applied, other connector arrangements
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may be needed to avoid overloading the component (steel section or concrete
encasement) to which the load is applied directly.

Although it isrecognized that force transfer also occurs by bond between the steel
and concrete, thisisdisregarded for encased sections (Griffis, 1992). Forcetransfer
by bond iscommonly used in concrete-filled hollow structural sections(API, 1993)
aslong asthe connectionsaredetailed tolimit local deformations, but no guidelines
are available for structures other than fixed offshore platforms.

When asupporting concrete areaiswider onall sidesthan theloaded area, thenom-
inal bearing strength for concrete can be taken as

085¢s fin/Ae T Ay

where A, istheloaded areaand A; isthe base of afrustum extending 45° in planand
at a 50 percent slope in elevation from the loaded area (ACI, 1995, 1995a). The
valueof v/ A, I A, must belessthan or equal to 2. In most practical cases, thislimit
will be reached and thus the Specification uses a nominal bearing strength of
17¢s f¢ As. Theresistancefactor for bearing, ¢, is0.65in accordance with Appen-
dix Cin ACI 318 and ACI 318M.

FLEXURAL MEMBERS
Effective Width

LRFD provisions for effective width omit any limit based on slab thickness, in
accordance with both theoretical and experimental studies, as well as composite
beam codesin other countries (ASCE, 1979). The same effective width rules apply
to composite beamswith aslab on either oneside or both sides of thebeam. Tosim-
plify design, effective width isbased on the full span, center-to-center of supports,
for both simple and continuous beams.

Design Strength of Beams with Shear Connectors

Thissection appliesto simple and continuous composite beamswith shear connec-
tors, constructed with or without temporary shores.

Positive Flexural Design Srength. Flexura strength of a composite beam in the
positive moment region may be limited by the plastic strength of the steel section,
the concrete slab, or shear connectors. In addition, web buckling may limit flexural
strength if theweb is slender and asignificantly large portion of thewebisin com-
pression.

Accordingto TableB5.1, local web buckling does not reducethe plastic strength of
a bare steel beam if the beam depth-to-web thickness ratio is not larger than
3.76/E/ Fy . In the absence of web buckling research on composite beams, the
same ratio is conservatively applied to composite beams. Furthermore, for more
dender webs, the LRFD Specification conservatively adoptsfirst yield asthe flex-
ural strength limit. In this case, stresses on the steel section from permanent loads
applied to unshored beams before the concrete has hardened must be superimposed
on stresses on the composite section from loads applied to the beams after harden-
ing of concrete. In this superposition, all permanent loads should be multiplied by
the dead |oad factor and all live loads should be multiplied by the live load factor.
For shored beams, all |oads may be assumed asresisted by the composite section.
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Whenfirstyieldistheflexural strength limit, theelastic transformed sectionisused
to calcul ate stresses on the composite section. The modular ration =E / E; used to
determine the transformed section depends on the specified unit weight and
strength of concrete. Note that this procedure for compact beams differs from the
requirements of Section 12 of the 1989 AISC ASD Specification.

Plastic Sress Distribution for Positive Moment. When flexural strength is deter-
mined from the plastic stress distribution shown in Figure C-13.1, the compression
force C in the concrete dab is the smallest of:

C = Asw Fyw +2A¢ Fys (C-13-1)
C =085f A (C-13-2)
C =30, (C-13-3)

For anon-hybrid steel section, Equation C-13-1 becomes C =Af,

where

—h
~

. = specified compressive strength of concrete, ksi (MPa)

= area of concrete slab within effective width, in.2 (mm?)

= area of steel cross section, in.? (mm?)

= area of steel web, in.2 (mmz)

areaof steel flange, in.2 (mm?)

minimum specified yield stress of steel, ksi (MPa)

wa = minimum specified yield stress of web steel, ksi (MPa)

Fy« = minimum specified yield stress of flange steel, ksi (MPa)

2Q, = sum of nominal strengths of shear connectors between the point of maxi-
mum positive moment and the point of zero moment to either side, kips

(N)

Longitudinal slab reinforcement makes a negligible contribution to the compres-
sionforce, except when Equation C-13-2 governs. Inthiscase, theareaof longitudi-
nal reinforcement within the effective width of the concrete slab times the yield
stress of the reinforcement may be added in determining C.

TEE P

The depth of the compression block is

C
0.85f.'b

a=

(C-13-4)

where
b = effective width of concrete dab, in. (mm)

A fully composite beam correspondsto the case of C governed by theyield strength
of the steel beam or the compressive strength of the concrete slab, asin Equation
C-13-1 or C-13-2. The number and strength of shear connectors govern C for apar-
tially composite beam asin Equation C-13-3.

The plastic stressdistribution may havetheplastic neutral axis(PNA) intheweb, in
the top flange of the steel section or in the slab, depending on the value of C.
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The nominal plastic moment resistance of acomposite section in positive bending
is given by the following equation and Figure C-13.1:

M, = C(d; + dp) + Py (ds — do) (C-13-5)

where

P, =tensilestrength of the steel section; for anon-hybrid steel section, Py = AFy,
kips (N)

d, = distance from the centroid of the compression force C in concreteto thetop
of the steel section, in. (mm)

d, = distancefromthecentroid of the compressionforceinthesteel sectiontothe
top of the steel section, in. (mm). For the case of no compression in the steel
section d; = 0.

d; = distance from P, to the top of the steel section, in. (mm)

Equation C-13-5isgenerally applicableincluding both non-hybrid and hybrid steel
sections symmetrical about one or two axes.

Approximate Elastic Properties of Partially Composite Beams. Elastic cal culations
for stress and deflection of partially composite beams should include the effects of
dip.

The effective moment of inertial for apartially composite beam is approximated

by
lar = 1o+ (EQ,/C, )1, — 1) (C-13-6)
where
Is  =moment of inertiafor the structural steel section, in.* (mm?)
ly = moment of inertiafor thefully composite uncracked transformed section,
in.* (mm®)

2Q, = strength of shear connectors between the point of maximum positive
moment and the point of zero moment to either side, kips (N)

C: = compression forcein concrete dab for fully composite beam; smaller of
Equations C-13-1 and C-13-2, kips (N)

The effective section modulus S, referred to thetension flange of the steel section
for apartially composite beam, is approximated by

{ 0.85f;

c
[ ] al_ d d
1 2 (P,—C)
~—F—
% F 2
(Py+C) g
7 —_— -

Fy
Fig. C-13.1. Plagtic stress distribution for positive moment in composite beams.
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Se =S+,(EQ./C,)(S -S) (C-13-7)

where

S = section modulus for the structural steel section, referred to the tension
flange, in.2 (mm?)

S:= section modulus for the fully composite uncracked transformed section,
referred to the tension flange of the steel section, in.2 (mm?)

Equations C-13-6 and C-13-7 should not be used for ratios £Q, / C; lessthan 0.25.
Thisrestrictionisto prevent excessive dlip, aswell as substantial [ossin beam stiff-
ness. Studies indicate that Equations C-13-6 and C-13-7 adequately reflect the
reduction in beam stiffness and strength, respectively, when fewer connectors are
used than required for full composite action (Grant, Fisher, and Slutter, 1977).

It is not practical to make accurate deflection calculations of composite flexural
sections in the design office. Careful comparisons to short-term deflection tests
indicate that the effective moment of inertia, l«, is 15 to 30 percent lower than that
calculated based on linear elastic theory. Therefore, for realistic deflection calcula
tions, |« should betaken as0.80 |« or 0.75 | «. Asan aternative, it has been shown
that one may use lower bound moment of inertia, 15, as defined below:

Ly = 1+ Ao — do)? + (EQ, / F,)(20; + 0, — Yya)? (C-13-8)

where

d; =distancefromthecentroid of thelongitudinal slab reinforcement to thetop
of the steel section, in. (mm)

d; = distance from Py to the top of the steel section, in. (mm)

I, = lower bound moment of inertia, in.® (mm®)

Yena = [Asts + (ZQ0/F,) (2ds + di)/(As + (ZQ/Fy)]

Calculations for long-term deformations due to creep and shrinkage may also be
carried out. Because the basic properties of the concrete are not known to the
designer, simplified model s such asthose proposed by Viest, Fountain, and Single-
ton (1958), Branson (1964), Chien and Ritchie (1984), and Viest, Colaco, Furlong,
Griffis, Leon, and Wyllie (1997) can be used.

Negative Flexural Design Strength. The flexural strength in the negative moment
regionisthestrength of the steel beam al one or the plastic strength of the composite
section made up of the longitudinal slab reinforcement and the steel section.

Plastic SressDistribution for Negative Moment. When an adequately braced com-
pact steel section and adequately developed longitudinal reinforcing bars act com-
positely inthe negative moment region, the nominal flexural strengthisdetermined
fromtheplastic stressdistributionsasshownin Figure C-13.2. Thetensileforce Tin
the reinforcing bars is the smaller of:

T= A Fyr (C'|3'9)
T=3Q (C-13-10)
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where

A, = areaof properly developed slab reinforcement parallel to the steel beam
and within the effective width of the slab, in.2 (mm?)

Fy. = specified yield stress of the slab reinforcement, ksi (M Pa)

¥Q, = sum of the nominal strengths of shear connectors between the point of
maximum negative moment and the point of zero moment to either side,
kips (N)

A third theoretical limit on T isthe product of the area and yield stress of the steel
section. However, this limit is redundant in view of practical limitations on slab
reinforcement.

Thenominal plastic moment resistance of acomposite section in negative bending
is given by the following equation:

M, =T(d,+d,)+P,(d;—d,) (C-13-11)

where

Py = the compressive strength of the steel section; for anon-hybrid section Py.=
Ay, kips(N)

d, = distance from the centroid of the longitudinal slab reinforcement to the top
of the steel section, in. (mm)

d, = distance from the centroid of the tension forcein the steel section to thetop
of the steel section, in. (mm)

d; = distance from P to the top of the steel section, in. (mm)

Transverse Reinforcement for the Sab. Where experience has shown that |ongitudi-
nal cracking detrimental to serviceability islikely to occur, the slab should berein-
forcedin the direction transverseto the supporting steel section. It isrecommended
that the area of such reinforcement should be at least 0.002 timesthe concrete area
in the longitudinal direction of the beam and should be uniformly distributed.

3. Design Strength of Concrete-Encased Beams

Tests of concrete-encased beams demonstrated that (1) the encasement drastically
reducesthepossibility of lateral-torsional instability and preventslocal buckling of
the encased steel, (2) the restrictions imposed on the encasement practically pre-
vent bond failureprior tofirst yielding of the steel section, and (3) bond failure does
not necessarily limit the moment capacity of an encased steel beam (ASCE, 1979).

7
[eo—eoof}——— —¢—>
(Pyc'r) dz d’
— T
ds Fy
(Pye +7)
T2

F, y
Fig. C-13.2. Plagtic stress distribution for negative moment.
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Accordingly, the LRFD Specification permits three alternate design methods: one
based on thefirst yield in thetension flange of the composite section; one based on
the plastic moment capacity of the steel beam alone; and athird method based upon
the plastic moment capacity of the composite section applicable only when shear
connectors are provided along the steel section and reinforcement of the concrete
encasement meets the specified detailing requirements. No limitations are placed
on the slenderness of either the composite beam or the elements of the steel section,
since the encasement effectively inhibits both local and lateral buckling.

In the method based on first yield, stresses on the steel section from permanent
loads applied to unshored beams before the concrete has hardened must be super-
imposed on stresses on the composite section from loads applied to the beams after
hardening of the concrete. Inthissuperposition, all permanent |oads should be mul-
tiplied by thedead |oad factor and all liveloads should be multiplied by theliveload
factor. For shored beams, all loads may be assumed as resisted by the composite
section. Completeinteraction (no slip) betweentheconcrete and stedl isassumed.

The contribution of concrete to the strength of the composite section is ordinarily
larger in positive moment regions than in negative moment regions. Accordingly,
design based on the composite section is more advantageousin the regions of posi-
tive moments.

Strength During Construction

Whentemporary shoresarenot used during construction, the steel beam alonemust
resist all loadsapplied beforethe concrete has hardened enough to provide compos-
ite action. Unshored beam deflection caused by wet concrete tendsto increase slab
thickness and dead load. For longer spans this may lead to instability analogousto
roof ponding. An excessive increase of slab thickness may be avoided by beam
camber.

When formsare not attached to the top flange, lateral bracing of the steel beam dur-
ing construction may not be continuous and the unbraced length may control flex-
ural strength, as defined in Section F1.

TheLRFD Specification doesnot include special requirementsfor amargin against
yield during construction. According to Section F1, maximum factored moment
during construction is 0.90F,Z where F,Z is the plastic moment (0.90F, Z =~ 0.90 x
1.1F, ). This is equivalent to approximately the yield moment, F,S Hence,
required flexural strength during construction prevents moment in excess of the
yield moment.

Load factors for construction loads should be determined for individual projects
according to local conditions, using thefactors stipulated in ASCE 7 asaguide. As
aminimum it is suggested that 1.2 be the factor for the loading from steel framing
plus concrete plus formed steel deck, and afactor of 1.6 be used for theliveload of
workmen plus equipment which should not be taken as less than 20 psf
(unfactored).

Formed Steel Deck

Figure C-13.3 isagraphic presentation of the terminology used in Section 13.5.
When studs are used on beamswith formed steel deck, they may bewelded directly
through thedeck or through prepunched or cut-in-place holesin thedeck. Theusual
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procedureistoinstall studs by welding directly through the deck; however, when
the deck thicknessis greater than 16 gage (1.5 mm) for single thickness, or 18 (1.2
mm) gage for each sheet of double thickness, or when the total thickness of galva-
nized coating is greater than 1.25 ounces/sq. ft (0.38 kg/m?), special precautions
and procedures recommended by the stud manufacturer should be followed.

The design rulesfor composite construction with formed steel deck are based upon
astudy (Grantetal., 1977) of thethen avail abletest results. Thelimiting parameters
listed in Section 13.5 were established to keep composite construction with formed
steel deck within the available research data.

Seventeen full size composite beamswith concrete slab on formed steel deck were

| |
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Fig. C-13.3. Steel deck limits.
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tested at L ehigh University and the results supplemented by the results of 58 tests
performed el sewhere. Therange of stud and steel deck dimensionsencompassed by
the 75 tests were limited to:

(1) Stud dimensions; 3;-in. dia. x 3.00to 7.00 in.
(2) Ribwidth: 1.94in.to 7.25in.

(3) Ribheight: 0.88in.to0 3.00in.

(4) Ratiow,/h:1.30t03.33

(5) RatioHs/h;: 1.50t03.41

(6) Number of studsinany onerib: 1, 2, or 3

The strength of stud connectors installed in the ribs of concrete slabs on formed
steel deck with the ribs oriented perpendicular to the steel beam isreasonably esti-
mated by the strength of stud connectorsin flat soffit composite slabs multiplied by
values computed from Equation 13-1.

The 1999 edition of the Specification includes a new upper limit of 0.75 on the
reduction factor of Equation I3-1 for single studslocated in deck ribs oriented per-
pendicular to the beam. This limit has been imposed as a temporary measure in
response to a mounting set of test data (e.g., Easterling, Gibbings, and Murray,
1993; Kemp and Trinchero, 1997) that indicates that stud strengths cal culated by
the product of Equations13-1 and 15-1 may be unconservative when a single stud
per ribisused. Researchtofurther resolvethisissueand to assesswhether stud pairs
arealso affected is currently underway. Differences between recent test resultsand
those originally used to develop Equation 15-1 for ribbed decks (Grant et al., 1977)
appear to be dueto the fact that (1) most of the earlier testsreported by Grant et al.
werefor beamswith studsplacedin pairscentered within theribs, (2) stud strengths
used to originaly calibrate Equation 15-1 were back calculated from moment
strengths of beam specimens which tend to mask variations in the stud strengths,
and (3) differencesin modern steel deck profilesthat affect the placement of studs
intherib. Thelast reason may beparticularly important. Asshownin FigureC-13.4,
modern steel deck profileswith stiffeners (reinforcing rib) located al ong the center
line of the rib require that studs be placed off-center in the rib. Depending on the
location of the stud relative to the direction of shear transfer, for studsin the“weak
position”, theresulting reduction in edge distance between the stud and rib wall can
lead to premature failure accompanied by punching of the stud through the steel
deck. Therefore, in addition to applying the required cap of 0.75 on the reduction
factor (Equation 13-1) for singlestudsinarib, itisrecommended to avoid situations
whereall the studs may belocated in the “weak position” by either alternating stud
placement between the “weak” and “strong” positions or coordinating placement
of studsto ensure they are all installed in the strong position.

For the case whereribsrun parallel to the beam, limited testing (Grant et al., 1977)
has shown that shear connection is not significantly affected by the ribs. However,
for narrow ribs, wheretheratiow; / h, islessthan 1.5, ashear stud reduction factor,
Equation 13-2, has been employed in view of lack of test data.

The Lehigh study (Grant et al., 1977) a so indicated that Equation C-13-7 for effec-
tive section modulus and Equation C-13-6 for effective moment of inertia were
valid for composite construction with formed steel deck.
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Based on the Lehigh test data (Grant et al., 1977), the maximum spacing of steel
deck anchorageto resist uplift wasincreased from 16 (405 mm) to 18 in. (460 mm)
in order to accommadate current production profiles.

When metal deck includes units for carrying electrical wiring, crossover headers
arecommonly installed over thecellular deck perpendicular totheribs. They create
trenches which completely or partially replace sections of the concrete slab above
the deck. These trenches, running parallel to or transverse to a composite beam,
may reduce the effectiveness of the concrete flange. Without special provisionsto
replace the concrete displaced by the trench, the trench should be considered asa
complete structural discontinuity in the concrete flange.

Whentrenchesare parallel to the composite beam, the effectiveflange width should
be determined from the known position of the trench.

Trenches oriented transverse to composite beams should, if possible, belocated in
areas of low bending moment and the full required number of studs should be
placed between the trench and the point of maximum positive moment. Wherethe
trench cannot belocated in an area of low moment, the beam should be designed as
non-composite.

Design Shear Strength

A conservative approach to vertical shear provisions for composite beams is
adopted by assigning all shear to the steel section web. This neglects any concrete
slab contribution and serves to simplify the design.

COMBINED COMPRESSION AND FLEXURE

The procedure adopted for the design of beam-columnsis described and supported
by comparisons with test data in Galambos and Chapuis (1980). The basic
approach isidentical to that specified for sted columnsin Section H1.
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Fig. C-13.4. Alternative shear stud positionsin rib decked profiles.
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The nominal axial strength of abeam-column isobtained from Section 12.2, while
the nominal flexural strength is determined from the plastic stress distribution on
the composite section. An approximate formulafor this plastic moment resistance
of acomposite column is given in Galambos and Chapuis (1980).

(hz _2Cr)

AF
M, =M, = ZF, + == AF, +[ﬁ——y

*_|AF, (C-14-1)
2 17t/h

where

A,, =webareaof encased steel shape; for concrete-filled HSS, A, =0, in.2(mm?)

Z = plastic section modulus of the steel section, in.2 (mm®)

¢, =averageof distancefrom compressionfacetolongitudinal reinforcementin
that face and distance from tension face to longitudinal reinforcement in
that face, in. (mm)

h; =width of composite cross section perpendicular to the plane of bending, in.
(mm)

h, =width of compositecrosssection parallel totheplaneof bending, in. (mm)

The supporting comparisons with beam-column tests included 48 concrete filled
pipes or tubing and 44 concrete-encased steel shapes (Galambos and Chapuis,
1980). The overal mean test-to-prediction ratio was 1.23 and the coefficient of
variation 0.21.

The last paragraph in Section 14 provides a transition from beam-columns to
beams. It involves bond between the steel section and concrete. Section 13 for
beams requires either shear connectors or full, properly reinforced encasement of
the steel section. Furthermore, even with full encasement, itisassumed that bond is
capable of devel oping only themoment at first yieldinginthe stedl of thecomposite
section. No test dataare available on theloss of bond in composite beam-columns.
However, consideration of tensile cracking of concrete suggests P,/ 0.P,=0.3asa
conservative limit. It is assumed that when P, / ¢.P, is less than 0.3, the nominal
flexural strengthisreduced below that indicated by plastic stressdistribution on the
composite cross section unlessthetransfer of shear from the concreteto the steel is
provided for by shear connectors.

SHEAR CONNECTORS
Materials

Tests (Ollgaard, Slutter, and Fisher, 1971) have shown that fully composite beams
with concrete meeting the requirements of Part 3, Chapter 4, “ Concrete Quality,” of
ACI (1999), made with ASTM C33 or rotary-kiln produced C330 aggregates,
develop full flexural capacity.

Horizontal Shear Force

Compositebeamsin which thelongitudinal spacing of shear connectorswasvaried
according to theintensity of the static shear, and duplicate beamsin which the con-
nectors were uniformly spaced, exhibited the same ultimate strength and the same
amount of deflection at normal workingloads. Only aslight deformationinthe con-
creteand themore heavily stressed connectorsisneeded to redistribute the horizon-
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tal shear to other less heavily stressed connectors. The important consideration is
that the total number of connectors be sufficient to develop the shear V;, on either
side of the point of maximum moment. The provisions of the LRFD Specification
are based upon this concept of composite action.

In computing the design flexural strength at points of maximum negative bending,
reinforcement parallel to the steel beam within the effective width of the slab may
be included, provided such reinforcement is properly anchored beyond the region
of negative moment. However, enough shear connectorsarerequired to transfer the
ultimate tensile force in the reinforcement, from the slab to the steel beam.

3. Strength of Stud Shear Connectors

Studies have defined stud shear connector strength in terms of normal weight and
lightweight aggregate concretes asafunction of both concrete modulusof elasticity
and concrete strength as given by Equation 15-1.

Equation 15-1, obtained from Ollgaard et a. (1971), correspondsto Tables|4.1 and
14.2in Section 14 of the 1989 AISC ASD Specification. Note that an upper bound
on stud shear strength isthe product of the cross-sectional area of the stud timesits
ultimate tensile strength.

The LRFD Specification does not specify a resistance factor for shear connector
strength. The resistance factor for the flexural strength of a composite beam
accounts for all sources of variability, including those associated with the shear
connectors.

4.  Strength of Channel Shear Connectors

Equation 15-2 isamodified form of theformulafor the strength of channel connec-
tors developed by Slutter and Driscoll (1965). The modification has extended its
use to lightweight concrete.

6.  Shear Connector Placement and Spacing

Uniform spacing of shear connectorsis permitted except in the presence of heavy
concentrated |oads.

Studs not located directly over the web of abeam tend to tear out of athin flange
beforeattaining full shear-resisting capacity. To guard against thiscontingency, the
sizeof astud not located over the beam web islimited to 2% times the flange thick-
ness (Goble, 1968).

Theminimum spacing of connectorsal ong thelength of the beam, in both flat soffit
concreteslabsand in formed steel deck withribs parallel to the beam, issix diame-
ters, this spacing reflects development of shear planes in the concrete sab
(Ollgaard et al., 1971). Since most test data are based on the minimum transverse
spacing of four diameters, thistransverse spacing was set as the minimum permit-
ted. If the steel beam flangeisnarrow, this spacing regquirement may be achieved by
staggering the studswith aminimum transverse spacing of three diametersbetween
the staggered row of studs. The reduction in connector capacity in the ribs of
formed steel decks is provided by the factor 085/ /N, , which accounts for the
reduced capacity of multiple connectors, including the effect of spacing. When
deck ribs are parallel to the beam and the design requires more studs than can be
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placedintherib, the deck may be split so that adequate spacing isavail ablefor stud
installation. Figure C-15.1 shows possible connector arrangements.

SPECIAL CASES

Testsare required for construction that falls outside the limits given in the Specifi-
cation. Different types of shear connectors may require different spacing and other
detailing than stud and channel connectors.
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Fig. C-15.1. Shear connector arrangements.
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CHAPTERJ

CONNECTIONS, JOINTS, AND FASTENERS

GENERAL PROVISIONS
Splicesin Heavy Sections

Solidified but still-hot filler metal contracts significantly as it cools to ambient
temperature. Shrinkage of large welds between elements which are not free to
move to accommodate the shrinkage causes strainsin the material adjacent to the
weld that can exceed theyield point strain. Inthick material theweld shrinkageis
restrained in the thicknessdirection, aswell asinthewidth and length directions,
causing triaxial stressesto develop that may inhibit the ability of ductile steel to
deformin aductile manner. Under these conditions, the possibility of brittlefrac-
ture increases.

When splicing ASTM A6/A6M Group 4 and 5 rolled sections or heavy welded
built-up members, the potentially harmful weld shrinkage strains can be avoided
by using bolted splices or fillet-welded lap splices or splices that combine a
welded and bolted detail (see Figure C-J1.1). Details and techniquesthat perform
well for materials of modest thickness usually must be changed or supplemented
by more demanding requirements when welding thick material. Also, the provi-
sionsof the Sructural Welding Code, AWSD1.1, are minimum requirementsthat
apply to most structural welding situations; however, when designing and fabri-
cating welded splices of ASTM A6/A6M Group 4 and 5 shapes and similar
built-up cross sections, special consideration must be given to all aspects of the
welded splice detail.
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(a) Shear plate welded (b) Shear plate welded (c) Bolted splice plates

fo web to flange tips

Fig. C-J1.1. Alternative splices that minimize weld restraint tensile stresses.
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¢ Notch-toughness requirements should be specified for tension members. See
Commentary Section A3.

e Generoudly sized weld access holes, Figure C-J1.2, are required to provide
increased relief from concentrated weld shrinkage strains, to avoid close junc-
ture of weldsin orthogonal directions, and to provide adequate clearancefor the
exercise of high quality workmanship in hole preparation, welding, and ease of

inspection.
Backing if Backing if
used?’ used?®

Radius precut by
dri//J or hole saw

R (see | D;\% 74 in. (19mm)
nofe 2)s~
W

24> in.(19mm) Need rot be

fangent, nofches
indle of prohibifed
ngle o
g >ty 3/4/n (19 mm)

slope nof z
critical

21.9¢

e

Optional method for
making corner radius

Rolled shape' or Fillet
groove welded shape ™’ welded shape ™

Notes:

1. For ASTM A6 Group 4 and 5 shapes and wel ded built-up shapeswith plate thicknessmorethan 2
in. (50 mm), preheat to 150°F (65° C) prior to thermal cutting, grind and inspect thermally cut
edges of access hole using magnetic particle or dye penetration methods prior to making web
and flange splice groove welds.

2. Radius shall provide smooth notch-free transition; R> 34-in. (10 mm) (typical %-in. (13 mm))
3. Access opening made after welding web to flange.
4. Access opening made before welding web to flange.

5. These are typical detailsfor joints welded from one side against steel backing. Alternative joint
designs should be considered.

Fig. C-J1.2. Weld access hole geometry.
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o Preheating for thermal cutting is required to minimize the formation of a hard
surface layer.

¢ Grinding to bright metal and i nspection using magnetic particle or dye-penetrant
methodsisrequired to removethe hard surfacelayer and to assure smooth transi-
tions free of notches or cracks.

In additionto tension splicesof truss chord membersand tension flanges of flexural
members, other joints fabricated of heavy sections subject to tension should be
given special consideration during design and fabrication.

8. Placement of Welds and Bolts

Slight eccentricities between the gravity axis of single and double angle members
andthecenter of gravity of connecting rivetsor boltshavelong beenignored ashav-
ing negligible effect on the static strength of such members. Tests (Gibson and
Wake, 1942) have shown that similar practice is warranted in the case of welded
membersin statically loaded structures.

However, the fatigue life of eccentrically loaded welded angles has been shown to
be very short (Kloppel and Seeger, 1964). Notches at the roots of fillet welds are
harmful when alternating tensile stressesare normal to the axisof theweld, ascould
occur dueto bending when axial cyclic loading isapplied to angleswith end welds
not balanced about the neutral axis. Accordingly, balanced welds are indicated
when such members are subjected to cyclic loading (see Figure C-J1.3).

9. Boltsin Combination with Welds

Welds will not share the load equally with mechanical fasteners in bearing-type
connections. Before ultimate |l oading occurs, thefastener will slip and theweld will
carry an indeterminately larger share of the load.

Accordingly, the sharing of load between welds and A307 bolts or high-strength
boltsin abearing-type connection is not recommended. For similar reasons, A307
boltsand rivetsshould not be assumed to shareloadsin asinglegroup of fasteners.

For high-strength boltsin slip-critical connectionsto sharetheload withweldsitis

F
e

Welds balanced about the Welds balanced about the
neutral axis of the angle cenfer line of the angle

Figure C-J1.3. Balanced welds.
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advisable to fully tension the bolts before the weld is made. If the weld is placed
first, angular distortion from the heat of the weld might prevent the faying action
required for development of the dlip-critical force. When the bolts are fully
tensioned before the weld is made, the dlip-critical bolts and the weld may be
assumed to share the load on a common shear plane (Kulak, Fisher, and Struik,
1987). The hesat of welding near boltswill not alter the mechanical propertiesof the
bolts.

In making alterationsto existing structures, it isassumed that whatever slipislikely
to occur in high-strength bolted bearing-type connections or riveted connections
will have already taken place. Hence, in such cases the use of welding to resist al
stresses, other than those produced by existing dead | oad present at thetime of mak-
ing the alteration, is permitted.

It should be noted that combinations of fasteners asdefined herein doesnot refer to
connections such as shear plates for beam-to-column connections which are
welded to the column and bolted to the beam flange or web (Kulak et al., 1987) and
other comparable connections.

High-Strength Boltsin Combination with Rivets

When high-strength bolts are used in combination with rivets, the ductility of the
rivets permits the direct addition of the strengths of both fastener types.

WELDS

Groove Welds

The engineer preparing contract design drawings cannot specify the depth of
groove without knowing the welding process and the position of welding. Accord-
ingly, only the effective throat for partial-joint-penetration groove wel ds should be
specified on design drawings, allowing the fabricator to produce this effective
throat with his own choice of welding process and position. The weld reinforce-
ment isnot used in determining the effective throat thickness of agrooveweld (see
Table J2.1).

Fillet Welds

Effective Area

Theeffectivethroat of afillet weldisbased upon theroot of thejoint and the face of
the diagrammatic weld, hence thisdefinition givesno credit for wel d penetration or
reinforcement at theweld face. If thefillet weldismade by the submerged arc wel d-
ing process, some credit for penetrationismade. If theleg size of theresulting fillet
weld exceeds¥-in. (10 mm), then 0.11 in. (3 mm) isadded to the theoretical throat.
Thisincreased weld throat is allowed because the submerged arc process produces
deep penetration of welds of consistent quality. However, it is necessary to run a
short length of fillet weld to be assured that thisincreased penetrationisobtained. In
practice, thisis usualy doneinitially by cross-sectioning the runoff plates of the
joint. Oncethisisdone, no further testing isrequired, aslong asthe welding proce-
dureis not changed.
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2b.

Limitations

TableJ2.4 providesaminimum size of fillet weld for agiven thicknessof thethicker
part joined.

The reguirements are not based upon strength considerations, but upon the quench
effect of thick material on small welds. Very rapid cooling of weld metal may result
inalossof ductility. Further, therestraint to weld metal shrinkage provided by thick
material may resultinweld cracking. Becausea%-in. (8 mm) fillet weldisthelarg-
est that can bedeposited inasingle passby SMAW process, %-in. (8 mm) appliesto
all material %,-in. (19 mm) and greater in thickness, but minimum preheat and
interpass temperature are required by AWS D1.1.* Both the design engineer and
the shop welder must be governed by the requirements.

Table J2.3 gives the minimum effective throat of a partial-joint-penetration groove
weld. Noticethat Table J2.3 for partial-joint-penetration groove welds goesup to a
platethicknessof over 6in. (150 mm) and aminimumweld throat of 54-in. (16 mm),
whereas, for fillet welds Table J2.4 goes up to a plate thickness of over ¥;-in. (19
mm) and a minimum leg size of fillet weld of only %s-in. (8 mm). The additional
thickness for partial-joint-penetration groove welds is to provide for reasonable
proportionality between weld and material thickness.

For plates of ¥;-in. (6 mm) or morein thickness, it isnecessary that theinspector be
abletoidentify the edge of the plateto position theweld gage. Thisisassured if the
weld iskept back at least %s-in. (2 mm) from the edge, as shown in Figure C-J2.1.

Wherelongitudinal fillet welds are used a onein aconnection (see Figure C-J2.2),
Section J2.2b requiresthelength of each weld to be at least equal to thewidth of the
connecting material because of shear lag (Freeman, 1930).

By providing aminimum lap of five timesthe thickness of the thinner part of alap

$

Apparent weld  /
throat throat Actual weld throat

* SeeTable 2.4,
Apparent edge Actual edge of ".4""‘5‘,7/)(.30’9? hm; /p/afe
of plate plate before is distinguishable

welding

Actual weld

is distinguishable

Fig. C-J2.1. Identification of plate edge.
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joint, theresulting rotation of thejoint when pulled will not be excessive, asshown
in Figure C-J2.3. Fillet welded lap joints under tension tend to open and apply a
tearing action at theroot of the weld as shown in Figure C-J2.4b, unlessrestrained
by aforce F as shown in Figure C-J2.4a.

End returns are not essentia for developing the capacity of fillet welded connec-
tions and have anegligible effect on their strength. Their use has been encouraged
toinsurethat theweld sizeismaintained over the length of theweld, to enhancethe
fatigueresistance of cyclically loaded flexible end connections, and to increase the
plastic deformation capability of such connections.

Theweld capacity database on which the specificationswere devel oped had no end
returns. This includes the study by Higgins and Preece (1968), seat angle tests by
Lyseand Schreiner (1935), the seat and top angletestsby Lyse and Gibson (1937),
beam webs welded directly to column or girder by fillet welds by Johnston and
Deits (1942), and the eccentrically loaded welded connections reported by Buitler,
Pal, and Kulak (1972). Hence, the current design-resistance values and
joint-capacity models do not require end returns when the required weld size is
provided. Johnston and Green (1940) noted that movement consistent with the
design assumption of no end restraint (i.e., joint flexibility) was enhanced without
end returns. They also verified that greater plastic deformation of the connection
was achieved when end returns existed, although the strength was not significantly
different.

Fig.C-J2.2. Longitudinal fillet welds.

Overlap Overlap

il

[/

Fig. C-J2.3. Minimum lap.
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When longitudinal fillet welds parallel to the stress are used to transmit the [oad to
the end of an axially loaded member, the welds are termed “end loaded”. Typical
examplesof suchweldswouldinclude, but arenot necessarily limited to, longitudi-
nally welded lap joints at the end of axially loaded members, welds attaching bear-
ing stiffeners, and similar cases. Typical examples of longitudinally loaded fillet
welds which are not considered end loaded include, but are not limited to, welds
that connect plates or shapesto form built-up cross sectionsin which theshear force
is applied to each increment of length of weld stress depending upon the distribu-
tion of shear load along the length of the member, welds attaching beam web con-
nection angles and shear plates because the flow of shear force from the beam or
girder webtotheweld isessentially uniform throughout theweld length, that is, the
weldisnot end-loaded despitethefact that it isloaded parallel totheweld axis. Nei-
ther does the reduction factor apply to welds attaching stiffeners to webs because
the stiffenersand welds are not subject to cal culated axial stressbut merely serveto
keep the web flat.

Thedistribution of stressalong the length of end |oaded fillet weldsisfar from uni-
form and i s dependent upon complex rel ati onshi ps between the stiffness of thelon-
gitudinal fillet weld relative to the stiffness of the connected materials. Beyond
some length, it is non-conservative to assume that the average stress over the total
length of theweld may betaken asequal to thefull design strength. Experience has
shown that when the length of the weld is equal to approximately 100 times the
weldsizeor less, it isreasonableto assumethe effectivelength isequal to the actual
length. For weld lengths greater than 100 times the weld size, the effective length
should betaken lessthan the actual length. Thereduction coefficient, 3, providedin
Section J2.2b isthe equivalent of Eurocode 3, which isasimplified approximation
to exponential formulas devel oped by finite element studies and tests preformedin
Europe over many years. The criterion is based upon combined consideration of
nominal strength for fillet welds with leg size less than ¥ in. (6 mm) and upon a
judgement based serviceability limit of dightly less than %, in. (1 mm) displace-
ment at the end of theweld for weldswith leg size¥; in. (6 mm) and larger. Mathe-
matically, the application of the B factor implies that the minimum strength of an
end-loaded weld is achieved when the length is approximately 300 times the leg
size. Becauseit isillogical to conclude that thetotal strength of aweld longer than
300timestheweld sizewould belessthan ashorter weld, thelength reduction coef-
ficientistaken as0.6 whentheweld lengthisgreater than 300timesthelegsize.

Fillet weld terminations do not affect the strength or serviceability of connections

E———

\

(a) Restrained (b) Unrestrained

_|__

Fig. C-J2.4. Restraint of lap joints.
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inmost cases. However, in certain cases, the disposition of welds affect the planned
function of connections, and notches may affect the static strength and/or theresis-
tanceto crack initiation if cyclicloadsof sufficient magnitude and frequency occur.
For these cases, limitations are specified to assure desired performance.

(a) At lapped joints where one part extends beyond the end or edge of the part to
whichitiswelded and if the parts are subject to cal culated tensile stress at the
start of theoverlap, itisimportant that the weld terminate ashort distancefrom
the stressed edge. For onetypical example, the lap joint between the tee chord
and the web members of atruss, the weld should not extend to the edge of the
teestem. See Figure C-J2.5. The best techniqueto avoid inadvertent notches at
thiscritical locationisto strikethewelding arc at apoint dightly back fromthe
edge and proceed with welding in the direction away fromtheedge. SeeFigure
C-J2.6. On the other hand, where framing angles extend beyond the end of the
beam web to which they arewelded, the free end of the beam web is subject to
zero stress; thus, it is permissible for the fillet weld to extend continuously
across the top end, along the side and al ong the bottom end of the angle to the
extreme end of the beam. See Figure C-J2.7.

(b) For connections which are subject to maximum stress at the weld termination

‘ /

Fig. C-J2.5. Fillet welds near tension edges.

Start

Start

v

Fig. C-J2.6. Suggested direction of welding travel to avoid notches.
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dueto cyclic forces and/or moments of sufficient magnitude and frequency to
initiate cracksemanating from unfilled start or stop cratersor other discontinu-
ities, at the end of the weld must be protected by boxing or returns. If the
bracket isaplate projecting from theface of asupport, extracare must be exer-
cised in the deposition of the boxing weld across the thickness of the plate to
assure that afillet free of notchesis provided.

(c) For connections such as framing angles and simple end plates which are
assumed in design of the structure to be flexible connections, the top and bot-
tom edges of the outstanding legs must beleft unwelded over asubstantial por-
tion of their length in order to assure flexibility of the connection. Research
tests (Johnston and Green, 1940) have shown that the stati ¢ strength of the con-
nection is the same with or without end returns; therefore the use of returnsis
optional, but if used, their length must be restricted to not more than four times
the weld size, see Figure C-J2.8.

(d) Experience has shown that when ends of intermediate transverse stiffenerson
the webs of plate girders are not welded to the flanges (the usual practice),
small torsional distortions of the flange which occur near shipping bearing
points in the normal course of shipping by rail or truck may cause high
out-of-plane bending stresses (yield point) and fatigue cracking at the toe of
the web-to-flange welds. This has been observed even with closely fitted stiff-

5

— ——=— Weldto
beam web
may extend
to end of

& beam

L~

Fig.C-J2.7. Fillet weld details on framing angles.

Fig.C-J2.8. Flexible connection returns optional unless subject to fatigue.
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eners. The intensity of these out-of-plane stresses may be effectively limited
and cracking prevented if “breathing room” is provided by terminating
web-to-flange welds. The unwelded distance should not exceed six times the
web thicknessto assure that column buckling of the web within the unwelded
length does not occur.

(e) Forfillet weldswhich occur on opposite sides of acommon plane, itisnot pos-
sible to deposit a weld continuously around the corner from one side to the
other without causing a gouge in the corner of the parts joined; therefore the
welds must be interrupted at the corner. See Figure C-J2.9.

4. Design Strength

The strength of weldsis governed by the strength of either the base material or the
deposited weld metal. Table J2.5 contains the resistance factors and nominal weld
strengths, as well as a number of limitations.

It should be noted that in Table J2.5 the nominal strength of fillet welds is deter-
mined from the effective throat area, whereas the strength of the connected partsis
governed by their respectivethicknesses. Figure C-J2.10illustratesthe shear planes
for fillet welds and base material:

(8 Plane 1-1, in which the resistance is governed by the shear strength for mate-
ria A.

Do Not Tie Welds
Together Here

%’/
Fig. C-J2.9. Detailsfor fillet welds which occur on opposite sides of a common plane.

Material A~ ® o > 2 T o
7 >( K"’"’e””/ B A Mterial 4

\

o — 7 Do

©) -

Fig. C-J2.10. Shear planesfor fillet welds loaded in longitudinal shear.
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(b) Plane2-2,inwhichtheresistanceisgoverned by the shear strength of theweld
metal.

(c) Plane3-3,inwhichtheresistanceisgoverned by the shear strength of the mate-
rial B.

The resistance of the welded joint isthe lowest of the resistance calculated in each
plane of shear transfer. Note that planes 1-1 and 3-3 are positioned away from the
fusion areas between the weld and the base material. Tests have demonstrated that
the stresson thisfusion areaisnot critical in determining the shear strength of fillet
welds (Preece, 1968).

The shear planes for plug and partial-joint-penetration groove welds are shown in
Figure C-J2.11 for the weld and base metal. Generally the base metal will govern
the shear strength.

5. Combination of Welds

Thismethod of adding weld strengths does not apply to awelded joint using apar-
tial-j oint-penetration single bevel groove weld with a superimposed fillet weld. In
this case, the effective throat of the combined joint must be determined and the
design strength based upon this throat area.

6. Weld Metal Requirements

Applied and residual stresses and geometrical discontinuities from back-up bars
with associated notch eff ects contributeto sensitivity tofracture. Someweld metals
in combination with certain procedures result in welds with low notch toughness.
The Specification requires aminimum specified toughnessfor weld metalsinthose
jointsthat are subject to more significant applied stressesand toughness demands.

The level of toughness required was selected as one level more conservative than

[ (
= o =
|| || ||
(a) Plug welds

(b) Partial-joint-penetration groove welds

Fig. C-J2.11. Shear planesfor plug and partial-joint-penetration groove welds.
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the base metal requirement for Group 4 and 5 shapes. Research continues on this
subject.

Mixed Weld Metal

Problems can occur when incompatible weld metals are used in combination and
notch-tough composite weld metal is required. For instance, tack welds deposited
using aself-shiel ded processwith aluminum deoxidizersin the el ectrodes and sub-
sequently covered by SAW weld passes can result in composite weld metal with
low notch-toughness, despite the fact that each process by itself could provide
notch-tough weld metal.

BOLTSAND THREADED PARTS
High-Strength Bolts

In general, the use of high-strength boltsisrequired to conform to the provisions of
the Load and Resistance Factor Design Soecification for Sructural Joints Using
ASTM A325 or A490 Bolts (RCSC, 1994) as approved by the Research Council on
Structural Connections.

Occasionadly the need arises for the use of high-strength bolts of diameters and
lengthsin excess of those availablefor A325 or A325M and A490 or A490M bolts,
asfor example, anchor rodsfor fastening machine bases. For this situation Section
A3.3 permits the use of A449 bolts and A354 threaded rods.

With this edition of the Specification snug-tightened installation is permitted for
static applications involving ASTM A325 or A325M bolts (only) in tension or
combined shear and tension. Figures C-J3.1 and C-J3.2illustrate the results of test-
ing by Johnson (1996) on tee stubs bolted flange-to-flange with two ASTM A325
bolts. Thistesting involved two lengths (2%, in. and 3% in.) (70 mm and 83 mm) and
several combinations of installed pretension (finger-tight, snug-tight, and
pretensioned). The 2%,-in. (70 mm) bolt length corresponds to the least number of
threads remaining in the grip. The 3%-in. (83 mm) bolt length corresponds to the
maximum number of threads remaining in the grip. As evidenced by the data, the
installation condition does not affect the ultimate strength.

100
o - — — — — — — — —
o - — — — — —
[ B B B e N e o =
or— — — — — — — — — —
o — — — — — — — — —
opH— - — — — — — — — —
n— - — — — — — — — —
e B B BEE BN BEE BEE B BN B
wF— - - — — — — — — —

Fracture Load (kips)

FT/IFT FT/FT FT/ST FT/PT STIST ST/ST ST/PT PT/PT PT/PT

Fig. C-J3.1. Johnson (1996) tests, 2%;-in.-long, 3/-in.-diameter ASTM A325 holts.
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There are practical cases in the design of structures where slip of the connection is
desirable in order to allow for expansion and contraction of a joint in a controlled
manner. Regardless of whether force transfer is required in the directions normal to
the slip direction, the nuts should be hand-tightened with a spud wrench and then
backed off one-quarter turn. Furthermore, it is advisable to deform the bolt threads
or use alocking nut or jamb nut to insure that the nut does not back off under service
conditions. Thread deformation is commonly accomplished with a cold chisel and
hammer applied at one location. Note that tack-welding of the nut to the bolt
threads is discouraged.

Size and Use of Holes

To provide some latitude for adjustment in plumbing up a frame during erection,
three types of enlarged holes are permitted, subject to the approval of the designer.
The nominal maximum sizes of these holes are given in Table J3.3 or J3.3M. The
use of these enlarged holes is restricted to connections assembled with bolts and is
subject to the provisions of Sections J3.3 and J3.4.

Minimum Spacing

The maximum factored strength R, at a bolt or rivet hole in bearing requires that the
distance between the centerline of the first fastener and the edge of a plate toward
which the force is directed should not be less than 15 d where dis the fastener diam-
eter (Kulak et al., 1987). By similar reasoning the distance measured in the line of
force, from the centerline of any fastener to the nearest edge of an adjacent hole,
should not be less than 3d, to ensure maximum design strength in bearing. Plotting
of numerous test results indicates that the critical bearing strength is directly pro-
portional to the above defined distances up to a maximum value of 3d, above which

no additional bearing strength is achieved (Kulak et al., 1987)] FabteF3Fststhe-

| Section J3.10 gives the bear-

ing strength criteria as a function of spacing.
Minimum Edge Distance

Critical bearing stress is a function of the material tensile strength, the spacing of
120

100

80

60

40

Fracture Load (kips)

20

FT/FT FT/FT FT/ST FT/PT ST/ST ST/ST ST/IPT PT/IPT PT/PT

Fig. C-J3.2. Johnson (1996) tests, 3%-in.-long, ¥;-in.-diameter ASTM A325 bolts.
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fasteners, and the distance from the edge of the part to the center line of the nearest
fastener. Tests have shown (Kulak et al., 1987) that a linear relationship exists
between the ratio of critical bearing stress to tensile strength (of the connected
material) and theratio of fastener spacing (inthelineof force) to fastener diameter.
The following equation affords a good lower bound to published test datafor sin-
gle-fastener connections with standard holes, and is conservative for adequately
spaced multi-fastener connections:

Fo |
== (C-33-1)

where

Foe = critical bearing stress, ksi (M Pa)

F. =tensile strength of the connected material, ksi (MPa)

le =distance, along aline of transmitted force, from the center of afastener to
the nearest edge of an adjacent fastener or to the free edge of a connected
part (in the direction of stress), in. (mm)

d = diameter of fastener, in. (mm)

The provisions of Section J3.3 are concerned with |, as hole spacing, whereas Sec-
tion J3.4 is concerned with |, as edge distance in the direction of stress.

Section J3.10 establishes a maximum bearing strength. Spacing and/or edge dis-
tance may be increased to provide for arequired bearing strength, or bearing force
may be reduced to satisfy a spacing and/or edge distance limitation.

It haslong been known that the critical bearing stress of asinglefastener connection
is more dependent upon a given edge distance than multi-fastener connections
(Jones, 1940). For thisreason, longer edge distances (in the direction of force) are
required for connections with one fastener in the line of transmitted force than
required for those having two or more. Therecommended minimum distancetrans-
verse to the direction of load is primarily aworkmanship tolerance. It haslittle, if
any, effect on the strength of the member.

Maximum Spacing and Edge Distance

Limiting the edge distance to not more than 12 times the thickness of an outside
connected part, but not more than six in. (150 mm), isintended to provide for the
exclusion of moisture in the event of paint failure, thus preventing corrosion
between the parts which might accumulate and force these parts to separate. More
restrictive limitations are required for connected parts of unpainted weathering
steel exposed to atmospheric corrosion.

Design Tension or Shear Strength

Tension loading of fastenersis usually accompanied by some bending due to the
deformation of the connected parts. Hence, the resistance factor ¢, by which R, is
multiplied to obtain the design tensile strength of fasteners, is relatively low. The
nominal tensile strength valuesin Table J3.2 were obtained from the equation

R, =0.75A, F, (C-33-2)
Thistensile strength given by Equation C-J3-2 isindependent of whether the bolt
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wasinitially installed pretensioned or snug-tightened. Recent tests (Johnson, 1996
and Murray, Kline, and Rojani, 1992) confirm that the performance of ASTM
A325 and A325M boltsin tension not subjected to fatigue are unaffected by the
original installation condition. While the equation was developed for bolted con-
nections (Kulak et al., 1987), it was also conservatively applied to threaded parts
and to rivets.

In connectionsconsisting of only afew fasteners, theeffectsof strainontheshear in
bearing fastenersisnegligible (Kulak et al., 1987 and Fisher et al., 1978). Inlonger
joints, the differential strain produces an uneven distribution between fasteners
(those near the end taking adi sproportionate part of thetotal load), so that the maxi-
mum strength per fastener is reduced. The AISC ASD Specification permits con-
nections up to 50 in. (1 270 mm) in length without a reduction in maximum shear
stress. With thisin mind the resistance factor ¢ for shear in bearing-type connec-
tions has been selected to accommodate the same range of connections.

Thevaluesof nominal shear strengthin Table J3.2 were obtained from the equation

R, /mA, =050F, (C-33-3)
when threads are excluded from the shear planes and
R, /mA, =0.40F, (C-33-4)

when threadsare not excluded from the shear plane, where misthe number of shear
planes (Kulak et a., 1987). While devel oped for bolted connections, the equations
were also conservatively applied to threaded parts and rivets. The value given for
A307 boltswas obtained from Equation C-J3-4 but is specified for all casesregard-
less of the position of threads. For A325 or A325M bolts, no distinction is made
between small and large diameters, even though the minimumtensilestrength F, is
lower for bolts with diametersin excess of one inch. It was felt that such arefine-
ment of design was not justified, particularly in view of thelow resistance factor o,
the increasing ratio of tensile areato gross area, and other compensating factors.

7.  Combined Tension and Shear in Bearing-Type Connections

Tests have shown that the strength of bearing fasteners subject to combined shear
and tension resulting from externally applied forces can be closely defined by an
ellipse (Kulak et al., 1987). Such a curve can be replaced, with only minor devia-
tions, by three straight lines as shown in Figure C-J3.3. This latter representation
offersthe advantagethat no modification of either typestressisrequiredinthepres-
ence of fairly large magnitudes of the other type. This linear representation was
adopted for Table J3.5, giving alimiting tensile stress F; as afunction of the shear-
ing stress f, for bearing-type connections. Following a change in the 1994 RCSC
LRFD Specification for Sructural Joints Using ASTM A325 or A490 Bolts, the
coefficients in the equations in Table J3.5 have been modified for consistency
(Carter, Tide, and Yura, 1997).

8.  High-Strength Boltsin Slip-Critical Connections

Connectionsclassified asslip-critical includethose caseswhere slip could theoreti-
cally exceed an amount deemed by the Engineer of Record to affect the suitability
for service of the structure by excessive distortion or reduction in strength or stabil-
ity, even though the nomina strength of the connection may be adequate. Also
included are those caseswhere dlip of any magnitude must be prevented, for exam-
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ple, joints subject to fatigue, connectors between elements of built-up members at
their ends (Sections D2 and E4), and bolts in combination with welds (Section
J1.9).

The onset of dipping in a high-strength bolted, slip-critical connection is not an
indication that the maximum strength of the connection hasbeen reached. Itsoccur-
rence may be only a serviceability limit state. The design check for dlip resistance
can be made at two different load levels, factored loads (Sections J3.8a and J3.9a)
and service loads (Appendices J3.8b and J3.9b). The nominal slip resistances r«
and F, A, to be used with factored | oads and serviceloads, respectively, arebased on
two different design concepts. Thedlipresistancer g, withfactored | oadsisthemean
resi stance per bolt, whichisafunction of themean slip coefficient and the clamping
force. The 1.13 factor in (Equation J3-1) accounts for the expected 13 percent
increase above the minimum specified preload provided by calibrated wrench
tightening procedures. This was used to represent typical installations. The fac-
tored load resistance rg uses the B reliability index approach that is used for the
other design checks such astension and bearing. The serviceload approach usesa
probability of slip concept that implies a 90 percent reliability that slip will not
occur if the calibrated wrench method of bolt installation is used.

The Engineer of Record must make the determination to usefactored | oads, service
loads, or both in checking the slip resistance of a slip-critical connection. The fol-
lowing commentary is provided as guidance and an indication of the intent of the
Specification.

Inthe case of dlip-critical connectionswith three or more boltsin holeswith only a
small clearance, such as standard holes and slotted holes|oaded transversely to the
axis of the dot, the freedom to slip does not generally exist because one or more
boltsarein bearing even beforeload is applied due to normal fabrication tolerances
and erection procedures. If connections with standard holes have only one or two
bolts in the direction of the applied force, a small slip may occur. In this case,
dlip-critical connections subjected to vibration or wind should becheckedfor slip at
service-load levels. In built-up compression members, such as double-angle struts

fy
A

OFi

W

C=1.39F;, approximafsly
R= Ff/,-v, approximately

o 12
TN —[qﬁj 2

= f,

oF,
Fig. C-J3.3. Three straight line approximation.
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intrusses, asmall slip in the end connections can significantly reduce the strength
of the compression member so the dlip-critical end connection should be checked
for dip at the factored-load level, whether or not a dlip-critical connection is
required by a serviceability requirement.

In connections with long slots that are parallel to the direction of the applied load,
slip of the connection prior to attainment of thefactored |oad might belarge enough
to alter the usual assumption of analysisthat the undeformed structure can be used
to obtain theinternal forces. The Specification allowsthe designer two alternatives
inthiscase. If the connection is designed so that it will not slip under the effects of
serviceloads, then the effect of the factored |oads acting on the deformed structure
(deformed by the maximum amount of dlipinthelong slotsat all locations) must be
included inthe structural analysis. Alternatively, the connection can be designed so
that it will not slip at loads up to the factored load level.

Joints subjected to full reverse cyclical loading are clearly dlip-critical joints since
slipwould permit back and forth movement of thejoint and early fatigue. However,
for joints subjected to pulsating load that does not involve reversal of direction,
proper fatigue design could be provided either asadlip-critical joint onthe basis of
stresson the gross section, or asanon-dlip-critical joint onthe basisof stressonthe
net section. Because fatigue results from repeated application of the service load
rather than the overload load, design should be based upon service-load criteria.

For high-strength bolts in combination with welds in statically loaded conditions
and considering new work only, thenominal strength may betaken asthe sum of the
dip resistances provided by the bolts and the shear resistance of thewelds. Section
J1.9 requires that the dlip resistance be determined at factored load levels. If one
type of connector is already loaded when the second type of connector is intro-
duced, the nominal strength cannot by obtained by adding the two resistances. The
Guide (Kulak et al., 1987) should be consulted in these cases.

Slip of dlip-critical connectionsislikely to occur at approximately 1.4 to 1.5times
the service loads. For standard holes, oversized holes, and short-slotted holes the
connection can be designed either at service loads (Appendix J3.8b) or at factored
loads (Section J3.8a). The nominal loads and ¢ factors have been adjusted accord-
ingly. Thenumber of connectorswill be essentially the samefor thetwo procedures
because they have been calibrated to give similar results. Slight differences will
occur because of variation in the ratio of live load to dead load.

In connections containing long slotsthat are parallel to the direction of the applied
load, dlip of the connection prior to attainment of the factored load might be large
enough to alter the usual assumption of analysisthat the undeformed structure can
be used to obtain theinternal forces. To guard against thisoccurring, thedesign slip
resistance is further reduced by 0.8 when designing at service load (Appendix
J3.8b) and by setting ¢ to 0.60in conjunction with factored |oads (Section J3.8a).

Whilethepossibility of adlip-critical connection dlippinginto bearing under antici-
pated service conditions is small, such connections must comply with the provi-
sions of Section J3.10 in order to prevent connection failure at the maximum load
condition.
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Bearing Strength at Bolt Holes

Provisions for bearing strength of pins differ from those for bearing strength of
bolts; refer to Section J8.

Bearing valuesare provided asameasure of the strength of thematerial uponwhich
a bolt bears, not as a protection to the fastener, which needs no such protection.
Accordingly, the same bearing value applies to all joints assembled by bolts,
regardless of fastener shear strength or the presence or absence of threads in the
bearing area.

Material bearing strength may be limited either by bearing deformation of the hole
or by block shear rupture of the material upon which the bolt bears. Recent testing
by Kimand Yura(1996) and L ewisand Zwerneman (1996) has confirmed the bear-
ing strength provisionsfor theformer case wherein the nominal bearing strength R,
isequal to CdtF, and Cis 2.4, 3.0, or 2.0 depending upon hole type and/or accept-
ability of hole ovalization at ultimate load asindicated in LRFD Specification Sec-
tion J3.10. However, this same research indicated the need for more accurate bear-
ing strength provisions when block-shear-rupture-type failure would control.
Appropriate equations for bearing strength as a function of clear distance L. are
therefore provided and thisformulation is consistent with that adopted by RCSCin
the Load and Resistance Factor Design Specification for Structural Joints Using
ASTM A325 or A490 Bolts (RCSC, 1994).

Frank and Yura (1981) demonstrated that hole elongation greater than; in. (6 mm)
will generally beginto devel op asthe bearing forceisincreased beyond ¢(2.4dtF,),
especialy if it iscombined with high tensile stress on the net section, even though
rupture does not occur; for along-dotted hole with the slot perpendicular to the
direction of force, the sameistrue for abearing force greater than ¢(2.0dtF,). An
upper bound of ¢(3.0dtF,) anticipates hole ovalization (deformation greater than
in. (6 mm)) at maximum load.

Additionally, to simplify and generalize such bearing strength cal cul ations, the cur-
rent provisions have been based upon aclear-distance formulation. Previous provi-
sions utilized edge distances and bolt spacings measured to hole centerlines with
adjustment factorsto account for varying holetype and orientation, aswell asmini-
mum edge distance requirements.

Long Grips

Provisions requiring a decrease in calculated stress for A307 bolts having long
grips(by arbitrarily increasing the required number in proportion to thegrip length)
arenot required for high-strength bolts. Tests (Bendigo, Hansen, and Rumpf, 1963)
have demonstrated that the ultimate shearing strength of high-strength bolts having
agrip of eight or nine diameters is no less than that of similar bolts with much
shorter grips.

DESIGN RUPTURE STRENGTH

Tests (Birkemoe and Gilmor, 1978) on coped beamsindicated that atearing failure
mode (rupture) can occur along the perimeter of the bolt holes as shown in Figure
C-J4.1. This block shear mode combines tensile strength on one plane and shear
strength on aperpendicular plane. Thefailure path is defined by the center lines of
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the bolt holes. The block shear failure mode is not limited to the coped ends of
beams. Other examples are shown in Figure C-J4.1 and C-J4.2.

The block shear failure mode should also be checked around the periphery of
wel ded connections. Welded connection block shear isdetermined using =0.75in
conjunction with the area of both the fracture and yielding planes (Yura, 1988).

The LRFD Specification has adopted a conservative model to predict block shear
strength. Test results suggest that it is reasonable to add the yield strength on one
planeto the rupture strength of the perpendicular plane (Riclesand Yura, 1983, and
Hardash and Bjorhovde, 1985). Therefore, two possible block shear strengths can
be calculated; rupture strength F, on the net tensile section al ong with shear yield-
ing 0.6F, on thegross section on the shear plane(s), or rupture 0.6F, onthe net shear
area(s) combined with yielding F, on the gross tensile area. This is the basis of
Equations J4-3a and J4-3b.

These equations are consi stent with the philosophy in Chapter D for tension mem-
bers, where gross areais used for the limit state of yielding and net areais used for
rupture. The controlling equation isthe one that producesthe larger ruptureforce.

\/\

Cope
Bear Failure by fearing
! Failure by tearing %?( out of shaded
% i
Shear Y| out of shaded ~ spoq, X(¢ fg portin
area (g4 P ortion area \-Tensile
\-Tensile area
area

-Small fension

force j{—Large fension
force
KRN
|| ey

Large shear

force L.S'ma// shear
F, P,  force

(a) (b)

Fig. C-J4.2. Block shear rupturein tension.
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Thiscan beexplained by thetwo extreme examplesgivenin Figure C-J4.2. In Case
(a), thetotal forceisresisted primarily by shear, so shear rupture, not shear yielding,
should control the block shear tearing mode; therefore, use Equation J4-3b. For
Case(b), block shear cannot occur until thetension arearupturesas given by Equa-
tion J4-3a. If Equation J4-3b (shear rupture on the small area and yielding on the
large tension areq) is checked for Case (b), asmaller P, will result. In fact, asthe
shear areagets smaller and approaches zero, the use of Equation J4-3b for Case (b)
would giveablock shear strength based totally onyielding of thegrosstensilearea.
Block shear isaruptureor tearing phenomenon not ayielding limit state. Therefore,
the proper equation to use is the one with the larger rupture term.

CONNECTING ELEMENTS
Design Strength of Connecting Elementsin Tension

Tests have shown that yield will occur on the gross section area before the tensile
capacity of the net sectionisreached, if theratio A,/ A;< 0.85 (Kulak et al., 1987).
Since the length of connecting elementsis small compared to the member length,
inelastic deformation of the grosssectionislimited. Hence, the effective net area A,
of the connecting element islimited to 0.85Aq in recognition of thelimited inelastic
deformation and to provide a reserve capacity.

FILLERS

The practice of securing fillers by means of additional fasteners, so that they are, in
effect, anintegral part of a shear-connected component, is not required where a con-
nection is designed to be adip-critical connection using high-strength bolts. In such
connections, theresistanceto dip between filler and either connected part iscompara-
ble to that which would exist between the connected partsif no fill were present.

Filler platesmay be used inlap joints of welded connectionsthat splice parts of dif-
ferent thickness, or where there may be an offset in the joint.

BEARING STRENGTH

The LRFD Specification provisionsfor bearing on milled surfaces, Section Jg, fol-
low the same philosophy of earlier AISC ASD Specifications. In general, the
designisgoverned by adeformation limit state at serviceloadsresulting in stresses
nominally at %, of yield. Adequate safety is provided by post-yield strength as
deformation increases. Tests on pin connections (Johnston, 1939) and on rockers
(Wilson, 1934) have confirmed this behavior.

As used throughout the LRFD Specification, the terms“milled surface,” “milled,”
and“milling” areintended to include surfaceswhich have been accurately sawed or
finished to atrue plane by any suitable means.

COLUMN BASES AND BEARING ON CONCRETE

The equations for resistance of concrete in bearing are the same as ACI 318-99
except that Al SC equations use ¢ = 0.60 while ACI uses ¢ = 0.70, since ACI speci-
fieslarger load factors than the ASCE load factors stipulated by AlISC.

See DeWolf and Ricker (1990) for guidelineson thedesign of column baseplates.
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CHAPTER K

CONCENTRATED FORCES, PONDING, AND FATIGUE

K1. FLANGESAND WEBSWITH CONCENTRATED FORCES

1.

Design Basis

The LRFD Specification separates flange and web strength requirementsinto dis-
tinct categories representing different limit state criteria, i.e., flangelocal bending
(Section K1.2), web local yielding (Section K1.3), web crippling (Section K1.4),

web sidesway buckling (Section K1.5), web compression buckling (Section K1.6),
and web panel-zone shear (Section K1.7).

These criteriaare applied to two distinct types of concentrated forceswhich act on
member flanges. Single concentrated forcesmay betensile, such asthose delivered
by tension hangers, or compressive, such as those delivered by bearing plates at
beam interior positions, reactions at beam ends, and other bearing connections.
Double concentrated forces, onetensile and one compressive, form acoupleonthe
same side of the loaded member, such as that delivered to column flanges through
welded and bolted moment connections. See Carter (1999) for guidelines on col-
umn stiffener design.

Flange L ocal Bending

Where atensileforceis applied through a plate welded across a flange, that flange
must be sufficiently rigid to prevent deformation of the flange and the correspond-
ing high-stress concentration in the weld in line with the web.

The effective column flange length for local flange bending is 12t; (Graham, et al .,
1959). Thus, itisassumed that yield linesform in the flange at 6t; in each direction
from the point of the applied concentrated force. To devel op the fixed edge consis-
tent with the assumptions of this model, an additional 4t; and therefore atotal of
10t;, isrequired for the full flange-bending strength given by Equation K1-1. Inthe
absence of applicable research, a 50 percent reduction has been introduced for
caseswherein theapplied concentrated forceislessthan 10t; from themember end.

This criterion given by Equation K1-1 was originally developed for moment con-
nections, but it also applies to single concentrated forces such as tension hangers
consisting of a plate welded to the bottom flange of a beam and transverse to the
beam web.

Web Local Yielding

The web strength criteria have been established to limit the stress in the web of a
member into which aforceis being transmitted. It should matter little whether the
member receiving theforceisabeam or acolumn; however, Galambos (1976) and
AISC (1978), references upon which the LRFD Specification is based, did make
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such a distinction. For beams, a 2:1 stress gradient through the flange was used,
whereas the gradient through column flangeswas 2%;:1. In Section K1.3, the 245 :1
gradient is used for both cases.

This criterion applies to both bearing and moment connections.
Web Crippling

Theexpression for resistanceto web crippling at aconcentrated forceisadeparture
from earlier specifications (IABSE, 1968; Bergfelt, 1971; Hoglund, 1971; and
Elgaaly, 1983). Equations K 1-4 and K 1-5 are based on research by Roberts (1981).
Theincreasein Equation K1-5b for N/ d > 0.2 was devel oped after additional test-
ing (Elgaaly and Salkar, 1991) to better represent the effect of longer bearing
lengths at ends of members. All tests were conducted on bare steel beams without
the expected beneficial contributionsof any connection or floor attachments. Thus,
the resulting criteria are considered conservative for such applications.

These equations were developed for bearing connections, but are also generally
applicableto moment connections. However, for therolled shapeslisted in Part 1 of
the LRFD Manual with F, not greater than 50 ksi (345 M Pa), theweb crippling cri-
terion will never control the design in a moment connection except for a W12x50
(W310x74) or W10x33 (W250x49.1) column.

The web crippling phenomenon has been observed to occur in the web adjacent to
the loaded flange. For this reason, a half-depth stiffener (or stiffeners) or a
half-depth doubler plate is expected to eliminate this limit state.

Web Sidesway Buckling

The web sidesway buckling criterion was developed after observing several unex-
pected failuresin tested beams (Summers and Yura, 1982). In those tests the com-
pression flanges were braced at the concentrated load, the web was squeezed into
compression, and the tension flange buckled (see Figure C-K1.1).

Web sidesway buckling will not occur inthefollowing cases. For flangesrestrained
against rotation:

h/tW
>

o >23 (C-K1-1)
f
= J‘ N —= B3 ——Brace
7 N\
< .7 AN <
T wa
L Tension flange Web sideswa
buck|e

Fig. C-K1.1. Web sidesway buckling.
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For flanges not restrained against rotation:
h/ty
[/ by

>17 (C-K1-2)

where | isas shown in Figure C-K1.2.

Web sidesway buckling can aso be prevented by the proper design of lateral brac-
ing or stiffenersat theload point. It issuggested that local bracing at both flangesbe
designed for one percent of the concentrated force applied at that point. Stiffeners
must extend from the load point through at |east one-half the beam or girder depth.
In addition, the pair of stiffeners should be designed to carry thefull load. If flange
rotation is permitted at the loaded flange, neither stiffeners nor doubler plates will
be effective.

Inthe 1st Edition LRFD Manual, the web sidesway buckling equationswere based
on the assumption that h/ t; = 40, a convenient assumption which is generally true
for economy beams. This assumption has been removed so that the equationswill
be applicableto all sections.

This criterion was developed only for bearing connections and does not apply to
moment connections.

6. Web Compression Buckling
When compressiveforces are applied to both flanges of amember at the sameloca-

1

I I
| -
I | I
| -
I | I
T
I | I
| B
x i
|

x = Braced point
Fig. C-K1.2. Unbraced flange length.
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tion, as by moment connections at both flanges of a column, the member web must
haveitsslendernessratio limited to avoid the possibility of buckling. Thisisdonein
the LRFD Specification with Equation K1-8, whichisamodified form of asimilar
equation used in the ASD Specification. This equation is applicable to a pair of
moment connections, and to other pairs of compressive forces applied at both
flangesof amember, for whichN/dissmall (<1). When N/ disnot small, themem-
ber web should be designed as a compression member in accordance with Chapter
E.

Equation K1-8 is predicated on an interior member loading condition. In the
absence of applicable research, a 50 percent reduction has been introduced for
cases wherein the compressive forces are close to the member end.

Equation K1-8 has also traditionally been applied when there is amoment connec-
tion to only one flange of the column and compressive forceis applied to only one
flange. Itsusein this case is conservative.

Web Panel-Zone Shear

The column web shear stresses may be high within the boundaries of therigid con-
nection of two or more members whose webs lie in a common plane. Such webs
should be reinforced when the calculated factored force £F, along plane A-A in
Figure C-K 1.3 exceeds the column web design strength ¢R,, where

M M
SF, =—% 4 v

-V K1
Tt # (C-K1-3)

'm2
and

My =My +Mue = the sum of the moments due to the factored lateral load
M1 and the moments due to factored gravity load M,
onthewindward side of the connection, kip-in. (N-mm)

Muw =My +M o = the difference between the moments due to the factored
lateral load M, and the momentsdueto factored gravity

Story shear, V,

N

ZF, |

A — A =
My (_QE 2 lr < >Mul

N

de

——Vu

Fig. C-K1.3. Forcesin panel zone.
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load M, onthewindward side of the connection, kip-in.
(N-mm)

(o VY o Y = distance between flange forcesin amoment connection,
in. (mm)

Conservatively, 0.95 times the beam depth has been used for d,, in the past.

If 2F, < 6R,, noreinforcement isnecessary, i.e., tie < t,, Wheret,, isthe column web
thickness.

Consistent with elastic first order analysis, Equations K1-9 and K1-10 limit
panel-zone behavior to the elastic range. While such connection panels possess
large reserve capacity beyond initial general shear yielding, the corresponding
inelastic joint deformations may adversely affect the strength and stability of the
frame or story (Fielding and Huang, 1971, and Fielding and Chen, 1973).
Panel-zone shear yielding affectsthe overall frame stiffnessand, therefore, the ulti-
mate-strength second-order effects may be significant. The shear/axial interaction
expression of Equation K1-10, asshownin Figure C-K 1.4, ischosento ensureelas-
tic panel behavior.

If adequate connection ductility is provided and the frame analysis considers the
inelastic panel-zone deformations, then the additional inelastic shear strength is
recognized in Equations K1-11 and K1-12 by the factor

1+ 3, tff
d,d.t,

This inelastic shear strength has been most often utilized for design of framesin
high seismic zones and should be used when the panel zone is to be designed to
match the strength of the members from which it is formed.

The shear/axial interaction expression incorporated in Equation K1-12 (see Figure
C-K1.5) is similar to that contained in the previous editions of this Specification

Fig. C-K1.4. Interaction of shear and axial force—elastic.
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and recognizes the observed fact that when the panel-zone web has completely
yielded in shear, the axial column load is carried in the flanges.

PONDING

As used in the LRFD Specification, ponding refers to the retention of water due
solely to the deflection of flat roof framing. The amount of thiswater is dependent
upon theflexibility of theframing. L acking sufficient framing stiffness, itsaccumu-
lated weight can result in collapse of theroof if astrength eval uationisnot made.

Representing the defl ected shape of the primary and critical secondary member asa
half-sine wave, the weight and distribution of the ponded water can be estimated
and, from this, the contribution that the deflection each of these members makesto
the total ponding deflection can be expressed (Marino, 1966):

For the primary member:

o pAo[1+0.25mas +0.25Tp(1+ os)]

1-0.25map as

AW:

For the secondary member:

2

2
o B, [1+g2ap +%(1+ ol,) +0.1850, 0.,
8 —

v 1-0.25m01 0t

In these expressions A, and §, are, respectively, the primary and secondary beam
deflections due to loading present at the initiation of ponding,

a p :Cp/(l_c p),as :Cs /(1_Cs), andp:60/A0 :CS /Cp

Using the above expressionsfor A, and §,,, theratiosA,,/ A, and 8,/ 8, can be com-
puted for any given combination of primary and secondary beam framing using,
respectively, the computed value of parameters C, and C; defined in the LRFD
Specification.

R, 1.0

3bcffcf) 0.7
0.6f,d.1, 3,00

Fig. C-K1.5. Interaction of shear and axial force—inelastic.
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Even on the basis of unlimited elastic behavior, it is seen that the ponding deflec-
tions would become infinitely large unless

C, C 4
S < _
1-C, \1-C, ) =

Since elastic behavior is not unlimited, the effective bending strength availablein
each member to resist the stress caused by ponding actionisrestricted to the differ-
ence between theyield stress of the member and the stressf, produced by the total
load supported by it before consideration of ponding isincluded.

Notethat el astic deflectionisdirectly proportional to stress. Theadmissible amount
of ponding in either the primary or critical (midspan) secondary member, in terms
of the applicableratio A,/ A, and 8,/ &, can be represented as (F, —f,)/ f,. Substi-
tuting this expression for A, / A, and d,, / 8., and combining with the foregoing
expressionsfor A, and d.,, therel ationship between critical valuesfor C, and Csand
the available elastic bending strength to resist ponding is obtained. The curves
presented in Figures A-K2.1 and A-K2.2 are based upon this relationship. They
congtitute a design aid for use when a more exact determination of required flat
roof framing stiffness is needed than given by the LRFD Specification provision
that C, + 0.9C;< 0.25.

Given any combination of primary and secondary framing, the stressindex iscom-
puted as

Up = E':yf;fo @b for the primary member
[0}

Us = @Fyf;f" E for the secondary member
(o}

wheref,, ineach case, isthe computed bending stress, ksi (MPa), inthe member due
to the supported loading, neglecting ponding effect. Depending upon geographic
location, thisloading should include such amount of snow as might also be present,
although ponding failures have occurred more frequently during torrential summer
rains when the rate of precipitation exceeded the rate of drainage runoff and the
resulting hydraulic gradient over large roof areas caused substantial accumulation
of water some distance from the eaves.

Given the size, spacing, and span of atentatively selected combination of primary
and secondary beams, for example, one may enter Figure A-K2.1 at thelevel of the
computed stressindex U, determined for the primary beam; move horizontally to
the computed C, value of the secondary beams; then move downward to the
abscissascale. The combined stiffness of the primary and secondary framingis suf-
ficient to prevent ponding if the flexibility constant read from this latter scale is
more than the value of C, computed for the given primary member; if not, a stiffer
primary or secondary beam, or combination of both, isrequired.

If the roof framing consists of a series of equally-spaced wall-bearing beams, they
would be considered as secondary members, supported on an infinitely stiff pri-
mary member. For thiscase, onewould use Figure A-K2.2. Thelimiting value of C
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would be determined by theintercept of ahorizontal line representing the U value
and the curvefor C, = 0.

The ponding deflection contributed by ametal deck isusually such asmall part of
the total ponding deflection of aroof panel that it is sufficient merely to limit its
moment of inertia [in.* per foot (mm* per meter) of width normal to its span] to
0.000025 (3 940) timesthefourth power of itsspanlength, asprovidedinthe LRFD
Specification. However, the stability against ponding of aroof consisting of ametal
roof deck of relatively slender depth-span ratio, spanning between beams sup-
ported directly on columns, may need to be checked. Thiscan bedoneusing Figure
A-K2.1 or A-K2.2 with the following computed values:

U, = stressindex for the supporting beam

Us = stressindex for the roof deck

C, =flexibility constant for the supporting beams

Cs =flexibility constant for one foot width of the roof deck (S= 1.0)

Since the shear rigidity of the web system is less than that of a solid plate, the
moment of inertia of steel joistsand trusses should be taken as somewhat |ess than
that of their chords.
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CHAPTER L

SERVICEABILITY DESIGN CONSIDERATIONS

Serviceability criteria are formulated to prevent disruptions of the functional use and
damage to the structure during its normal everyday use. While malfunctions may not
result in the collapse of astructureor inlossof life or injury, they can seriously impair the
usefulness of the structure and lead to costly repairs. Neglect of serviceability may result
in unacceptably flexible structures.

Thereareessentialy threetypesof structural behavior which may impair serviceability:

(1) Excessivelocal damage (local yielding, buckling, slip, or cracking) that may require
excessive maintenance or lead to corrosion.

(2) Excessivedeflection or rotation that may affect the appearance, function, or drainage
of the structure, or may cause damage to nonstructural components and their attach-
ments.

(3) Excessivevibrationsinduced by wind or transient liveloadswhich affect the comfort
of occupants of the structure or the operation of mechanical equipment.

In alowable stress design, the AISC Specification accounts for possible local damage
withfactorsof safety includedintheallowabl e stresses, whiledeflectionandvibrationare
controlled, directly or indirectly, by limiting defl ectionsand span-depthratios. Inthe past,
theserules haveled to satisfactory performance of structures, with perhapsthe exception
of large open floor areas without partitions. In LRFD the serviceability checks should
consider the appropriate | oads, the response of the structure, and the reaction of the occu-
pants to the structural response.

Examples of loads that may reguire consideration of serviceability include permanent
live loads, wind, and earthquake; effects of human activities such as walking, dancing,
etc.; temperaturefluctuations; and vibrationsinduced by traffic near the building or by the
operation of mechanical equipment within the building.

Serviceability checks are concerned with adequate performance under the appropriate
load conditions. Elastic behavior can usually be assumed. However, some structural ele-
ments may have to be examined with respect to their long-term behavior under load.

Itisdifficult to specify limiting values of structural performance based on serviceability
considerations becausethese depend to agreat extent on thetype of structure, itsintended
use, and subjective physiological reaction. For example, acceptable structural motionina
hospital clearly would be much less than in an ordinary industrial building. It should be
noted that humans perceive levels of structural motion that are far less than motions that
would cause any structural damage. Serviceability limits must be determined through
careful consideration by the designer and client.

Serviceability guidelines for low-rise buildings are given in Fisher and West (1990).
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CAMBER [Comm. L1.

CAMBER

The engineer should consider specifying camber when deflections at the appropri-
ate load level present a serviceability problem.

EXPANSION AND CONTRACTION

As in the case of deflections, the satisfactory control of expansion cannot be
reduced to afew simplerules, but must depend largely upon the good judgment of
qualified engineers.

The problem is more serious in buildings with masonry walls than with prefabri-
cated units. Compl ete separation of theframing, at widely spaced expansion joints,
is generally more satisfactory than more frequently located devices dependent
upon thedliding of partsin bearing, and usually less expensive than rocker or roller
expansion bearings.

Creep and shrinkage of concrete and yielding of steel are among the causes, other
than temperature, for dimensional changes.

DEFLECTIONS, VIBRATION, AND DRIFT
Deflections

Excessive transverse deflections or lateral drift may lead to permanent damage to
building elements, separation of cladding, or loss of weathertightness, damaging
transfer of load to non-1oad-supporting elements, disruption of operation of build-
ing service systems, objectionable changes in appearance of portions of the build-
ings, and discomfort of occupants.

The LRFD Specification does not provide specific limiting deflectionsfor individ-
ual membersor structural assemblies. Such limitswould depend on the function of
the structure (ASCE, 1979; CSA, 1989; and Ad Hoc Committee on Servicability
Research, 1986). Provisionsthat limit deflectionsto a percentage of span may not
be adequate for certain long-span floor systems; a limit on maximum deflection
that isindependent of span length may al so be necessary to minimizethe possibility
of damage to adjoining or connecting nonstructural elements.

Deflection calculations for composite beams should include an allowance for dlip
for short-term deflection calculations, and for creep and shrinkage for long-term
deflection calculations (see Commentary Section 13.2).

Floor Vibration

Theincreasing use of high-strength material sand efficient structural schemesleads
tolonger spansand moreflexiblefloor systems. Eventhough theuse of adeflection
limit related to span length generally precluded vibration problems in the past,
some floor systems may require explicit consideration of the dynamic, as well as
the static, characteristics of the floor system.

Thedynamicresponseof structuresor structural assembliesmay bedifficulttoana
lyze because of difficultiesin defining the actual mass, stiffness, and damping char-
acteristics. Moreover, different load sources cause varying responses. For example,
a steel beam-concrete slab floor system may respond to live loading as a
non-composite system, but to transient excitation from human activity as an
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orthotropic composite plate. Nonstructural partitions, cladding, and built-in furni-
turesignificantly increase the stiffness and damping of the structure and frequently
eliminate potential vibration problems. The damping can also depend on theampli-
tude of excitation.

The general objectivein minimizing problems associated with excessive structural
motionisto limit accelerations, velocities, and displacements to levels that would
not be disturbing to the building occupants. Generally, occupants of abuilding find
sustained vibrations more objectionable than transient vibrations.

Thelevels of peak acceleration that people find annoying depend on frequency of
response. Thresholds of annoyance for transient vibrations are somewhat higher
and depend on the amount of damping in the floor system. These level s depend on
the individual and the activity at the time of excitation (ASCE, 1979; 1SO, 1974,
CSA, 1989; Murray, Allen, and Ungar, 1997; and Ad Hoc Committee on Service-
ability Research, 1986).

Themost effective way to reduce effects of continuous vibrationsisthrough vibra-
tion isolation devices. Care should be taken to avoid resonance, where the fre-
guency of steady-state excitation is close to the fundamental frequency of the sys-
tem. Transient vibrations arereduced most effectively by increasing thedampingin
the structural assembly. Mechanical equipment which can produce objectionable
vibrationsin any portion of astructure should be adequately isolated to reduce the
transmission of such vibrationsto critical elements of the structure.

Drift

The LRFD Specification does not provide specific limiting valuesfor lateral drift.
If adrift analysisisdesired, the stiffening effect of non-load-supporting elements
such as partitions and infilled walls may be included in the analysis of drift.

Someirrecoverableinelastic deformations may occur at givenload levelsincertain
typesof construction. Theeffect of such deformationsmay be negligibleor serious,
depending on the function of the structure, and should be considered by the
designer on a case by case basis.

The deformation limits should apply to structural assemblies as awhole. Reason-
able tolerance should also be provided for creep. Where load cycling occurs, con-
sideration should be given to the possibility of increases in residual deformation
that may lead to incremental failure.

CORROSION

Steel members may deterioratein particular service environments. This deteriora-
tion may appear either in external corrosion, which would be visible upon inspec-
tion, or in undetected changes that would reduce its strength. The designer should
recognizethese problemsby either factoring aspecific amount of damagetol erance
into the design or providing adequate protection systems (e.g., coatings, cathodic
protection) and/or planned maintenance programs so that such problems do not
occur.
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CHAPTER M

FABRICATION, ERECTION, AND QUALITY CONTROL

M2. FABRICATION

1

Cambering, Curving, and Straightening

The use of heat for straightening or cambering members is permitted for
A514/A514M and A852/A852M steel, asit isfor other steels. However, the maxi-
mum temperature permitted is 1,100°F (593°C) compared to 1,200°F (649°C) for
other steels.

Cambering of flexural members, when required by the contract documents, may be
accomplished in variousways. In the case of trusses and girders, thedesired curva-
ture can be built in during assembly of the component parts. Within limits, rolled
beams can be cold-cambered at the producing mills.

L ocal application of heat has comeinto common use asameans of straightening or
cambering beams and girders. The method depends upon an ultimate shortening of
the heat-affected zones. A number of such zones, on the side of the member that
would be subject to compression during cold-cambering or “gagging,” are heated
enough to be “upset” by the restraint provided by surrounding unheated areas.
Shortening takes place upon cooling.

Whilethefinal curvature or camber can be controlled by these methods, it must be
realized that some deviation, due to workmanship error and permanent change due
to handling, isinevitable.

Thermal Cutting

Preferably thermal cutting shall be doneby machine. Therequirement for apositive
preheat of 150°F (66°C) minimum when thermal cutting beam copes and weld
accessholesin ASTM A6/A6M Group 4 and 5 shapes, and in built-up shapesmade
of material more than two in. (50 mm) thick, tends to minimize the hard surface
layer and the initiation of cracks.

Bolted Construction

Inthe past, it has been required to tighten all ASTM A325 or A325M and A490 or
A490M boltsin both dlip-critical and bearing-type connections to a specified ten-
sion. The requirement was changed in 1985 to permit most bearing-type connec-
tions to be tightened to a snug-tight condition.

In a snug-tight bearing connection, the bolts cannot be subjected to tension loads,
slip can be permitted, and loosening or fatigue dueto vibration or load fluctuations
are not design considerations.
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It is suggested that snug-tight bearing-type connections be used in applications
where A307 bolts would be permitted.

Thissection providesrulesfor the use of oversized and slotted holes paralleling the
provisions which have been in the RCSC Specification (RCSC, 1994) since 1972,
extended to include A307 bolts which are outside the scope of the high-strength
bolt specifications.

SHOP PAINTING

Thesurface condition of steel framing disclosed by the demolition of long-standing
buildings has been found to be unchanged from the time of its erection, except at
isolated spots where leakage may have occurred. Even in the presence of leakage,
the shop coat is of minor influence (Bigos, Smith, Ball, and Foehl, 1954).

The LRFD Specification does not define the type of paint to be used when a shop
coat is required. Conditions of exposure and individual preference with regard to
finish paint are factors which bear on the selection of the proper primer. Hence, a
singleformulation would not suffice. For acomprehensivetreatment of the subject,
see SSPC (1989).

Surfaces Adjacent to Field Welds

The Specification allows for welding through surface materials, including appro-
priate shop coatings, that do not adversely affect weld quality nor create objection-
able fumes.

. ERECTION

Bracing

For information on the design of temporary lateral support systems and compo-
nents for low-rise building, see Fisher and West (1997).

Fit of Column Compression Joints and Base Plates

Testsat the University of California-Berkeley (Popov and Stephen, 1977) on spliced
full-size columnswith jointsthat had been intentionally milled out-of-square, rela-
tiveto either strong or weak axis, demonstrated that theload-carrying capacity was
the same as that for asimilar unspliced column. In the tests, gaps of %4e-in. (2 mm)
werenot shimmed; gapsof %4-in. (6 mm) were shimmed with non-tapered mild steel
shims. Minimum size partial-joint-penetration weldswereused in all tests. No tests
were performed on specimens with gaps greater than %-in. (6 mm).

Field Welding

The purpose of wire brushing shop paint on surfaces adjacent to joints to be field
welded isto reduce the possibility of porosity and cracking and al so to reduce any
environmental hazard. Although there are limited testswhich indicate that painted
surfacesresult in sound weldswithout wire brushing, other studieshaveresultedin
excessiveporosity and/or cracking when welding coated surfaces. Wirebrushingto
reduce the paint film thickness minimizes rejectable welds. Grinding or other pro-
cedures beyond wire brushing is not necessary.
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CHAPTERN

EVALUATION OF EXISTING STRUCTURES

GENERAL PROVISIONS

Theload combinations referred to in this chapter reflect gravity loading becauseit
isthe most prevalent condition encountered. If other loading conditions are a con-
sideration, such as lateral loads, the appropriate load combination from ASCE 7
(ASCE, 1998) or from the applicabl e building code should be used. Guidelinesfor
seismic evaluation are available in other publications (FEMA, 1997a and 1997b).
The Engineer of Record for a project is generally established by the owner.

MATERIAL PROPERTIES
Deter mination of Required Tests

Theextent of testsrequired dependsonthenatureof the project, thecriticality of the
structural system or member eval uated, and the avail ability of records pertinent to
the project. Thus, the Engineer of Record isrequired to determine the specific tests
required and the locations from which specimens are to be obtained.

Tensile Properties

Samples required for tensile tests should be removed from regions of reduced
stress, such as at flangetips at beam ends and external plate edges, to minimizethe
effects of the reduced area. The number of tests required will depend on whether
they are conducted to merely confirm the strength of aknown material or to estab-
lishthe strength of some other steel. Guidance on the appropriate minimum number
of testsis available (FEMA, 1997a).

It should be recognized that the yield stress determined by standard ASTM meth-
ods and reported by mills and testing laboratories is somewhat greater than the
static yield stress because of dynamic effects of testing. Also, the test specimen
location may have an effect. These effects have already been accounted for in the
nominal strength equations in the Specification. However, when strength evalua-
tion is done by load testing, this effect should be accounted for in test planning
because yielding will tend to occur earlier than otherwise anticipated. The static
yield stress, Fys, can be estimated from that determined by routine application of
ASTM methods, Fy, by the following equation (Galambos, 1978 and 1998):

Fis =RFy -9 (C-N2-1)
(Metric: Fys =R(Fy —27)) (C-N2-1Mm)
where
Fys = static yield stress, ksi (M Pa)
Fy, =reported yield stress, ksi (MPa)
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R =0.95for tests taken from web specimens
R =1.00for tests taken from flange specimens

The Rfactor in Equation C-N2-1 accounts for the effect of the coupon location on
the reported yield stress. Prior to 1997, certified mill test reports for structural
shapeswere based on specimensremoved from theweb, in accordancewith ASTM
AB6/ABM. Subsequently the specified coupon location was changed to the flange.
During 1997-1998, there was atransition from web specimensto flange specimens
as the new provisions of ASTM A6/A6M were adopted.

Base Metal Notch Toughness

The Engineer of Record shall specify the location of samples. Samples shall be
cored, flame cut, or saw cut. The Engineer of Record will determine if remedial
actions are required, such as the possible use of bolted splice plates.

Weld Metal

Because connectionstypically have agreater reliability index than structural mem-
bers, strength testing of weld metal isnot usually necessary. However, field investi-
gations have sometimesindicated that complete-joint-penetration welds, such asat
beam-to-column connections, werenot madein accordancewith AWSD1.1 (AWS,
1998). The specified provisions in Section N2.4 provide a means for judging the
quality of such aweld. Where feasible, any samples removed should be obtained
from compression splices rather than tension splices, because the effects of repairs
to restore the sampled area are less critical.

Boltsand Rivets

Because connectionstypically have agreater reliability index than structural mem-
bers, removal and strength testing of fastenersis not usually necessary. However,
strength testing of boltsisrequired wherethey can not be properly identified other-
wise. Because removal and testing of rivets is difficult, assuming the lowest rivet
strength grade simplifies the investigation.

EVALUATION BY STRUCTURAL ANALYSIS
Strength Evaluation

Resistance factors reflect variations in determining strength of members and con-
nections, such as uncertainty in theory and variations in material properties and
dimensions. If aninvestigation of an existing structureindicatesthat therearevaria-
tions in material properties or dimensions significantly greater than those antici-
pated in new construction, the Engineer of Record should consider the use of more
conservative values.

EVALUATION BY LOAD TESTS
Determination of Live Load Rating by Testing

Generally, structuresthat can be designed according to the provisions of this Speci-
fication need no confirmation of calculated results by test. However, special situa
tions may arise when it is desirable to confirm by tests the results of calculations.
Minimal test procedures are provided to determine the live load rating of a struc-
ture. However, in no case is the live load rating determined by test to exceed that
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which can be calculated using the provisions of the Specification. This is not
intended to precludetesting to eval uate special conditionsor configurationsthat are
not adequately covered by this Specification.

Itisessential that the Engineer of Record take all necessary precautions to ensure
that the structure doesnot fail catastrophically duringtesting. A careful assessment
of structural conditions before testing is afundamental requirement. Thisincludes
accurate measurement and characterization of the size and strength of members,
connections, and details. All safety regulationsof OSHA and other pertinent bodies
must be strictly adhered to. Shoring and scaffolding should be used as required in
the proximity of thetest areato mitigate against unexpected circumstances. Defor-
mations must be carefully monitored and structural conditions must be continually
evaluated. In some cases it may be desirable to monitor strains as well.

The Engineer of Record must use judgement to determine when deflections are
becoming excessiveand terminatethetestsat asafelevel evenif thedesiredloading
has not been achieved. Incremental loading is specified so that deformations can be
accurately monitored and the performance of the structure carefully observed.
Load increments should be small enough initially so that the onset of significant
yielding can be determined. The increment can be reduced asthe level of inelastic
behavior increases, and the behavior at thislevel carefully evaluated to determine
when to safely terminate the test. Periodic unloading after the onset of inelastic
behavior will help the Engineer of Record determine when to terminate the test to
avoid excessive permanent deformation or catastrophic failure.

It must be recogni zed that the margin of safety at the maximumIoad level usedinthe
test may be very small, depending on such factors asthe original design, the pur-
pose of the tests, and the condition of the structure. Thus, it isimperative that all
appropriate safety measures be adopted. It isrecommended that the maximumlive
load used for load tests be selected conservatively. It should be noted that experi-
ence in testing more than one bay of a structureis limited.

Criterialimiting increasesin deformationsfor aperiod of one hour have been given
to ensure that the structure is stable at the loads evaluated.

A detailed discussion of reliability-based condition assessment of existing struc-
tures has been provided by Ellingwood (1996).

Serviceability Evaluation

In certain cases serviceability criteriamust be determined by load testing. It should
be recognized that complete recovery (i.e., return to initial deflected shape) after
removal of maximum loadisunlikely because of phenomenasuch aslocal yielding,
dip at the slab interface in composite construction, creep in concrete slabs, local-
ized crushing or deformation at shear connectionsin slabs, slip in bolted connec-
tions, and effects of continuity. Because most structures exhibit some slack when
load isfirst applied, it is appropriate to project the load-deformation curve back to
zero load to determine the slack and exclude it from the recorded deformations.
Wheredesirable, the applied |oad sequence can be repeated to demonstrate that the
structure is essentially elastic under service loads and that the permanent set is not
detrimental.
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N5. EVALUATION REPORT

Extensive evaluation and load testing of existing structures is often performed
when appropriate documentation no longer existsor whenthereisconsiderabledis-
agreement about the condition of astructure. Theresulting evaluationisonly effec-
tiveif well documented, particularly when load testing isinvolved. Furthermore, as
time passes, various interpretations of the results can arise unless all parameters of
the structural performance, including material properties, strength, and stiffness,
are well documented.
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1

AF,TE =(B)F, /E

APPENDIX B

DESIGN REQUIREMENTS

LOCAL BUCKLING
Classification of Steel Sections

Thelimiting width-thicknessA,, and A, ratiosfor websin pureflexure (P, / ¢,P, = 0)
and with axial compression have been revised in termsof (h/ t) rather than (h./ t).
The simplified formulation in Table B5.1 for A, based on double symmetry with
equal flanges (h/ h, = 1) isunconservative when the compression flangeis smaller
than the tension flange, and conservative if the reverse is true. The more accurate
limitisgivenin Appendix B5.1 asafunction of h.. Figure C-A-B5.1 illustratesthe
Ar variation for axial compression and flange asymmetry effects.

The %, minimum and 3, maximum restrictions on h / h. in Equations A-B5-1 and
A-B5-2 approximately correspond tothe 0.1 and 0.9 rangeof 1./ |, for amember to
be considered asingly symmetric | shape. Otherwise, when the flange areas differ
by morethan afactor of two, the member should be conservatively designed asatee
section.

(4 TE=1.43[1+2.83(4 )(1- 5% )] (exact)

7.79
(£)=7
5.87 - Compression
5.70 flange

larger _— or (4)JF,/E =5.70(1-0.74 5%

(simplified, assuming hic=l)

(h)=1

4.29

2.94 1 & Compression

flange
smaller (£ )=%5
149 f— — — — £ = — —

0 0.5 1.0
Fig. C-A-B5.1. Web local buckling for 1-shaped members.
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APPENDIX E

COLUMNS AND OTHER COMPRESSION MEMBERS

E3. DESIGN COMPRESSIVE STRENGTH FOR
FLEXURAL-TORSIONAL BUCKLING

The equationsin Appendix E3 for determining the flexural-torsional elastic buck-
ling loads of columns are derived in texts on structural stability (Timoshenko and
Gere, 1961; Bleich, 1952; Galambos, 1968; and Chen and Atsuta, 1977, for exam-
ple). Since these equations for flexural-torsional buckling apply only to elastic
buckling, they must be modified for inelastic buckling when F. > 0.5F,. Thisis
accomplished through theuse of theequivalent slendernessfactor Ae =,/ Fy / Fe.
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F3.

APPENDIX F

BEAMS AND OTHER FLEXURAL MEMBERS

DESIGN FOR FLEXURE

Three limit states must be investigated to determine the moment capacity of flex-
ural members: lateral-torsional buckling (LTB), local buckling of the compression
flange (FLB), and local buckling of the web (WLB). These limit states depend,
respectively, on the beam slendernessratio L / ry, the width-thicknessratiob / t of
the compression flange and the width-thicknessratio h/ t,, of the web. For conve-
nience, al three measures of slenderness are denoted by A.

Variations in M, with L, are shown in Figure C-F1.1. The discussion of plastic,
inelastic, and elastic buckling in Commentary Section F1 with reference to lat-
era-torsional buckling applieshere except for animportant differencein thesignif-
icance of A, for lateral-torsional buckling and local buckling. Values of A, for FLB
and WLB produce acompact section with arotation capacity of about three (after
reaching M,) before the onset of local buckling, and therefore meet the require-
ments for plastic analysis of load effects (Commentary Section B5). On the other
hand, valuesof A, for LTB do not allow plastic analysisbecausethey do not provide
rotation capacity beyond that needed to develop M, Instead L, < L (Section F1.3)
must be satisfied.

Analyses to include restraint effects of adjoining elements are discussed in
Galambos (1998). Analysisof thelateral stability of memberswith shapesnot cov-
ered in this appendix must be performed according to the available literature
(Galambos, 1998).

Seethe Commentary for Section B5 for the discussion of the equation regarding the
bending capacity of circular sections.

WEB-TAPERED MEMBERS
General Requirements

Theprovision contained in Appendix F3 covers only those aspects of the design of
tapered members that are unique to tapered members. For other criteria of design
not specifically coveredin Appendix F3, seethe appropriate portions of this Speci-
fication and Commentary.

The design of wide-flange columns with a single web taper and constant flanges
followsthe same procedure asfor uniform columns according to Section E2, except
the column slenderness parameter A, for major axis buckling is determined for a
slendernessratio K,L / 1o, and for minor axis buckling for KL / ro, where K, isan
effectivelength factor for tapered members, K isthe effectivelength factor for pris-
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matic members, and r and r,, are the radii of gyration about the x and the y axes,
respectively, taken at the smaller end of the tapered member.

For stepped columns or columnswith other than asingle web taper, theelastic criti-
cal stress is determined by analysis or from data in reference texts or research
reports (Chapters 11 and 13 in Timoshenko and Gere (1961), Bleich (1952), and
Kitipornchai and Trahair (1980)), and then the same procedure of using A« is uti-
lized in calculating the factored resistance.

This same approach is recommended for open section built-up columns (columns
with perforated cover plates, lacing, and battens) wherethe elastic critical buckling
stress determination must include a reduction for the effect of shear. Methods for
calculating the el astic buckling strength of such columnsare given in Chapter 12 of
the SSRC Guide (Galambos, 1998) and in Timoshenko and Gere (1961) and Bleich
(1952).

3. Design Compressive Strength

Theapproachinformulating F, of tapered columnsisbased on the concept that the
critical stressfor anaxially loaded tapered columnisequal tothat of aprismatic col-
umn of different length, but of the same cross section as the smaller end of the
tapered column. This has resulted in an equivalent effective length factor K, for a
tapered member subjected to axial compression (Lee, Morrell, and Ketter, 1972).
Thisfactor, which isused to determinethevalue of Sin EquationsA-F3-2and A¢in
Equation E2-3, can be determined accurately for a symmetrical rectangular rigid
frame comprised of prismatic beams and tapered columns.

With modifying assumptions, such aframe can be used as amathematical model to
determine with sufficient accuracy theinfluence of the stiffness (I / b)q of beams
and rafterswhich afford restraint at the ends of atapered columnin other cases such
asthose shown in Figure C-A-F3.3. From Equations A-F3-2 and E2-3, the critical
load P, can beexpressed as?El /(K,1)?. Thevalue of K, can beobtained by interpo-
lation, using the appropriate chart from Lee et a. (1972) and restraint modifiers Gy
and Gg. In each of these modifiersthe tapered column, treated as a prismatic mem-
ber havingamoment of inertial,, computed at the smaller end, and itsactual length

s
<5
/
L_l’p;,'
b,I,
6= —10
1= I,
bpI
¢.= Lalo
8= 71,

Fig. C-A-F3.3. Restraint modifiers for tapered columns.
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[, isassigned thestiffnessl, /1, whichisthen divided by the stiffness of therestrain-
ing members at the end of the tapered column under consideration.

Design Flexural Strength

The development of the design bending stress for tapered beams follows closely
with that for prismatic beams. The basic concept isto replace atapered beam by an
equivalent prismatic beam with adifferent length, but with across sectionidentical
to that of the smaller end of the tapered beam (Lee et a., 1972). Thishasled to the
modified length factors hs and h,, in Equations A-F3-6 and A-F3-7.

Equations A-F3-6 and A-F3-7 are based on total resistance to lateral buckling,
using both St. Venant and warping resistance. Thefactor B modifiesthe basic Fy,,to
members which are continuous past lateral supports. Categories a, b, and ¢ of
Appendix F3.4 usually apply; however, it isto be noted that they apply only when
theaxial forceissmall and adjacent unbraced segments are approximately equal in
length. For asingle member, or ssgmentswhichdo not fall into category a, b, ¢, or d,
the recommended value of B is unity. The value of B should also be taken as unity
when computing the value of Fy, to obtain M, to be used in Equations H1-1 and
C1-1, since the effect of moment gradient is provided for by the factor C. The
background material is given in WRC Bulletin No. 192 (Morrell and Lee, 1974).
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APPENDIX G

PLATE GIRDERS

Appendix G istaken from AlSI Bulletin 27 (Galambos, 1978). Comparable provisions
areincludedinthe A1SC ASD Specification. Theprovisionsare presented in an appendix
asthey are seldom used and produce designs which are often less economical than plate
girders designed without tension-field action.

The web slenderness ratio h / t, = 5.70,/ E/ Fys that distinguishes plate girders from
beams is written in terms of the flange yield stress, because for hybrid girdersinelastic
buckling of the web due to bending depends on the flange strain.

The equation for Re used in the 1986 L RFD Specification wasthe same asthat used in the
AASHTO Standard Specification for Highway Bridges. In this edition, the equation for
R., used inthe AISC ASD Specification since 1969, is used becauseitsderivationis pub-
lished (Gaylord, Gaylord, and Stallmeyer, 1992 and Joint ASCE-AASHTO Committee
on Flexural Members, 1968) and it is more accurate than the AASHTO equation.

G2. DESIGN FLEXURAL STRENGTH

In previousversionsof the A1 SC Specification acoefficient of 0.0005a wasusedin
Rec based on the work of Basler (1961). Thisvalueisvalid for a, < 2. In that same
paper, Basler developed amoregeneral coefficient, applicableto all ratiosof A,/ A¢
which has been adopted because application of the previous equation to sections
with large a, values gives unreasonable results. An arbitrary limit of a, < 10 is
imposed so that the Reg expression is not applied to sections approaching a tee
shape.

LRFD Specification for Sructural Seel Buildings, December 27, 1999
AMERICAN INSTITUTE OF STEEL CONSTRUCTION



272

APPENDIX H

MEMBERS UNDER COMBINED FORCES AND TORSION

H3. ALTERNATIVE INTERACTION EQUATIONSFOR MEMBERS
UNDER COMBINED STRESS

In the case of members not subject to flexural buckling, i.e., Ly < Ly, the use of
somewhat more liberal interaction Equations A-H3-5 and A-H3-6 is acceptable as
an alternative when the flexure is about one axis only.

The aternative interaction Equations A-H3-1 and A-H3-2 for H and wide-flange
column shapesweretaken from Galambos (1998), Springfield (1975), and Tebedge
and Chen (1974).

For I-shaped memberswith bs/ d> 1.0, use of Section H1 isrecommended, because
no additional research is available for this case.
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APPENDIX J

CONNECTIONS, JOINTS, AND FASTENERS

WELDS
Design Strength

When weld groups are loaded in shear by an external load that does not act through
the center of gravity of the group, theload iseccentric and will tend to causearela
tive rotation and translation between the parts connected by the weld. The point
about which rotation tends to take place is called the instantaneous center of rota-
tion. Its location is dependent upon the load eccentricity, geometry of the weld
group, and deformation of the weld at different angles of the resultant elemental
forcerelative to the weld axis.

Theindividual resistanceforce of each unit weld element canbeassumedtoactona
line perpendicular to aray passing through the instantaneous center and that ele-
ment’s location (see Figure C-A-J2.1).

The ultimate shear strength of weld groups can be obtained from the load deforma:
tion relationship of a single-unit weld element. This relationship was originally
given by Butler et al. (1972) for E60 (E43) electrodes. Curvesfor E70 (E48) elec-
trodes used in the Appendix were obtained by Lesik and Kennedy (1990).

Unlike the load-deformation relationship for bolts, strength and deformation per-
formance in welds are dependent on the angle that the resultant elemental force
makes with the axis of the weld element (see Figure C-A-J2.1). The actua load
deformation relationship for weldsis given in Figure C-A-J2.2, taken from Lesik

) :
ry I/ al
F '
1 6 F
ic c.g.

Fig. C-A-J2.1. Weld element nomenclature.
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and Kennedy (1990). Conversion of the Sl equation to foot-pound units resultsin
the following weld strength equation for R:

R, =0852(10 +050sin*5 8)Fexx Ay

Because the maximum strength is limited to 0.60Fgxx for longitudinally loaded
welds (6 = 0°), the LRFD Specification provision provides, in the reduced equation
coefficient, areasonable margin for any variation in welding techniques and proce-
dures. To eliminate possible computational difficulties, the maximum deformation
intheweld elementsislimited to 0.17w. For design convenience, asimpleelliptical
formulaisused for f(p) to closely approximate the empirically derived polynomial
in Lesik and Kennedy (1990).

Thetotal resistance of all theweld elementscombineto resist the eccentric ultimate
load, and when the correct location of the instantaneous center has been selected,
thethreein-plane equations of statics (XFy, XF, , ZM) will be satisfied. Numerical
techniques, such asthose given by Brandt (1982), have been devel oped tolocatethe
instantaneous center of rotation subject to convergent tol erances. Earlier editionsof
the AISC Manual of Seel Construction (AISC, 1980, 1986a, 1989) took advantage
of theinelastic redistribution of stressesthat isinherent inthe Appendix J2.4 proce-
dure. However, in each of the utilized computational techniquesthe resulting coef-
ficients were factored down so that the maximum stress, at any point in the weld
group, did not exceed the limiting value specified by either the Allowable Stress
Design or LRFD Specifications, 0.3F, or 0.6F,, respectively. Asaresult, the tabu-
lated wel d-capacity data shown in the appropriate referenced manual tableswill be
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Fig. C-A-J2.2. Load deformation relationship.
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found to be conservative relative to the data obtained using the computational pro-
cedure presented in Appendix J2.4.
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APPENDIX K

CONCENTRATED FORCES, PONDING, AND FATIGUE

K3. DESIGN FOR CYCLIC LOADING (FATIGUE)

Because most membersin building framesare not subject to alarge enough number
of cycles of full design stress application to require design for fatigue, the provi-
sions covering such designs have been placed in Appendix K3.

When fatigueisadesign consideration, itsseverity ismost significantly affected by
the number of load applications, the magnitude of the stressrange, and the severity
of the stress concentrations associated with the particular details. Thesefactorsare
not encountered in normal building designs; however, when encountered and when
fatigueis of concern, al provisions of Appendix K3 must be satisfied.

In general, members or connections subject to less than a few thousand cycles of
loading will not constitute a fatigue condition except possibly for casesinvolving
full reversal of loading and particularly sensitive categories of details. This is
because the admissible static design stress range will be limited by the admissible
static design stress. At low levels of cyclic tensile stress, a point is reached where
the stress range is so low that fatigue cracking will not initiate regardless of the
number of cyclesof loading. Thislevel of stressisdefined asthe fatigue threshold,
F..

Fluctuation in stress which does not involve tensile stress does not cause crack
propagation and isnot considered to beafatigue situation. Ontheother hand, inele-
ments of members subject solely to calculated compressive stress, fatigue cracks
may initiate in regions of high tensile residual stress. In such situations, the cracks
generally do not propagate beyond the region of the residual tensile stress, because
the residual stressiis relieved by the crack. For this reason, stress ranges that are
completely in compression need not beinvestigated for fatigue. For casesinvolving
cyclic reversal of stressthe calculated stress range must be taken as the sum of the
compressive stress and the tensile stress caused by different direction or pattern of
applied live load.

When fabrication detail sinvol ving more than one category occur at the sameloca-
tioninamember, the stressrange at that location must belimited to that of the most
restrictive category. By | ocating notch-producing fabrication detail sin regions sub-
ject to asmall range of stress, the need for amember larger than required by static
loading will often be eliminated.

Extensive test programs (Fisher, Frank, Hirt, and McNamee, 1970, and Fisher,
Albrecht, Yen, and Klingerman, 1974) using full size specimens, substantiated by
theoretical stress analysis, have confirmed the following general conclusions:
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(1) Stressrange and notch severity are the dominant stress variables for welded
details and beams.

(2) Other variables such as minimum stress, mean stress, and maximum stressare
not significant for design purposes.

(3) Structura steels with yield points of 36 (250) to 100 ksi (690 MPa) do not
exhibit significantly different fatigue strength for given welded details fabri-
cated in the same manner.

Becausethedesign stressrange may bereadily calculated from the equation for the
mean curve minustwo standard deviationsof the actual test datausing modern hand
calculators or computers, the past method which relied upon multiple tables of
cycles of loading, stress categories, design stress ranges, and illustrative examples
has been replaced by asingletable (Table A-K3.1). Inthe new format, the situation
description, the stress category, theingredientsfor the applicable equation, instruc-
tive information and pertinent illustrative examples are presented in separate cells
acrossindividual table rows. The sites of concern for potential crack initiation are
present in text and in example sketches. Similar format and consistent criteriais
being developed for the AWS Code and other Specifications.

A detail not covered by earlier editions of the Specification has been added (Frank
and Fisher, 1979) to cover tension-loaded plate elements connected at their end by
transverse groove or fillet weldsin which thereismorethan asingle sitefor theini-
tiation of fatigue cracking, one of which will be more critical than the others
depending upon welded joint type and size and material thickness. Regardless of
the sitewithin the joint at which potential crack initiation is considered, the design
stress range provided is applicable to connected material at the toe of the weld.

Thefatigueresi stance of boltssubject to tensionispredictableinthe absence of pre-
tension and prying action; and in this edition of the specification criteria are pro-
vided for such non-pretensioned detail s as hanger rods and anchor rods. In the case
of pretensioned bolts, def ormation of the connected partsthrough which pretension
is applied introduces prying action, the magnitude of which isnot completely pre-
dictable (Kulak et a., 1987). The effects of prying arenot limited to achangeinthe
averageaxial tension onthebolt but includes bending in thethreaded areaunder the
nut. Because of the uncertainties, definitive criteria for calculating prying effects
and definitive criteriafor design stress range are not included in the specification.
To limit the uncertainties regarding prying action on the fatigue of pretensioned
bolts in detail s which introduce prying, the design stress range provided in Table
A-K3.1lisappropriatefor extended cyclic loading only if the prying included in the
applied load is small.

Non-pretensioned fasteners are not permitted under the Specification for joints
subject to cyclic shear forces. Boltsinstalled in joints meeting all the requirements
for dlip-critical connections survive unharmed when subject to cyclic shear stresses
sufficient to fracture the connected parts, for which criteriaare provided in Section
2 of Table A-K3.1.
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Metric Conversion Factors for Common
Steel Design Units Used in the LRFD Specification

Unit Multiply by to obtain
length inch (in.) 25.4 millimeters (mm)
length foot (ft) 0.3048 meters (m)
mass pound-mass (lbm) 0.4536 kilogram (kg)
stress ksi 6.895 megapascals (MPa), N/mm?
moment kip-in 113,000 N-mm
energy ft-l1bf 1.356 joule (J)
force kip (1,000 Ibf) 4,448 newton (N)
force psf 47.88 pascal (Pa), N/m?
force plf 14.59 N/m
temperature To convert °F to °C: t.° = (t° — 32)/1.8

force in Ibf or N = mass x g

where g, acceleration due to gravity = 32.2 ft/sec® = 9.81 m/sec?
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