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PREFACE

This progress report is the revision of the Eighth Progress Report

on the Load and Resistance Factor Design of Cold-Formed Steel. Re

visions have been made to reflect some recent changes of resistance

factors and design formulas in the proposed LRFD Specification (UMR

Civil Engineering Study 88-3) dated February 1988.

This investigation was sponsored by American Iron and Steel In

stitute. The technical guidance provided by the AISI Subcommitte on

Load and Resistance Factor Design and the AISI Staff is gratefully

acknowledged. Members of the AISI Subcommitte are: K. H. Klippstein

(Chairman), R. Bjorhovde, D. S. Ellifritt, S-. J. Errera, T. V.

Galambos, B. Hall, D. H. Hall, R. B. Heagler, N. Iwankiw, A. L.

Johnson, D. L. Johnson, A. C. Kuentz, A. S. Nowak, T. B. Pekoz, C.

W. Pinkham, R. M. Schuster, and W. W. Yu. Former members of the AISI

Task Group on LRFD included R. L. Cary, N. C. Lind, R. B. Matlock, W.

Mueller, F. J. Phillips, D. S. Wolford and Late Professor G. Winter.

Special thanks are extended to Professor T. V. Galambos, Con

sultant of the project, T. N. Rang, B. Supornsilaphachai, B. K. Snyder,

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

Allowable Stress Design is the current method used to design

cold-formed steel structural members and connections. In this design

approach, factors of safety are used to compute the allowable design

stresses which are compared to the actual maximum stresses that will

occur in the member during the life of the structure.

In recent years, the Load and Resistance Factor Design (LRFD)

method has been developed for the design of hot-rolled steel shapes

and the design of cold-formed steel structural members. This method

is based on probabilistic and statistical techniques to account for

the many uncertainties involved with the actual design. The LRFD cri

teria use load factors which are applied to the external loads and

resistance factors that are applied to the internal resistance capac

ities of the structure.

The allowable unfactored loads based on each design method for

different types of structural members are compared and shown in

graphical forms. For structural members with one type of loading, the

dead-to-live load ratio contributes to the difference between the two

allowable loads. For members with a combination of loads, cross

sectional geometry. loading conditions, material strength, member

length, along with dead-to-live load ratio will affect the difference

between the allowable loads computed from allowable stress design and

LRFD.
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I. INTRODUCTION

A. GENERAL

The 1986 Edition of the Specification for the Design of Cold

Formed Steel Structural Members published by the American Iron and

Steel Institute CAISI) applies to steel members cold-formed to shape

from carbon or low-alloy steel sheet, strip, plate or bar not more than

one inch in thickness and used for load-carrying purposes in

buildings 1
• The specification is based upon the allowable stress con

cept presented in terms of allowable moments and loads. In the design

of cold-formed steel members and connections, the actual moments and

loads are computed from service loads that include dead, live, snow,

wind, and earthquake loads. The allowable moments and loads are de

termined by dividing the corresponding nominal capacities by appro

priate factors of safety recommended by AISI for different types of

structural members and connections.

The Load and Resistance Factor Design CLRFD) criteria for steel

members and connections have recently been developed by using prob

abilistic and statistical techniques to account for the uncertainties

in design, fabrication, material properties, and applied loads. The

LRFD criteria for hot-rolled shapes, built-up members, and

connections2 have been included in the Load and Resistance Factor Design

Manual of Steel Construction published by the American Institute of

Steel Construction3
• For cold-.formed steel structural members, the Load

and Resistance Factor Design Specification was developed from a joint

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

1



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

. . t 4-13
University and the Univers1ty of M1nesso a .

B. PURPOSE OF INVESTIGATION

The primary purpose of this investigation was to study and compare

the proposed Load and Resistance Factor Design (LRFD) Criteria for

Cold-Formed Steer3 with the existing Allowable Stress Design (ASD)

Criteria included in the 1986 Specification for the Design of Cold

Formed Steel Structural Members'. This comparison involved studies of

different variables used for the design of various types of structural

members and discussions of different load carrying capacities deter-

mined by these two methods.

C. SCOPE OF INVESTIGATION

This study compares the existing Allowable Stress Design Method

with the proposed Load and Resistance Factor Design Method for cold-

formed steel structural members generally used in building con-

struction. These shapes include channels with stiffened or unstiffened

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

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

The AISI Specification and the proposed LRFD Specification can

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

pression members, members subjected to a combination of bending and

axial loads, bolted connections, welded connections, stiffeners, and

wall studs. Even though the allowable stress design provisions and

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

2



ferent loads, only dead and live loads were used in this comparison

for each type of structural members. Ratios of load carrying capacities

were computed and evaluated for different shapes of structural members

which are used in typical design situations.

3





II. REVIEW OF LITERATURE

A. GENERAL

Because of the growing need for a unified approach to structural

design for all types of construction materials, many studies have been

conducted in recent years. In early 1978, the LRFD criteria for hot

rolled steel shapes 14 were proposed by Galambos as alternative design

methods. This proposal was a result of a research project conducted

at Washington University under the sponsorship of the American Iron

and Steel Institute. This subject was subsequently discussed by

Galambos, Ravindra, Yura, Bjorhovde, Cooper, Hansell, Viest, Fisher,

Kulak, and Cornell in References 15 through 22. In addition, numerous

papers were publ{sbed in the proceedings of the American Society of

Civil Engineers (ASCE) Specialty Conference on Probabilistic Mechanics

and Structural Reliability held in January 1979. In Reference 23,

Grigoriu, Veneziano, and Cornell discuss the importance of decision

making in probability distribution modeling. Chalk and Cortis studied

a collection of live load data to develop a probabilistic format for

the determination of design live loads for building floors 24
•

During the period from 1979 to 1982, Ellingwood studied statis

tical information in reinforced concrete25
, 26 , wood27

, and masonry28

structures for developing a probability-based limit states design

criteria. In a recent study sponsored by the National Bureau of

Standards, Galambos, El.lingwood, MacGregor, and Cornell developed a

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

specification groups29-31. More recently, the ASCE Committee on F~tigue

4



and Fracture Reliability published a series of reports on fatigue

1 , b'l't...J2 - 34re ~a ~ ~:J '

With regard to cold-formed steel design, a study on reliability

based criteria for temporary cold-formed steel buildings was conducted

by Knab and Lind35 in 1975. A joint research project entitled "Load and

Resistance Factor Design of Cold-Formed Steel" was conducted by Rang,

Supornsilaphachai, Snyder, Pan, Galambos, and Yu at the University of

Missouri-Rolla and Washington University since 1976. This project was

also under the sponsorship of AISI. References 4 through 8 summarized

the studies of the LRFD criteria for cold-formed steel tension members,

beams, columns, beam-columns, and connections, The research findings

have been discussed at various engineering and specialty conferences

and published in several conference proceedings36-~. In September 1985,

the Tentative Recommendations on the LRFD Criteria for Cold-Formed

Steel Structural Members and Commentaryl0 were prepared according to

the 1980 edition of the AISI Specification for the allowable stress

design. These tentative recommendations were updated in 198713 on the

basis of the 1986 edition of the AISI Specification1.

In Canada, the Canadian Standards Association uses the limit

states design principles in their standard for cold-formed stee141 .

B. LOAD AND RESISTANCE FACTOR DESIGN CRITERIA

The Load and Resistance Factor Design Specification for Cold

Formed Stee113 is based on the first-order principles of probabilistic

theory. The general format for the LRFD criteria is

5



CPRn

In the above,

(II. 1)

cP = resistance factor

R = nominal resistance
n

Yk = load factors

Q
kn

= nominal load effects

On the left side of Eq. (11.1), the resistance factor, cP, is a
,

nondimensional factor less than or equal to one that accounts for the

uncertainties in calculating the nominal resistance. The nominal re-

sistance of the structure is the predicted ultimate resistance or load

determined from design formulas using specified mechanical properties

of material ·and section properties. It could be a bending moment, axial

load, shear force, or an interaction formula when load combinations

are presented.

On the right side of the equation, factor y is a nondimensional

load factor used to reflect the possiblity of overloads and uncer-

tainties in computing the load effect. Each load factor applies to a

nominal load effect Q and the subscript k corresponds to different
n

types of loads. Only dead and live load effects were used to develop

the LRFD criteria for cold-formed steel.

Instead of a safety factor, a safety index is used to determine

structural reliability ..The safety index, ~, indicates the probability

of failure as shown in Figure 1. The distribution of the R/Q ratio was

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

6



(II. 2)

where

R =mean value of resistances
m

~ =mean value of load effects

V = coefficient of variation of resistances
R

V = coefficient of variation of load effects
Q

In R/Q

Probability Distribution of ~ R/Q

<tn R/Q)
III

t---Sotn R/Q----1
1.Pique

Failure
Region
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The target values of safety index used in the development of the LRFD

Specification for cold-formed structural members and connections are

2.5 and 3.5, respectively. A probability of failure of 9.8xlO-3 is ob-

tained from the cumulative lognormal distribution for the value of

safety index equal to 2.5"2.

Unlike the traditional design methods, the resistance of the

structure is considered to be a random variable because of variations

in mechanical properties and fabrication uncertainties involved in

calculations of the resistance. The mean value of the resistances was

assumed to be a product of several values as given in Eq. (11.3).

R =RMFPm n m m m (II.3)

where M , F and P are the mean values of nondimensional variablesm m m

reflecting the uncertainties in mechanical properties, sectional

properties, and calculation of the resistance.

In Eq. (11.3), M is the material factor which is determined by

the ratio of the tested mechanical properties to the specified values.

Mechanical properties include yield point, modulus of elasticity, and

tensile strength values. The fabrication factor, F, accounts for var-

iations of geometric dimensions and uncertainties caused by initial

imperfections and tolerances. The professional factor, P, accounts for

uncertainties that results from the use of ~ppro~imations and simp li-

fications of complex design formulas based on ideal situations. It is

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

failure loads computed from design formulas.
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1 t d 'es of applied loadsFrom statistica s u 1

and reliability

l oad combinations and load factors were
calculations3o ,31, the following

used for cold-formed steel: 43

1. 1.4Dn+Ln

2 1 2D +1.6L +0.5(L or S or Rn). . n n rn n

~ 1 2D +1 6(L or S or R )+(0.5L or 0.8Wn)
oJ. • n' rn n n n

4. 1.2D
n
+l.3W

n
+0.5Ln+0.5(Lrn or Sn or Rn)

5. 1.2Dn+l.5En+(O.5Ln or O.2Sn)

6. O.9D -(1.3W or 1.5En)
n n

where

Dn =nominal dead load

E =nominal earthquake load
n

Ln =nominal live load

Lm
=nominal roof live load

Rn = nominal roof rain load

Sn =nominal snow load

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

individual purlins, girts, wall panels and roof decks,

multiply the load factor for W by 0.9)n

Exception: The load factor on L in combination (3), (4), and (5) shall
n

be equal to 1.0 for garages, areas occupied as places of public as-

sembly, and all areas where the live load is· greater than 100 psf.

For roof and floor construction, the load combination for dead

load, weight of wet concrete, and construction load including equip-

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

Commentary. 13

9



When the structural effects of F, H, P, or T are significant, they

shall be considered in design as the following factored loads: 1.3F,

1.6H, 1.2P, and 1.2T, where

F = loads due to fluids with well-defined pressures and

maximum heights

H = loads due to the weight and lateral pressure of soil and

water in soil

P = loads, forces, and effects due to ponding

T = self-straining forces and effects arising from contraction

or expansion resulting from temperature changes,

shrinkage, moisture changes, creep in component materials,

movement due to differential settlement, or combinations

thereof

The preceding load combinations are listed in Section A5.1.4 of the

LRFD Specification13 and should be used in the computation of the load

effects. The combination of dead and live load with an assumed dead-

to-live load ratio of 1/5 were used to develop the LRFD criteria for

cold-formed steel.

The coefficient of variation of the resistances, V
R

, is related

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

(II.4)

The coefficient of variation of the load effects, VQ, can be computed

from the nominal qead-to-live load ratio and the coefficient of vari-

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

to 1/5, VQ is equal to 0.21.

10



(II.S)

The resistance factor can be obtained from the following equation

developed in Reference 10.

1.S21M F Pm m m
$ = ----;:=~

exp(~JVR2+VQ2)

All statistical data and calculations for material factors, fabrication

factors, professional factors, coefficients of variation of resist-

ances, and resistance factors can be found in References 4 through 13.

In the LRFD criteria, the factored nominal resistance for design

is cpR . For the purpose of comparison, the unfactored load combinationn

CD +L ) or allowable load can be computed from the nominal resistancen n

R , the resistance factor $, and a given D /L ratio as follows:
n n n

<PRn ~ c(l.2D +1.6L )n n

Therefore,

cpR
n

cC1.2D /L +1.6)L
n n n

~ c( 1. 2Dn/Ln+1. 6) ((Dn+Ln) I (Dn/Ln+1))

R
ncCD +L ) S;

n n
(1.2D /L +1.6)/(<P(D IL +1))

n n n n

(11.6)

where c is the deterministic influence coefficient to transform the

load to load effect.

From Eq. (11.6), the factor of safety against the nominal resistance

used in the LRFD is:

(F,S')LRFD = (1.2Dn/Ln+1.6)/(<P(Dn/Ln+1)) (11.7)

Equation (rI.6) was used in this study to compare the AISI Specifica-

tion for allowable stress des;gn and the Load and
~ Resistance Factor

Design Specification. The results are presented' and discussed in

Chapters III through IX.
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III. TENSION MEMBERS

A. ALLOWABLE STRESS DESIGN CASD)

According to Section C2 of the AISI Specification1
, cold-formed

steel tension members should be designed to satisfy the following re-

quirement:

"For axially loaded tension members, the applied tensile force

shall not exceed T determined as follows:a

T = T /0 (111.1)ant

where

T = Strength of member when loaded in tension
n

= A Fn y

0t = Factor of safety for tension

= 1.67

A = Net area of the cross section
n

F = Design yield stress."
y

B. LOAD AND RESISTANCE FACTOR DESIGN CLRFD)

(III.2)

Based on Section C2 of the proposed LRFD Specification13
, the

following provisions are used for the design of cold-formed steel

tension memb~rs:

"For axially loaded tension members, the factored nominal tensile

strength, ~T , shall be determined as follows:
n

~ = 0.95

T = A Fn n y

where

12
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¢ =Resistance factor for tension

T = Nominal strength of member when loaded in tension
n

A = Net area of the cross section
n

F =Design yield stress."
y

C. COMPARISON

For a comparison between the allowable stress design and the LRFD

approach, the unfactored load can be calculated by using the following

equation for both design methods:

where

P = total unfactored load applied to the member
T

(IIL4)

PDL=axial tension due to the nominal dead load

PLL= axial tension due to the nominal live load

This total unfactored load should be less than or equal to the allowable

load. For allowable stress design, the allowable load is

(IlLS)

For LRFD, the allowable load can be calculated by using Eq. (11.6).

Because Tn = AnFy' Eq. (111.6) can be rewritten as

(Pa)LRFD =¢AnFy(D/L+l)/(1.2D/L+l.6)

13

(III. 6)

(III. 7)
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where D/L is the ratio of the nominal dead load to the nominal live

load. From Eq. (III. 7) it is clear that the allowable load based on

LRFD is a function of not only cross-sectional area and yield strength

of the steel but also the dead-to-live load ratio. This will be true

for all structural members designed by LRFD method.

Therefore, based on Eqs. (111.5) and (111.7), the allowable load

ratio for tension members is

(Pa)LRFD D/L+1
= 1.67<1>

(Pa)ASD 1. 2D/L+1. 6

For the value of <f> = 0.95

(Pa\RFD D/L+1
= 1.58

(Pa)ASD 1. 2D/L+1. 6

(IIL8)

(III.9)

Figure 2 shows the allowable load ratio versus dead-to-live load

ratio. When D/L < 1/25, the allowable load determined by the LRFD method

is slightly less than that determined by the allowable stress design.

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

A. GENERAL

Cold-formed steel flexural members have several possible modes

of failure. In the design of beams, consideration should first be given

to the section strength based on either initiation of yielding in the

effective section or the inelastic reserve capacity as applicable.

For beams with inadequate lateral bracing, lateral buckling may limit

the moment-resisting capacity. Beam webs have to be designed for shear

and combined bending and shear. Because of highly localized concen-

trations of stress resulting from applied concentrated loads or re-

actions, web crippling and combined bending and web crippling have to

be checked. Excessive deflection due to' service live load could also

be a problem.

B. STRENGTH FOR BENDING ONLY

1. Allowable Stress Design. Based on Section C3.1 of the AISI

Specification, the following provisions are used for the design of

cold-formed steel flexural members based on bending strength:

"In flexural members, the applied moment uncoupled from axial

load, shear, and local concentrated forces or reactions shall not ex-

ceed the allowable M calculated as follows:a

M = M fOfa n

where

(IV. 1)

M = Smaller of the nominal moment strength calculated according
n

to Sections C3.1.1 and C3.1.2

16



Of =Factor of Safety for bending

= 1.67

C3.l.l Nominal Section Strength

Section strength shall be calculated either on the basis of ini-

tiation of yielding in the effective section (Procedure I) or on the

basis of the inelastic reserve capacity (Procedure II) as applicable.

(a) Procedure I - Based on Initiation of Yielding

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

determined as follows:

M = S Fn e y

where

(IV.2)

F = Design yield stress as determined in Section AS.2. 1
Y

S = Elastic section modulus of the effective section calculated
e

with the extreme compression or tension fiber at Fy

(b) Procedure II - Based on Inelastic Reserve Capacity

The inelastic flexural reserve capacity may be used when the

following conditions are met:

(1) The member is not subject to twisting or to lateral,

torsional, or torsional-flexural buckling.

(2) The effect of cold forming is not included in determining

the yield point F .
Y

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

to its thickness does not exceed A
l

.

(4) The shear force does not exceed O.35F times the web area,
y

h x t.

17



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

30 degrees.

The nominal moment strength, M , shall not exceed either
n

1.25S F determined according to Procedure I or that causing
e y

a maximum compression strain of C e (no limit is placed on the
y y

maximum tensile strain).

where

e = Yield strain = F IE
y y

E = Modulus of elasticity

C = Compression strain factor determined as follows:
y

(a) Stiffened compression elements without intermediate

stiffeners

C = 3 for wit ~ ,\y

C = 3-2((w/t-A1)/(A2-A1)) for Al < wit < A2Y

C = 1 for wit ~ A2Y

where

1. lll./Fy/E

1. 28/1Fy/E

(IV.3)

(IV.4)

(b) Unstiffened compression elements

C = 1y

(c) Multiple-stiffened compression elements and compression

elements with edge stiffeners

C = 1y.

When applicable, effective design widths defined in Section B3.1

shall be used in calculating section properties. M shall be calculated
n

considering. equilibrium of stresses, assuming an ideally elastic-

18



plastic stress-strain curve which is the same in tension as in com-

pression, assuming small deformation and assuming that plane sections

remain plane during bending. Combined bending and web crippling shall

be checked by provisions of Section C3.5.

C3.1.2 Lateral Buckling Strength

For the laterally unbraced segments of doubly- or singly-symmetric

sections subjected to lateral buckling, M shall be determined asn

follows:

M = S (M /Sf)n c c

where

(IV. 5)

Sf =Elastic section modulus of the full unreduced section for the

extreme compression fiber

Sc =Elastic section modulus of the effective section calculated at

a stress Mc/S f in the extreme compression fiber

Mc = Critical moment calculated according to (a) or (b) below:

(a) For 1- or Z-sections bent about the centroidal axis

perpendicular to the web (x-axis):

ForM ~ 2.78M
e. y

M = Mc y

For 2.78M > M > O.56M
Y e Y

Mc = (lO/9)My (1-lOMy/36M
e

)

For M ~ O.56Me y

M = Mc e

where

(IV.6)

(IV. 7)

(IV.8)

My =Moment causing initial yield at the extreme compression

19



(IV.9)

fiber of the full section

= SfFy

M = Elastic critical moment determined either as defined in (b)
e

below or as follows:

=rr2ECb(dI /L2
) for doubly-symmetric I-sections (IV.lO)yc

= rr2ECbdI /(2L2
) for point-symmetric Z-sections (IV.l1)yc

L = Unbraced length of the member

I = Moment of inertia of the compression portion of a sectionyc

about the gravity axis of the entire section parallel to

the web, using the full unreduced section

Other terms are defined in (b) below.

(b) For singly-symmetric sections (x-axis is assumed to be the axis

of symmetry):

For M > 0.5Me y

M =M (l-M /4M )c y y e

For M ~ 0.5Me y

M = Mc e

where

(IV.12)

(IV.l3)

M is as defined in (a) above
y

M = Elastic critical moment
e

Me = CbroAJOeyOt for bending about the symmetry axis (x-axis

is the axis of symmetry oriented such that the shear

center has a negative x-coordinate).

Alternatively, M can be calculated using the formulae

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

(IV.14)
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Me
=C Acr (j+C Jj2+r02(crt/crex))/CTF

s ex S

for bending centrodial axis perpendicular to the

(IV .15)

Cs

symmetry axis

= + 1 for moment causing compression on the shear center

side of the centroid

C = - 1 for moment causing tension on the shear center
s

side of the centroid

cr =rr2EI CK L /r )2 (IV. 16)
ex x x x

cr = rr2EI CK L I r )2 (IV. 17)
ey y y Y

crt = II CAr0
2) (GJ+rr2ECw/(Kt Lt )2) (IV. 18)

A = Full cross-sectional area

C
b

= Bending coefficient which can conservatively be taken

as unity, or calculated from

where

M1 is the smaller and M2 the larger bending moment at

the ends of the unbraced length, taken about the strong

axis of the member, and where M1/M2, the ratio of end

moments, is positive when M
1

and M
2

have the same sign

(reverse curvature bending) and negative when they are

of opposite sign (single curvature bending). When the

bending moment at any point within an unbraced length

is larger than that at both ends of this length, and

for members subject to combined axial load and bending

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

E =Modulus of elasticity
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d = Depth of section

where

M1 is the smaller and M2 the larger bending moment at

the ends of the unbraced length, and where M1/M2 , the

ratio of end moments, is positive when M1 and M2 have

the same sign (reverse curvature bending) and negative

when they are of opposite sign (single curvature

bending). When the bending moment at any point within

an unbraced length is larger than that at both ends

of this length, and for members subject to combined

axial load and bending moment (Section C5), CTF shall

be taken as unity.

r o = Polar radius of gyration of the cross section about

the shear center

=Jr 2+r 2+X 2
X Y a (IV.19)

r r = Radii of gyration of the cross section about thex' y

centroidal principal axes

G = Shear modulus

K K Kt = Effective length factors for bending about the x- andx' y'

y-axes, and for twisting

Lx' Ly' Lt = Unbraced length of compression member for bending about

the x- and y-axes, and for twisting

Xo = Distance from the shear center to the centroid along

the principal x-axis, taken as negative

J = St. Venant torsion constant of the cross section

22



C =Torsional warping constant of the cross section
w

j (IV. 20)"

2. LRFD Criteria. Based on Section C3.1 of the LRFD

Specification13 , for flexural members subjected only to bending moment,

the factored nominal bending strength, ~Mn' s~all be the smaller of

the values calculated according to nominal section strength and lateral

buckling strength.

For nominal section strength, the factored nominal bending

strength, ~M , shall be determined with ~ = 0.95 and 0.90 for sectionsn

with stiffened compression flanges and unstiffened compression flanges,

respectively, and the nominal section strength, M , calculated exactly
n

the same as that specified in Section C3.1.1 of the AISI Specification.

For lateral buckling strength, the factored nominal strength of

the laterally unbraced segments of doubly- or singly-symmetric sections

subjected to lateral buckling,. ~M , shall be determined with ~ = 0.90
n .

and M calculated exactly the same as that specified in Section C3.1.2n

of the AISI Specification.

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

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

(IV.21)

where

~ =total unfactored moment

MDL = moment due to the nominal dead load

MLL = moment due to the nominal live load

For allowable stress design, the allowable moment is determined

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

is

(IV. 22)

For LRFD, the allowable moment can be computed by using the fol

lowing equation developed from Eq. (11.6).

(Ma)LRFD = ~Mn(D/L+1)/(1.2D/L+l.6) (1V.23)

The ratio of the allowable moments for both nominal section

strength and lateral buckling strength is

O/L+l
= 1.67~ ----

1.2D/L+l.6
(IV.24)

For nominal section strength of sections with stiffened compression

flanges, ~ = 0.95

= 1.58
O/L+l

1. 20/L+1. 6
(IV.25)

Figure 3 shows the allowable moment ratio versus dead-to-live load

ratio for beams with stiffened compression flanges based on the nominal

section strength. For O/L = 1/25 both design methods will give the same

value of allowable moment. However, LRFO will be conservative for O/L

< 1/25 and unconservative for O/L > 1/25 as compared with the allowable

stress design method.

For nominal section strength of sections with unstiffened compression

flanges and lateral buckling strength, ~ = 0.90

(Ma)LRFD O/L+l
= 1. 50 (IV.26)

(Ma)ASD 1. 2D/L+1. 6

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

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

24



D/L = 1/3. For D/L = 0.5, the allowable moment based on LRFD is about

2.3% larger than the value obtained from allowable stress design. When

the dead-to-live load ratio for cold-formed steel is less than 113)

the LRFD criteria are found to be conservative for nominal section

strength of sections with unstiffened compression flanges and lateral

buckling as compared with the allowable stress design method.

C. STRENGTH FOR SHEAR ONLY

There are three possible modes of shear failure in beam webs. For

a relatively small hit ratio) shear yielding will be the failure mode.

For webs with large hit ratios) the webs will fail in elastic shear

buckling. For moderate values of hit, the shear buckling will be in

the inelastic range.

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

not exceed the allowable shear, Va' speCified in Section C3.2 of the

AISI Specification as follows:

(a) For hit ~ 1. 38jEk IF
v y

V = 0.38t2
jk F E ~ 0.4F hta v y y

(b) For hit> 1.38JEk IF
v y

V = O.53Ek t
3/h

a v

where

(IV. 27)

(IV.28)

t = Web thickness

h = Depth of the flat portion of the web measured along the plane

of the web

k = Shear buckling coefficient determined as follows:v
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1. For unreinforced webs, k = 5.34
v

2. For beam webs with transverse stiffeners satisfying the

requirements of Section B6

when a/h ~ 1. 0

k = 4.00+5.34/(a/h)2
v

when a/h > 1. 0

k = 5.34+4.00/(a/h)2
v

where

(IV.29)

(IV. 30)

a = the shear panel length for unreinforced web element

= distance between transverse stiffeners for web elements.

For a web consisting of two or more sheets, each sheet shall be

considered as a seperate element carrying its share of the shear force.

2. LRFD Criteria. According to Section C3.2 of the LRFD Spec-

ification, the factored nominal shear strength, ~vVn' at any section

shall be calculated as follows:

(a) For hit ~ jEk IF
v .y

<1> = 1.0v

(b)

(c)

Vn = 0.577Fyht

For JEk IF < hit ~ 1. 415JEk IFv y v y

~ = 0.90v

V = 0.64t2Jk F En v y

For hit> 1.415JEk IFv y

~ = 0.90v .

Vn = 0.905Ekvt3/h

(IV.31)

(IV.32)

(IV.33)

where

~ = Resistance factor for shear'+'v
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The unfactored shear force can be calculated for3. Comparison.

v = Nominal shear strength of the beam
n

both ASD and LRFD methods by using the following equation.

(IV. 34)

where

VT = total unfactored shear force

VDL = shear force due to the nominal dead load

V = shear force due to the nominal live load
11

This total unfactored shear force should be less than or equal to the

allowable shear capacity. For allowable stress design, the allowable

shear load for beam webs is

(IV. 3S)

For LRFD, the allowable shear load equation was developed from Eq.

( II . 6) and is

(V )LRFD = ~ V (D/L+l)/(1.2D/L+1.6)a v n
(IV.36)

The allowable shear force, V , for allowable stress design isa

determined from shear yielding with a factor of safety of 1.44, from

the critical stress for elastic shear buckling with a factor of safety

of 1.71, and from the critical stress for inelastic shear buckling with

a factor of safety of 1.67. The limits of the hit ratio were obtained

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

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

different factor of safety, the hit limits are slightly different for

both design criteria. For example, for hit greater than 1. 38jEkv/Fy

and less than 1. 41SjEkv/Fy ' inelastic shear buckling will govern for

LRFD.

29



1 •00.80.4

1.0S

1 .10

,#,#

"--""",#,

",-'"
""""",

""""",
"",

""
",~'

,",/ Eq. (IV. 38)
,

,<tI",,

",
"1 .00+----~/:L----::,.~'--------~~---------

/ ,"
/ ,'-

// ,,.",
II ""

/ ,/
I ",

/ ,'-,,

",",,,,,
"

O. 90 L,.............--.,...,.......--'I""T".........,....,.~....,.....,,...,.....T""'I"'".,....,.. .......~--."'T""..--.,....,.. ....................,....,.....,,...,...,....,...........,....,."T

0.0

0.9S

Dead-To-Live Load Ratio, D/L.

Figure 5. Allowable Shear Ratio vs. D/L Ratio for Shear
Strength of Beams

30



1 .10

Eq. (IV. 37) Eq. (IV.38) Eq. (IV. 39)

F = 33 ksiy

k = 5.34v

O/L = 1/5

O/L = 1/3

-----------------------------

0.95

....---, II! ·

-------r----------
I
I
I
I____.J,. _

r I

I :
I I
I :
I :
~---------.-~~r----------------------------------------------------

1.00.l---------i;:---+-------------

O/L = 1/2 J
----------- ~--~

1.05

o.90 1r,......~P"P't"..."1"'t"""'9'T'I' ......'TT'P"P't"9'T'I'......"T1'rT"I~,.,.,.,.,,jTT"9'T'I''rT''I''TT'"'''',"T"l""""""""'''''''''''''''''9'T'I''''T"'''',?M"""'''"''T,

o 25 SO 75 100 125 150 175 200

hit Ratio

Figure 6. Allowable Shear Ratio vs. hit Ratio for Shear
Strength of Beams

31



The allowable shear ratios are:

jEk /F and It> =For hit ~ 1. 0,v y v

(Va)LRFO 0/L+1 0/L+1
= 1. 4431t> = 1.443

(Va)ASO v 1. 20/L+1. 6 1. 20/L+1. 6

For JEk /F < hit ~ 1.38JEk /F and It> = 0.90
v Y v Y v

(Va)LRFO 0/L+1 0/L+1
= 1. 6741t> = 1.507

(Va)ASO v 1. 20/L+1. 6 1. 20/L+1. 6

1.415JEk /FFor hit > and It> = 0.90
v Y v

(Va)LRFD 0/L+1 0/L+1
= 1. 7121t> = 1. 541

(Va)ASO v 1. 20/L+1. 6' 1. 20/L+1. 6

(IV. 37)

(IV.38)

(IV. 39)

Figure 5 shows the allowable shear ratio versus dead-to-1ive load

ratio for the three failure modes. For O/L = 0.5, the allowable shear

determined according to LRFD may be up to 5% higher than the value

obtained from allowable stress design. For O/L < 0.17, LRFO is gener-

ally conservative. When O/L > 0.65, LRFD gives larger values of the

allowable shear capacity.

In Figure 6, the relationships of allowable shear ratio and hit

ratio are shown graphically for dead-to-live load ratios equal to 1/5,

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

clearly in this figure.

O. STRENGTH FOR COMB lNED BENDING AND SHEAR
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For continuous beams and cantilevers, maximum bending stress and

shear stress act simultaneously at supports. The beams will fail at a

lower stress than if only one stress were present. The interaction

between bending and shear must be checked.

1. Allowable Stress Design. For beams subjected to both bending

and shear, the following equations should be satisfied in accordance

with Section C3.3 of the AISI Specification.

For beams with unreinforced webs, the moment, H, and shear, V,

shall satisfy the following interaction equation:

(IV.40)

For beams with transverse web stiffeners, the moment, H, and

shear, V, shall not exceed H and V respectively. When H/H > 0 5 anda a a .

VIVa> 0.7, then H and V shall satisfy the following interaction

equation:

(IV.41)

In the above equations:

Ha = Allowable moment determined according to Section C3.1.1

when bending alone exists excluding lateral buckling

Va = Allowable shear force when shear alone exists

LRFD Criteria.2.

ifies that for beams

and the shear force,

Section C3.3 of the LRFD Specification spec-

with unreinforced webs, the bending Hmoment, D'

VD, computed on the basis of the factored loads

shall satisfy the following interaction equation:

CHD/<t>Mn)2+CVD/<t>vVn)2 .~ 1.0
(IV.42)

For beams with transverse web stiffeners, the
bending moment,

MD, and the shear force, VD, computed on the basis of the factored loads
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shall not exceed ¢M and ¢ V , respectively. When MD/(¢M ) > 0.5 andn v n n

VD/(¢vVn) > 0.7, then Mu and VD shall satisfy the following interaction

equation:

O.6(Mn/¢M )+(Vn/¢ V ) ~ 1. 3n v n

In the above equations:

¢ = Resistance factor for bending

(IV.43)

¢v = Resistance factor for shear

M = Nominal ultimate bending moment determined according ton

Section C3.1.1 when bending alone exists

V = Nominal ultimate shear strength when shear alone existsn

3. Comparison. A typical design example was selected for com-

parison purposes. The example deals with a three-equal-span continuous

beam subjected to a uniformly distributed dead and live load. The

combination of the following maximum moment and shear would occur at

the interior supports.

~L = MDL+MLL = cmw~2 (IV. 44)

VT = VDL+VLL = cvw~ (IV.45)

where c and c are the deterministic influence coefficients for ap-m v

plied moment and shear based on support conditions and number of spans

and wT is the unfactored applied uniform load.

The allowable load based on allowable stress design was calculated

as follows:

M

Ma

=---=
O.6M

n
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For hit ::;; 1. 3S[Ek IF ,v y

v
------= (IV. 47)

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

Therefore,

1

For hit> 1.415JEk IF ,v y

(IV.48)

(IV.49)

By substituting Eqs. (IV.46) and (IV.49) into Eq. (IV.40),

Therefore,

1
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The allowable uniform load based on LRFD was calculated as fol-

lows:

(IV. 51)

1. 2D/L+1. 6 [.2.-] =
D/L+1 q> Vv n

(IV. 52)

By substituting Eqs. (IV.51) and (IV.52) into Eq. (IV.42),

Therefore,

= w 2(1.2D/L+1.6)2[(~)2 +(~f] = 1
T D/L+1 q>M q> vII

n v n

D/L+1

1. 2D/L+1. 6

1
(IV.53)

For the design example used in this comparison, the coefficients,

c and c , are equal to 0.10 and 0.60, respectively. Therefore, by usingm v

q> = 0.95 and 0.90 for sections with stiffened compression flanges and

unstiffened compression flanges, respectively, for nominal section

strength and q> = 0.90, the allowable uniform load ratios are as fol
v

lows:
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For hit ~ 1.38jEk IF ,v y

(wT)LRFD D/L+1
=

(wT)ASD 1.2D/L+1.6

2
2.803+0.07716(VnL/Mn )

2
1. 235+0.02778(VnL/¢Mn )

2.929+0.07716(V LIM )2n n

1.235+0.02778(V L/¢M )2n n

(IV. 54)

(IV.55)

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

(IV. 56)

where K is a variable determined from section properties, material
w

strength, and span length for a particular design example.

For combined bending and shear, the allowable load ratio can be

determined by using Eq. (IV. 56) as given above. It· is not only a

function of dead-to-live load ratio but is also a function of hit,

sectional geometry, and material strength. Because of the complexity

involved in the comparison, several individual beam sections of dif-

ferent depths and thicknesses were studied.

Figure 7 shows the allowable load ratio versus dead-to-live load

ratio for 5 in. x 2 in. standard channel sections with stiffened flanges

which are listed in Table 1 of Part V of the AISI Design Manual44
•

Different curves represent the relationships for different thicknesses

by using the same span length and material. Table IV.1 shows the sec-

tional properties and calculated values used to Qbtain the curves which
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indicate that thinner members result in slightly lower values for the

allowable load ratio except t = 0.048 in. which is governed by Eq.

(IV.55) because of the higher hit ratio.

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

in. channel with stiffened flanges for OIL = liS and F = 33 to 50
Y

ksi. Span lengths and calculated values used to obtain the curves are

included in Table IV.2. It can be seen that the material strength has

little effect on the allowable uniform load ratio. This figure also

shows that for the channel section used in this comparison, the al-

lowable load permitted by LRFD is larger than that determined by ASD

for span length larger than 20 in.

Figure 9 shows the allowable uniform load ratio versus hit ratio

for the 5 in. - deep channels used in Figure 7 and Table IV.1 for a

dead-to-live load ratio of liS and a span length of 5 ft. Table IV.3

shows the calculated values for F = 50 ksi. For F = 33 and 50 ksi,
y Y

this figure shows that the smallest allowable load ratio occurs at hit

= 75.

Figure 10 shows the relationship of allowable load ratio and

dead-to-live load ratio for channels with stiffened flanges. Sectional

properties and other related data are included in Table IV.4. Deeper

sections with larger hit ratios give smaller values of the allowable

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

Section hit V M <pM K
(Ki~s)

n (K-iR. )
w

(K-l.n. )

5x2xO.135 32.26 26.594 61.803 58.712 1. 5790

0.105 42.05 16.088 49.625 47.144 1.5761

0.075 62.17 8.208 36.917 35.071 1.5694

0.060 78.21 5.253 28.555 27.127 1. 5646

0.048 98.26 3.343 21.795 20.705 1. 5695

* F = 33 -ksi, L = 60 in.y

Channels with unstiffened flanges were also studied.· Figure 11

shows the allowable load ratio versus dead-to-live load ratio for 6

in. x 1.5 in. standard channel sections with unstiffened flanges which

are listed in Table 2 of Part V of the AISI Design Manual. Different

curves represent the relationships for different thicknesses by using

the same span length and material. Table IV. 5 shows the sectional

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

dicate that thinner members result in slightly higher values for the

allowable load ratio.
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Figure 7. Allowable Load Ratio vs. O/L Ratio for Combined
Bending and Shear in Beams - Case A
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Table IV.2
5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges

for Various Lengths and Yield Points

F L V M epM K
(ksI) (in. ) (Ki~s) Xl (K-ilt. ) w(K-l.n. )

33 0 16.088 49.625 47.144 1. 5065

25 16.088 49.625 47.144 1. 5546

50 16.088 49.625 47.144 1.5733

75 16.088 49.625 47.144 1. 5785

100 16.088 49.625 47.144 1. 5805

SO 0 19.803 75.190 71. 430 1. 5065

25 19.803 75.190 71. 430 1.5469

50 19.803 75.190 71. 430 1. 5691

75 19.803 75.190 71. 430 1.5763

100 19.803 75.190 71. 430 1. 5792
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Table IV.3
5 in. x 2 in. Channels With Stiffened Flanges for Fy = 50 ksi

Section hit V M ¢M K
(Ki~s)

n (K-iR. )
VI

(K-1n. )

5x2xO.135 32.26 32.735 93.640 88.958 1.5770

0.105 42.05 19.803 75.190 71.430 1.5729

0.075 62.17 10.103 54.626 51. 895 1. 5648

0.060 78.21 6.466 39.016 37.066 1. 5615

0.048 98.26 3.343 30.687 29.153 1. 5625

* L = 60 in.

Table IV.4
Channels With Stiffened Flanges - Case B.

Section hit V M ¢M K
(Ki~s)

n (K-iR. ) VI(K-1n. )

9x3.25xO.105 80.14 16.088 152.534 144.907 1. 5453

7x2.75xO.l0S 61. 10 16.088 99.487 94.512 1.5607

5x2xO.105 42.05 16.088 49.625 47.144 1.5761

3.5x2xO.l05 27.76 16.088 30.531 29.005 1. 5804

* F - 33 ksi, L = 60 in.
y
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In Figure 12, the span length was varied for a 6 in. x 1.5 in. x

0.105 in. channel with unstiffened flanges for OIL = 1/5 and F = 33
Y

to 50 ksi. It can be seen that the material strength has small effect

on the allowable load ratio. This figure also shows that for the channel

section used in this comparison, the allowable load permitted by LRFD

is about 2% less than that determined by ASD for various span lengths.

Figure 13 shows the allowable load ratio versus h/t- ratio for the

6 in.-deep channels used in Figure 11 and Table IV.5 for a dead-to-live

load ratio of 1/5 and a span length of 5 ft for F = 33 and 50 ksi.
y

This figure shows that higher hit ratios give slightly larger values

of allowable load ratio.

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

Section hit V M <t>M K
(Ki~s) n (K- iN. ) w(K-l.n. )

6x1.5xO.135 39.67 26.594 58.667 52.800 1. 5002

0.105 51. 57 16.088 46.637 41. 973 1. 5004

0.075 75.50 8.208 31.788 28.609 1.5008

0.060 94.88 5.253 24.129 21. 716 1. 5011

0.048 119.09 2.758 18.314 . 16.483 1. 5123

* F = 33 ksi, L = 60 in.y
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Table IV.6
6 in. x 1.5 in. x 0.105 in. Channels With Unstiffened Flanges

for Various Lengths and Yield Points

F L V M <pM K
(ksl) (in. ) (Ki~s)

0. (K-iR. ) w
(K-~n. )

33 0 16.088 46.637 41.973 1. 5065

25 16.088 46.637 41.973 1. 5021

50 16.088 46.637 41.973 1.5006

75 16.088 46.637 41.973 1.5003

100 16.088 46.637 41.973 1.5001

50 0 19.803 68.840 61. 956 1.5065

25 19.803 68.840 61. 956 1.5026

50 19.803 68.840 61. 956 1. 5009

75 19.803 68.840 61. 956 1.5004

100 19.803 68.840 61. 956 1.5002

Table IV.7
6 in. x 1.5 in. Channels With Unstiffened Flanges, for F = 50 ksiy

Section hit V M <pM K
(Ki~s)

0. (K-iR. ) w
(K-~n. )

6x1. 5xO. 135 39.67 32. 735 88.890 80.001 1. 5004

0.105 51. 57 19.803 68.840 61. 956 1. 5006

0.075' 75.50 10.103 45.584 41. 026 1. 5011

0.060 94.88 5.410 34.647 31. 183 1.5117

0.048 119.09 2.758 26.283 23.655 1. 5191

* L = 60 in.
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For hat sections, one web was assumed to carry one-half of the

load and, therefore, only half-sectional properties were used. Dimen

sions and sectional properties of numerous hat sections are given in

Table 9 of Part V of the AISI Design Manual and Table IV.8 lists sec

tional properties and calculated member strengths used in this com

parison. Figure 14 shows the relationships between allowable uniform

load ratio and dead-to-live load ratio for three hat sections with a

yield point of 33 ksi and a span length of 5 ft. All 4 in. deep hat

sections resulted in the same curve regardless of h/t ratio. Hat

sections with larger depths or larger h/t ratios resulted in smaller

values of allowable load ratio.

I-sections made of two channels back-to-back would result in the

same comparison and conclusions as the single channel sections.

From Figures 7 through 14, it can be seen that for dead-to-live

load ratios less than about 1/10, the LRFD criteria for combined

bending and shear are usually conservative compared with the allowable

stress design method. For O/L = 0.5, the differences range from 2.7%

to 7.8%. For large O/L ratios, ASO method is always conservative than

LRFD. Yield point of steel has little effect on the allowable load

ratio. The lower the yield point, the larger the difference. Span

length has little effect on the allowable uniform load ratio as shown

in Figs. 8 and 12. For channels and I-sections, smaller h/t ratios

result in a slightly larger difference "between allowable uniform loads

obtained from these two design methods. For hat sections, smaller

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

Section hit V M <pM K
(Ki~s)

n (K-iN. ) w
(K-~n. )

4x2xO.075 48.83 8.208 15.086 14.331' 1. 5805

4x4xO.105 32.52 16.088 29.374 27.906 1. 5806

4x4xO.075 48.83 8.208 17.237 16.375 1. 5798

4x6xO.135 24.85 26.594 43.978 41. 779 1.5810

4x6xO.105 32.52 16.088 30.756 29.218 1.5803

6x9xO.105 51. 57 16.088 55.454 52.681 1. 5745

10x5xO.075 128.83 6.225 72.671 69.037 1. 5573

* F = 33 ksi, L = 60 in.
y

E. WEB CRIPPLING STRENGTH

Beam webs should be checked for web crippling at locations of high

intensity loads. This would occur under concentrated loads or support

reactions.

1. Allowable Stress Design. To avoid crippling of unreinforced

flat webs of flexural members having a flat width ratio, hit, equal

to or less than 200, concentrated loads and reactions shall not exceed

the value of Pa given in Table IV.9 according to Section C3.4 of the

AlSI Specification. Webs of flexural members for which hit is greater

than 200 shall be provided with adequate means of transmitting con-

centrated loads andlor reactions directly into the webs.
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The formulas in Table IV. 9 apply to beams when R/t s; 6 and to deck

Table IV.9
Allowable Load for Web Crippling, Pa

Shapes Having Shapes Having
Single Webs Multiple Webs(l)

Stiffened Unstiffened Stiffened and Un-
Flanges Flanges stiffened Flanges

End
Opposing Reaction(3) Eq. IV.57 Eq. IV.58 Eq. IV.59
Loads
Spaced
>1.5h(2) Interior

Reaction(4) Eq. IV.60 Eq. IV.60 Eq. IV.61

End
Opposing Reaction(3) Eq. IV.62 Eq. IV.62 Eq. IV.63
Loads
Spaced
s; 1.5h(5) Interior

Reaction(4) Eq. IV.64 Eq. IV.64 Eq. IV.65

Footnotes and Equation References to Table IV.9:

(1) I-sections made of two channels connected back to back or similar

sections which provide a high degree of restraint against rotation

of the web (such as I-sections made by welding two angles to a

channel) .

(2) At locations of one concentrated load or reaction ac~ing either on

the top or bottom flange, when the clear distance between the

bearing edges of this and adjacent opposite concentrated loads or
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reactions is greater than 1.Sh.

(3) For end reactions of beams or concentrated loads on the end of

cantilevers when the distance from the edge of the bearing to the

end of the beam is less than 1.Sh.

(4) For reactions and concentrated loads when the distance from the

edge of bearing to the end of the beam is equal to or greater than

1.Sh.

(5) At locations of two opposite concentrated loads or of a concentra-

ted load and an opposite reaction acting simultaneously on the top

and bottom flanges, when the clear distance between their adjacent

bearing edges is equal to or less than l.Sh.

Equations for Table IV.9:

t 2kC3C4Ce (179-0.33(h/t)) (1+0.0l(N/t)] (IV.57)

t 2kC3C4Ce(117-0.1S(h/t)) (l+O.Ol(N/t)) (IV.58)

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

(0.71+0.015(N/t))

t 2FyC6(S.O+0.63JN/t) (IV.59)

t 2
kC1C2Ca (291-0.40(h/t)) (l+0.007(N/t)) (IV.60)

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

(0.7S+0.011(N/t))

t 2FyCs (0.88+0.12m)(7.S0+1.63}N/t) (IV.6l)

t 2kC3C4Ca (132-0. 31(h/t)) (1+0. Ol(N/t)) (IV. 62)

t 2FyC8(0.64+0.31m)(s.0+0.63}N/t) (IV.63)

t 2kC1C2Ca(417-1.22(h/t)) (1+0.0013(N/t)) (IV.64)

t 2FyC7(0.82+0.15m)(7.50+1.63JN/t) (IV.65)

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

Cl = (1.22-0.22k)

C2 = (1.06-0.06R/t)~1.0

C3 = (1.33-0.33k)

C4 = (1.lS-0.lSR/t)~1.0 but not less than O.SO

Cs = (1.49-0.53k)~0.6

C6 = 1+(h/t)/750, when h/t~lS0

= 1.20, when h/t>lS0

C7 = l/k, when h/t~66.5

(IV.66)

(IV.67)

(IV.68)

(IV.69)

(IV.70)

(IV.71)

(IV.72)

(IV.73)

= (1.10-(h/t)/665]/k, when h/t>66.S (IV.74)

C8 = (0.98-(h/t)/865]/k (IV.75)

C8 = 0.7+0.3(8/90)2 (IV.76)

F = Design yield stress of the web, ksi
y

h =Depth of the flat portion of the web measured along the plane

of the web

k = Fy /33

m = t/0.075

t = Web thickness, inches

(IV.77)

(IV.78)

N =Actual length of bearing) inches. For the case of two equal

and opposite concentrated loads distributed over unequal

bearing lengths, the smaller value of N shall be taken

R = Inside bend radius

8 = Angle between the plane of the web and the plane of the

o 0bearing surface ~ 45 , but not more than 90

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

ifies that to avoid crippling of unreinforced flat webs of flexural
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members having a flat width ratio, hit, equal to or less than 200,

concentrated loads and reactions determined according to the factored

design loads shall not exceed the values of ~wPn' with ~w = 0.75 and

0.80 for single unreinforced webs and I-sections, respectively, and

P given in Table C3.4-1 of the LRFD Specification which is obtained
n

from the above listed equations by using a factor of safety of 1.85

for single unreinforced webs and 2.0 for multiple webs. For webs of

flexural members for which hit is greater than 200 shall be provided

with adequate means of transmitting concentrated loads and/or reactions

directly into the webs.

3. Comparison. The unfactored concentrated load or reaction can

be calculated for both methods by using Eq. (IV.79):

(IV.79)

where

PT = total unfactored load

PDL =nominal dead load

PLL =nominal live load

The total unfactored load should be less than or equal to the allowable

load based on web crippling. For allowable stress design, the allowable

load is Pa , For LRFD, the allowable load is computed from Eq. (11.6)

and is as follows:

(IV.80)
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Figure 15. Allowable Load Ratio vs. D/L Ratio for Web
Crippling
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h allowable load is derived from
For shapes with single webs, t e

the ultimate value with a factor of safety of 1.85. For I-sections or

d ~s derived from the ultimate web
similar shapes, the allowable loa ~

f f safety of 2.0. Therefore, the allow-
crippling load using a actor 0

able load ratio are as follows:

For shapes with single webs and ~w =0.75,

D/L+1
= 1. 85~

, w 1. 2D/L+1.6

D/L+1
= 1.39 ----

1. 2D/L+1. 6

(IV.8l)

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

D/L+1
= 2. OO~

w 1. 2D/L+1. 6

D/L+1
=1.60----

1. 2D/L+1. 6

(IV.82)

Figure 15 shows the allowable load ratio versus dead-to-live load ratio

for both types of beams based on the comparison of web crippling loads.

For single web beams, LRFD is always conservative as compared with

ASD approach for D/L < 1.11. For I-sections, the ASD approach is always

conservative than LRFD. For D/L = 0.5, the allowable load permitted

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

than that permitted by the LRFD criteria.

F. COMBINED BENDING AND WEB CRIPPLING STRENGTH. The interaction be-

tween bending and web crippling is similar to that'of combined bending

and shear and exists when a large bending moment is applied close to

concentrated loads or support reactions. The web crippling capaeity
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may be reduced according to the following interaction equations pro

vided in the specifications.

1. Allowable Stress Design. According to Section C3.5 of the

AISI Specification, unreinforced flat webs of shapes subjected to a

combination of bending and concentrated load or reaction shall be de-

signed to meet the following requirements:

(a) For shapes having single unreinforced webs:

1.2(P/P )+(M/M ) S; 1.5a a
(IV.83)

Exception: At the interior supports of continuous spans, the above

formula is not applicable to deck or beams with two or more single webs,

provided the compression edges of adjacent webs are laterally supported

in the negative moment region by continuous or intermittently connected

flange elements, rigid cladding, or lateral bracing, and the spacing

between adjacent webs does not exceed 10 inches.

(b) For shapes having multiple unreinforced webs such as I-sections

made of two channels connected back-to-back, or similar sections which

provide a high degree of restraint against rotation of the web (such

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

1.1(P/P
a

)+(M/Ma ) S; 1.5 (IV.84)

Exception: When hit S; 2.33/}(Fy/E) and A S; 0.673, the allowable

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

AISI Specification.

In the above formulas,

P =Concentrated load or reaction in the presence of bending

moment

P
a

=Allowable concentrated load or reaction in the absence of
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w

M

· accordance with Section C3.4
bending moment determined 1n

of the AISI Specification

or immediately adjacent to, the=Applied bending moment at,

point of application of the concentrated load or reaction

M
a

=Allowable bending moment determined according to Section

bending alone exists excluding lateral bucklingC3.1.1 if

=Flat width of the beam flange which contacts the bearing

plate

t =Thickness of the web or flange

A = Slenderness factor

2. LRFP Criteria. Section C3.5 of the LRFD Specification spec

ifies that unreinforced flat webs of shapes subjected to a combination

of bending and concentrated load or reaction shall be designed to meet

the following requirements:

(a) For shapes having single unreinforced webs:

1.07(PD/~ P )+(MD/~M ) ~ 1.42w n n
(IV. 85)

Exception: At the interior supports of continuous spans, the above

formula is not applicable to deck or beams with two or more single webs,

provided the compression edges of adjacent webs are laterally supported

in the negative moment region by continuous or intermittently connected

flange elements, rigid cladding, or lateral bracing, and the spacing

between adjacent webs does not exceed 10 inches.

(b) For shapes having multiple unreinforced webs such as I-sections

made of two channels connected back-to-back, or similar sections which

provide a high degree of restraint against rotation of the web (such

as I-sections made by welding two angles to a channel);
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O.82(PO/~ P )+(MO/~M ) ~ 1.32 (IV.86)w n n

Exception: When hit ~ 2.331 J(F IE) and " ~ 0.673, the nominal
y

ultimate concentrated load or reaction may be determined by Section

C3.4 of the LRFO Specification.

In the above formulas,

~ = Resistance factor for bending

~w =Resistance factor for web crippling

Po =Concentrated load or reaction computed on the basis of

factored loads in the presence of bending moment.

P =Nominal ultimate concentrated load or reaction in the absence
n

of bending moment determined in accordance with Section C3.4

of the LRFD Specification.

M
O

=Applied bending moment at, or immediately adjacent to, the

point of application of the concentrated load or reaction PD'

computed on the basis of factored loads

M = Nominal ultimate bending moment determined according to
n

Section C3.1.1 of the LRFD Specification if bending alone

exists

w = Flat width of the beam flange which contacts the bearing plate

t = Thickness of the web or flange

" =Slenderness factor
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3. Comparison. A simply supported beam with a concentrated load

at midspan was selected as a typical design example. This example has

a maximum moment of PL/4 at midspan, under the concentrated load. The

allowable loads, Pr , were calculated for both design methods. Since

each design procedure utilizes separate design variable, the allowable

loads were determined using nominal resistances.

The allowable load based on allowable stress design was calculated

as follows:

M M.n. Pr L/4 O.4167PrL
-- =...-.--, = (IV. 87)

M O.6M O.6M Ma n n n

For beams with single webs,

1. 85Pr
P

n

(IV.88)

By substituting Eqs. (IV.87) and (IV.88) into Eq. (IV.83),

P M 2.22Pr1.2-+-= +
P M Pa a n

Therefore,

O.4167P~

= 1.5
M

n

3.6P
(Pr)ASD = ,;;,;;,n__

5.328 + (P L/M )
n n
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For I-sections,

P

Pa

PT

P /2.00
n

2.00PT

P
n

(IV.90)

M
n

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

P M 2.20PT 0.4167PTL
1.1-+-= + =1.5

Pa Ma P
n

Therefore,

3.6P
n

(PT)ASD = -----
5.280 + (P LIM)n n

(IV.91)

The allowable load based on LRFD criteria was calculated as fo1-

lows:

MD = 1. 2D/L+1. 6 [~L "j = 1. 2D/L+1. 6l' PTL/4]

~Mn D/L+l ~Mn D/L+1 ~Mn

(IV. 92)

--
1. 2D/L+1. 6 [-.2..']

D/L+1 ~ Pw n

(IV.93)

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

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

PD MD 1.2D/L+l.6
1.07- +- = ----

~wPn ~Mn D/L+l
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Therefore,

(IV. 94)

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

(IV.86) to obtain the following expression:

Therefore,

0/L+1 [ 5.280<1> P ]
(PT)LRFD = w n

1.20/L+1.6 3.280+(<1> P L/<I>M )w n n

(IV.95)

The allowable load ratios based on the design examples for com-

bined bending and web crippling are given in Eqs. (IV.96) and (IV.97)

for <I> = 0.95 and 0.90 for nominal section strength of sections with

stiffened compression flanges and unstiffened compression flanges,

respectively.

For beams with single webs (<I> = 0.75),w

0/L+1 [ 6. 305+1. 183(P L/M) .]

= 1.2D/L+1.6 4.280+(0.75/<1»(: L/: )
n n
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For I-sections (~ = 0.80),
w

=
D/L+1

1. 2D/L+1. 6 [

6. 195+1. 173(P L/M ) ]

3.280+(0.80/~)(: L/: )n n

(IV. 97)

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

=
D/L+1

1. 2D/L+1. 6
(K )w (IV.98)

where K is a variable determined from section properties, materialw

strength, and span length for a particular design example.

Because the interaction combines moment and web crippling, the

allowable load ratio is rather complex. It is not only a function of

dead-to-live load ratio but is also a function of span length, sec-

tiona1 geometry, and material strength. Several individual beam

sections with different conditions were studied due to the complexity

involved in the comparison.

Figures 16 and 18 show the relationships between allowable load

ratio and dead-to-live load ratio for various channel sections with

stiffened flanges using L = 5 ft and F = 33 ksi. Tables IV.10 and IV.12
y

present section properties and calcu1at~d member strengths for several

channel sections with stiffened flanges selected from Table I of Part

V of the AISI Design Manual. In these two figures for D/L = 0.5, the

allowable web crippling loads determined by LRFD are from 1.1% to 1.5%

larger than that permitted by allowable stress design. The channel

sections with the smaller hit ratios resulted in larger values of al-
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lowable load ratio. Therefore, with increasing hit ratio, the dif

ference between the allowable loads obtained from these two design

methods decreases.

Figure 17 shows how the span length and yield point of steel affect

the allowable load ratio for channels with stiffened flanges. Table

IV.11 presents calculated member strengths for different span lengths

and yield points. As shown in this figure, larger span lengths will

result in slightly higher values of the allowable load ratio. Also from

Figure 17, it can be seen that yield point of steel has a negligible

effect on the allowable load ratio.

Figure 19 shows the relationship between allowable load ratio and

dead-to-live load ratio for 8 in. x 2 in. x 0.105 in. channel with

unstiffened flanges with L =5 it and F = 33 ksi. Table IV.13 presents
y

section properties and calculated member strengths for this channel

section. For OIL = 0.5, the allowable web crippling load determined

by LRFO is 1.4% lower than that permitted by allowable stress design.

Figure 20 shows how the span length and yield point of steel affect

the allowable load ratio for channels with unstiffened flanges. Table

IV.14 presents calculated member strengths for different span lengths

and yield points. As shown in this figure, larger span lengths will

result in slightly lower values of the allowable load ratio. Also from

Figure 17, it can be seen that yield point of steel has a negligible

effect on the allowable load ratio.

For I-sections made from two channels back-to-back, Figure 21

shows the relationship between allowable load ratio and dead-to-live

load ratio. Table IV.lS' presents sectional properties and calculated
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values for the cold-formed I-section with F = 33 ksi and L = 5 ft.
Y

For the I-section with stiffened flanges shown in Figure 21, LRFD would

result in an allowable load about 7.1% higher than the load computed

from allowable stress design for D/L = 0.5.

Figure 22 shows how the span length and yield point of steel affect

the allowable load ratio. Table IV.16 presents calculated member

strengths for different span lengths and yield points. A higher yield

point of steel results in a larger value of the allowable load ratio.

As shown in Figure 22, span length has a greater effect on the allowable

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

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

lower values of the allowable load ratio.

Table IV.10
Channels With Stiffened Flanges

Section hit P M ~M K
(Ki~s)

11 (K-iN. ) w(K-Ul. )

8x3xO.10S 70.62 7.144 124.769 118.531 1.4830

Sx2xO.10S 42.05 7.455 49.625 47.144 1.4890

* F = 33 ksi, L = 60 in. , N = 6 in.
y
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Table IV.ll
5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges

for Various Lengths and Yield Points

F L P M <pM K
(ksl) (in. ) (Ki~s)

Xl (K-iN. ) w(K-1n. )

33 0 7.455 49.625 47.144 1.4731

25 7.455 49.625 47.144 1.4835

50 7.455 49.625 47.144 1. 4878

75 7.455 49.625 47.144 1.4902

100 7.455 49.625 47.144 1. 4917

50 0 10.015 75.190 71. 430 1.4731

25 10.015 75.190 71. 430 1.4828

50 10.015 75.190 71. 430 1. 4871

75 10.015 75.190 71. 430 1.4896

100 10.015 75.190 71. 430 1. 4911

Table IV.12
Channels With Stiffened Flanges, 5 in. Depths

Section hit P M <pM K
(Ki~s)

Xl (K-iN. ) w(K-1n. )

5x2xO.075 62.17 4.443 36.917 35.071 1. 4876

0.048 98.26 2.148 21. 795 20.705 1.4863

* F = 33 ksi, L = 60 in. , N = 6 in.
y
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Table IV.13
Channel With Unstiffened Flanges

Section hit P M <pM K
(Ki~s)

n (K-iR. )
w

(K-l.n. )

8x2xO.105 70.62 7.144 80.189 72.170 1. 4458

* F = 33 ksi, L = 60 in. , N = 6 in.y

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

for Various Lengths and Yield Points

F L P M <pM K
(ksi) (in. ) (Ki~s) n

(K-iR. ) w(K-l.n. )

33 0 7.144 80.189 72.170 1.4731

25 7.144 80.189 72.170 1. 4569

50 7.144 80.189 72.170 1. 4483

75 7.144 80.189 72.170 1. 4429

100 7.144 80.189 72.170 1. 4392

50 0 9.597 115.222 103.700 1.4731

25 9.597 115.222 103.700 1. 4577

50 9.597 115.222 103.700 1. 4492

7S 9.597 115.222 103.700 1.4438

100 9.597 115.222 103.700 1.4400
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Table IV.15
I-Section With Stiffened Flanges

Section hit P M epM K
(Ki~s) n (K- iN. ) w(K-l.n. )

8x6xO.105 70.62 28.966 249.538 237.061 1.5708

* F = 33 ksi, L = 60 in. , N = 6 in.
y

Table IV. 16
8 in. x 6 in. x 0.105 in. I-Sections With Stiffened Flanges

for Various Lengths and Yield Points

F L P M epM K
(ks!) (in. ) (Ki~s)

n (K- iN. ) w(K-l.n. )

33 0 28.966 249.538 237.061 1. 8887

25 28.966 249.538 237.061 1.6770

50 28.966 249.538 237.061 1. 5920

75 28.966 249.538 237.061 1.5462

100 28.966 249.538 237.061 1.5175

50 0 31. 406 361. 223 343.162 1. 8887

25 31.406 361. 223 343.162 1.7111

50 31. 406 361. 223 343.162 1. 6272

75 31. 406 361. 223 343.162 1.5873

rOO 31. 406 361. 223 343.162 1. 5463
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V. CONCENTRICALLY LOADED COMPRESSION MEMBERS

A. GENERAL

Cold-formed steel concentrically loaded compression members have

three possible modes of failure. Short and compact columns will fail

by yielding. Local buckling of an individual element could occur if

the flat-width to thickness ratio is large. Overall column buckling

of intermediate and long columns could occur in one of three buckling

modes: flexural buckling, torsional buckling, and torsional-flexural

buckling.

B. ALLOWABLE STRESS DESIGN

Section C4 of the 1986 AISI Specification contains the following

requirements for compression members in which the resultant of all

loads acting on the member is an axial load passing through the centroid

of the effective section calculated at the stress, F , defined in thatn

section.

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

P = P /0a n c

where

P = A Fn e n

A = Effective area at the stress F .e n

F is determined as follows:
n

(V.1)

(V.2)

For Fe

For Fe

> F /2
Y

SF /2y

Fn = F (l-F /4F )y y e

F = Fn e
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F is the least of the elastic flexural, torsional and
e

torsional-flexural buckling stress.

Q = Factor of safety for axial compression
c

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

of the AISI Specification for fully effective sections having

wall thickness greater than 0.09 inches and Fe > Fy/2. In

this case,

Q = 5/3+(3/8)R-(1/8)R3
c

where

(b) For C and Z-shapes, and single-angle sections with unstiffened

flanges, P shall be taken as the smaller of P calculated aboven n

and P calculated as follows:
n

P = Arr2E/(2S.7(w/t)2)
n

where

A = Area of the full, unreduced cross section

w =Flat width of the unstiffened element

t =Thickness of the unstiffened element

(V.S)

(c) Angle sections shall be designed for the applied axial load, P,

acting simultaneously with a moment equal to PL/1000 applied about

the minor principal axis causing compression in the tips of the

angle legs.

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

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

preferably should not exceed 300.
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For doubly-symmetric sections, closed cross sections and any other

sections which can be shown not to be subject to torsional or

torsional-flexural buckling, the elastic flexural buckling stress,

F , shall be determined as follows:e

(V.6)

where

E = Modulus of elasticity

K = Effective length factor

L = Unbraced length of member

r = Radius of gyration of the full, unreduced section

For sections subject to torsional or torsional-flexural buckling,

F shall be taken as the smaller of F calculated above and F calcu-e e e

lated as follows:

F = ((0 +crt)-jcCJ +crt)2-4~0 CJt )/(213)e ex ex ex

where

CJt and CJ are as defined in Article IV of this reportex

= l-(x /r )2o 0

(V.7)

(V.B)

Alternatively, a conservative estimate of F can be obtained usinge

the following equation:

(V.9)

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

axis of symmetry.

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

about an axis or about a point, F shall be determined by rationale

analysis.
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C. LRFD CRITERIA

Based on Section C4 of the LRFD Specification, for members in

which the resultant of all loads acting on the member is an axial load

passing through the centroid of the effective section calculated at

the stress, F , the factored axial strength, ~ P , shall be determinedn c n

with ~ = 0.85 and the nominal axial strength, P , calculated exactly
c . n

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

D. COMPARISON

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

design methods by using the following formula:

(V.10)

where

PT = unfactored compressive load

PDL = compressive load due to the nominal axial dead load

PLL = compressive load due to the nominal axial live load

The total unfactored load should be less than or equal to the allowable

loads computed from allowable stress design and LRFD. For allowable

stress design, the allowable load is

(V.11)

For LRFD, the allowable axial load can be computed by using the fol

lowing equation developed from Eq. (11.6):

(V.l2)
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Then, the allowable load ratio can be determined as follow:

Q>cPn [ 0/1+1 ]= = 0.850
P /0 1. 2D/1+1. 6 c

n c

0/1+1

1.2D/L+l.6
(V.13)

For fully effective sections having wall thickness greater than 0.09

in. and F > F /2,e y

o =5/3+(3/8)R-(1/8)R3
c .

Therefore, the allowable load ratio is

= 0.85(-=- +.:. R_-=- R3) D/L+1
3 8 8. 1.20/L+l.6

(V.14)

For all other cases, 0 = 1.92 = 23/12, therefore the allowable loadc

ratio is

= 0.85(23/12)
O/L+l

1. 20/L+1. 6
= 1. 629

O/L+l

1. 20/L+1. 6
(V. 15)

Figure 23 shows the allowable load ratio versus dead-to-live load

ratio for the columns used to develop Eq. (V. 15). For this case, the

LRFD criteria always permit larger allowable loads than the allowable

stress des~gn. For O/L =0.5, the LRFD criteria gives an allowable load

about 11% greater than the load obtained by using allowable stress

design.
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Flexural Buckling of Columns
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The allowable load ratio versus slenderness ratio, KL/r, for

columns having fully effective sections, t ~ 0.09 in., and F > F /2e y

is shown in Figure 24. For this case, the LRFD criteria were found to

be conservative for short columns as compared with allowable stress

design. As shown in Figure 24, higher yield point materials give

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

A. GENERAL

Beam-columns are structural members subjected to combined axial

load and bending. The structural behavior of beam-columns depends on

the shape and dimensions of the cross section, the location of the

applied eccentric load, column length, and condition of bracing45
•

Interaction formulas are used to analyze beam-columns for flexural and

torsional-flexural buckling.

B. ALLOWABLE STRESS DESIGN

In the 1986 edition of AISI Specification, the design criteria

for combined axial load and bending are stated in Section C5 as follows:

The axial force and bending moments shall satisfy the following

interaction equations:

PIP +C M I(M a)+C M I(M a) ~ 1. 0a mx x ax x my y ay y

PIP +M 1M +M 1M ~ 1. 0ao x axo y ayo

(VI. 1)

(VI.2)

When PIP ~ O. 15, the following formula may be used in lieu of thea

the above two formulas:

PIP +M 1M +M 1M ~ 1. 0a x ax y ay
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where

P = Applied axial load

M andM = Applied moments with respect to the centroidal
x y

axes of the effective section determined for the

axial load alone. For angle sections, M shall be
y

taken either as the applied moment or the applied

moment plus PL/IOOO, whichever results in a lower

value of Pa

P = Allowable axial load
a

P Allowable axial load determined with F = F
ao n y

M and M = Allowable moments about the centroidal axes
ax ay

M and M = Allowable moments about the centroidal axes
axo ayo

excluding lateral buckling

=Magnification factors

(VI. 4)

n
c

= Factor of safety used in determining Pa

Pcr
(VI. 5)

c ,Cmx my

= Moment of inertia of the full, unreduced cross

section about the axis of bending

= Actual unbraced length in the plane of bending

= Effective length factor in the plane of bending

= Coefficients whose value shall be taken as follows:

1. For compression members in frames subject to

joint translation (sidesway)

C =0.85
m

2. For restrained compression members in frames
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braced against joint translation and not subject

to transverse loading between their supports in

the plane of bending

(VI.6)

where

M1/M2 is the ratio of the smaller to the larger

moment at the ends of that portion of the member

under consideration which is unbraced in the

plane of bending. M1/M2 is positive when the

member is bent in reverse curvature and negative

when it is bent in single curvature.

3. For compression members in frames braced against

. joint translation in the plane of loading and

subject to transverse loading between their

supports, the value of C may be determined bym

rational analysis. However, in lieu of such

analysis, the following values may be used:

(a) for members whose ends are restrained,

C = 0.85,m

(b) for members whose ends are unrestrained,

C = 1.0.
m

C. LRFD CRITERIA

According to Scetion C5 of the LRFD Specification, the design

values PD, Mnx and Mny computed on the basis of factored loads, shall

satisfy the following interaction equations:
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P /<1> P +C M /<I>M a +C MDy/q,M a ~ 1. 0D c n mx DX nx nx my ny ny
(VI. 7)

(VI. 8)

,.~ P /<1> P / 0 15 the followJ.·ng formula may be used in lieu of theftUen D ~.,c n

above two formulas:

(VI. 9)

where

P
D

= Factored design axial load

Mux and Muy = Factored design moments with respect to the

centroidal axes of the effective section determined

for the factored design axial load alone. For angle

sections, Muy shall be taken either as the factored

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

ever result in a lower value of P .n

P
n

Pno

= Nominal axial strength

= Nominal axial strength determined with F =Fn y

M and M = Nominal beam strengths about the centroidal axesnx ny

M and M = Nominal beam strengths about the centroidal axes,nxo nyo

excluding lateral buckling

l/a , l/a =Magnification factorsnx ny

(VI. 10)

=0.95 or 0.90 for bending strength (Section C3.l.1)

or 0.90 for laterally unbraced beam (Section C3.1.2)
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= 0.85

= Moment of inertia of the full, unreduced cross

(VI.11)

C , Cmx my

section about the axis of bending

=Actual unbraced length in the plane of bending

= Effective length factor in the plane of bending

= Coefficients whose value shall be taken as follows:

1. For compression members in frames subject to

joint translation (sidesway)

C = 0.85
m

2. For restrained compression members in frames

braced against joint translation and not subject

to transverse loading between their supports in

the plane of bending

(VI.12)

where

M
1

/M
2

is "the ratio of the smaller to the larger

moment at the ends of that portion of the member

under consideration which is unbraced in the

plane of bending. M1/M2 is positive when the

member is bent in reverse curvature and negative

when it is bent in single curvature.

3. For compression members in frames braced against

joint translation in the plane of loading and

subject to transverse loading between their

supports, the value of C may be determined by
m
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rational analysis. However, in lieu of such

analysis, the following values may be used:

(a) for members whose ends are restrained,

C = 0.85,
m

(b) for members whose ends are unrestrained,

C = 1.0.
m

D. COMPARISON

Because of the complexity of the interaction formulas, the com-

parison was studied by using two different kinds of sections, namely,

doubly-symmetric sections and singly-symmetric sections.

1. Doubly-Symmetric Sections. I-sections bending about the x-

axis were considered. A typical design examp~e was selected and the

allowable axial loads were calculated by using three interaction

equations for each design method. The example used a beam-column with

equal moments applied to each end so that the member is bent in single

curvature. Since the end moments are independent of the axial load,

the ratio of the unfactored applied moment to the nominal moment ca-

pacity based on section strength, M-/M ,was considered to be a pa-1 no

rameter in the equations for determining the allowable loads.

For allowable stress design the allowable axial loads were com-

puted as follows:

p

p
a
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Ma

where

= =
0.6M

n
0.6

(VI.14)

PT = applied unfactored axial load

~ = applied unfactored bending moment at each end of the member

o = factor of safety of axially loaded compression members whichc

is defined in Article V

Substitution of Eqs. (VI. 13) and (VI.I4) into Eq. (VI. 1) results in

the following expression :

(VI. 15)
P 0.6(1-0 PT/P )n c cr

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

equation for allowable load is obtained :

Cm(~/Mno) (Mno/Mn )·] Pn

0.6(1-0 PT/P ) 0c cr c

(VI. 16)

Equation (VI.I6) is based on Eq. (VI.1) for failure at the midlength

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

The following expressions were used to solve for the allowable

load based on Eq. (VI.2) :
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P PT OcPT
= -- (VI.l7)

P P 10 Pao no c no

M ~ (~/Mno)
= = (VI.l8)

M 0.6M 0.6ao no

Substitution of Eqs. (VI.l7) and (VI.l8) into Eq. (VI. 2) results in

the following expression :

(VI.l9)

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

load is obtained :

(VI.20)

Equation (VI. 20) is based on Eq. (VI. 2) for failure at the braced

points.

When P/Pa S; 0.15, Eq. (VI.3) can be used in lieu of Eqs. (VI.1)

and (VI.2). Equation (VI.3) can be written in the following form by

using Eqs. (VI.13) and (VI.14)

o PT
~+

P
n

(~/Mno)(Mno/Mn)
= 1.0

0.6
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By solving for PT in Eq. (VI.21), the following equation for allowable

load is obtained :

(VI. 22)

Equation (VI.22) is based on Eq. (VI.3) for flexural failure when the

effect of the secondary moment is neglected.

For LRFD, the allowable axial loads were computed in accordance

with Eq. (11.6) as follows:

~ = 1.2D/L+1.6 [2.]
~ P 0/L+1 ~ Pc n c n

MD = 1.2D/L+1.6 [(~/Mno)(Mno/Mn)]'

~Mn 0/L+1 ~

(VI. 23)

(VI. 24)

(VI. 25)

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

results in the following expression :

1. 2D/L+1. 6 { PT C (M-/M )(M /M) }
____ + m -L no no n = 1.0(VI.26)

0/L+1 ~ P ~(1-(1.2D/L+l.6)PT/(D/L+l)~ P 1c n c ~

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

equation for allowable load is obtained :
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t
· D/L+l C (M-/M ) (M /M) J

(P ) = _ m -! no no n ~ P (VI.27)
T LRFDl 1.2D/L+l.6 ~(1-(1.2D/L+l.6)PT/(D/L+l)~cPE] c n

Equation (VI.27) is based on Eq. (VI.7) for flexural failure at the

midlength of the beam-column and requires a solution by iterations.

The following expressions were used to solve for the allowable

load based on Eq. (VI.8) :

MD = 1.2D/L+1.6 [(~:Mno)]

~Mno D/L+1

(VI.28)

(VI.29)

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

the following expression :

(VI. 30)

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

load is obtained

(

D/L+1
(PT)LRFD2 =

1. 2D/L+1. 6
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Equation (VI. 31) is based on Eq. (VI. 8) for failure at the braced

points.

When PD/(Q> P ) ~ 0.15, Eq. (VI.9) can be used in lieu of Eqs.c n

(VI.7) and (VI.8). Equation (VI.9) can be written in the following form

by using Eqs. (VI.23) and (VI.24) :

1. 2D/L+1. 6

D/L+l
(VI. 32)

By solving for PT in Eq. (VI.32), the following equation for allowable

load is obtained :

= [ D/L+l

1. 2D/L+1. 6
(VI. 33)

Equation (VI.33) is based on (VI.9) for flexural failure when the ef-

fect of the secondary moment is neglected.

Equations (VI.16), (VI.20), and (VI.22) for determining the al-

lowable axial load based on allowable stress design and Eqs. (VI.27),

(VI. 31), and (VI. 33) for determining the allowable axial load based

on LRFD are very complex and utilize iterations with multiple vari-

abIes. The allowable load ratios, (PT)LRFD/(PT)ASD' for various lengths

combined with different applied end moment ratios, M-/M ,with respect--r no

to the beam strength of the member were studied. Typical I-sections

and their section properties used in this study were obtained from

Tables 5 and 6 of Part V of the AISI Cold-Formed Steel Design Manual.
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An I-section (3.5 in. x 4 in. x 0.105 in.) with stiffened flanges

was studied with a yield point of 33 ksi. Figure 25 shows the allowable

load ratio versus dead-to-live load ratio for a 4 ft length with various

end moment ratios, M-/M . This figure is based on Eqs. (VL16) and--r no

(VI.27) for flexural failure at the midlength of the beam-column. For

a D/L ratio around 0.35, the LRFD criteria gives an allowable load about

9% more than the value computed from allowable stress design for all

end moment ratios indicated in the figure. For other values of the D/L

ratio, the difference between the allowable loads computed by using

these two methods depends on the end moment ratio as shown in Figure

25. For D/L > 0.35, the larger the end moment ratio, the higher the

allowable load ratio. For example, for D/L = 0.5, the

(P~)LRFD/(PT)ASD ratios are 1.137 and 1.117 for ~/Mno = 0.3 and 0.1,

respectively.

Figure 26 shows the allowable load ratio based on Eqs. (VI.20)

and (VI.31) versus dead-to-live load ratio for the same I-section used

in Figure 25. Figure 26 is based on failure at the braced points which

corresponds to Eqs. (VI. 20) and (VI. 31). For DIL = O. as, the LRFD

criteria give an allowable load about 3% more than the value computed

from allowable stress design for all end moment ratios shown in the

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

always give a larger allowable load than allowable stress design.
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Figures 27 and 28 show the relationships between allowable load

ratio and dead-to-live load ratio for end moment ratios of 0.2 and 0.3,

respectively. The different curves in each figure represent different

lengths of the 3.5 in. x 4 in. x 0.105 in. I-section. With end moment

ratio of 0.2 and D/L = 0.5, ASD would provide conservative values up

to 12.9% for column lengths equal to 4 ft, 7 ft, and 9 ft as compared

with the LRFD method. For the same column lengths and an end moment

ratio of 0.3, ASD would be conservative (13.7% to 14.8%) as compared

with the LRFD method for D/L = 0.5.

The ralationships between the allowable load ratio and column.

length are shown in Figures 27, and 28 for various D/L ratios. Figures

29 and 30 show the allowable load ratio versus slenderness ratio,

KL/r , for end moment ratios of 0.2 and 0.3, respectively. Each curve
y

in the figure represents a different D/L ratio for the same I-section

used in Figures 25 through 28. As shown in these two figures, the al-

lowable load ratio increases with increasing slenderness ratios for

large D/L ratios. For small D/L ratios, the slenderness ratio has small

effect on the allowable load ratio. These two figures also show that

for all three D/L ratios, the LRFD method would permit a larger load

than the ASD method.
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A deeper I-section (6 in. x 5 in. x 0.105 in.) with stiffened

flanges was also studied for a length of 5 ft. Figure 31 shows the

allowable load ratio based on Eqs. (VI. 16) and (VI. 27) versus dead-

to-live load ratio for various end moment ratios. This figure is also

based on flexural failure at the midlength of the beam-column which

governs the design for this case. The curves without star symbols are

for C = 1.0. They are ·the same as those shown in Figure 25 for the 4
m

in. deep I-section. For this case, the yield point of steel would not

affect the allowable load ratio. For D/L = 0.5 and ~/Mno = 0.1, the

allowable load computed from LRFD is 11.6% greater than the value de-

termined from allowable stress design. However, for D/L = 0.5 and

M_/M = 0.3, the allowable load computed from LRFD is 13.6% higher-1 no

than the value computed from allowable stress design.

The curves with star symbols in Figure 31 are for the same I-

section except that the coefficient, C , is 0.85. The value of 0.85
m

is used for unbraced beam-columns and beam-columns with restrained ends

subject to transverse loading between its supports. For small end mo-

ment ratios, the C value has a negligible effect on the allowable loadm

ratio. The effect of C on the allowable load ratio increases as them

end moment ratio increases as shown in Figure 31. It can be seen that

for D/L < 1/3, the allowable load ratios computed for C = 0.85 are
m

larger than those for C = 1.0.
m

Figure 32 shows the relationship between allowable load ratio and

dead-to-live load ratio for the 6 in. deep I-section used in Figure

31 with a consideration of flexural failure at the braced points. This

figure is the same as Figure 26 for the 4 in. deep I-section. The curves
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shown in Figure 32 are applicable for yield points ranging from 33 to

50 ksi and all values of C .m

I -sections with unstiffened flanges were studied in a similar

manner. Figure 33 shows the allowable load ratio versus dead-to-live

load ratio for an I-section (4 in. x 2.25 in. x 0.105 in.) having un-

stiffened flanges with F = 33 ksi and an effective column length of
y

4 ft ..This figure is based on flexural failure at the midlength of the

beam-column which would govern the design in this case. The allowable

load ratio was determined from Eqs. (VI.16) and (VI.27). Figure 33 is

similar to Figure 25 prepared for an I-section with stiffened flanges.

For D/L = 0.5 and M_/M = 0.1, the allowable load obtained from LRFD--r no

is 11.7% larger than the value obtained from allowable stress design.

For D/L = 0.5 and M-/M = 0.3, LRFD would result in an allowable load--1' no .

14.6% higher than the value determined from allowable stress design.

Figure 34 shows the relationship between allowable load ratio and

dead-to-live load ratio for the same I -section used in Figure 33 by

considering flexural failure at the braced points. Equations (VI.20)

and (VI.31) are used for this type of failure. For D/L = 0.5, the

allowable loads obtained from LRFD are from 11.6% to 13.6% greater than

the allowable loads determined from allowable stress design for end

moment ratios from 0.1 to 0.3.
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Figures 35 and 36 show the allowable load ratio versus dead-to-

live load ratio for end moment ratio of 0.1 and 0.2, respectively.

Different curves represent different lengths of the I-section (4 in.

x 2.25 in. x 0.105 in.) with F = 33 ksi. These two figures are similar
y

to Figures 27 and 28 which were prepared for I-section with stiffened

flanges. For the values of M-/M between 0.1 and 0.2 and D/L = 0.5,-1 no

the allowable ·load values obtained from LRFD vary from 11.7% to 15.3%

larger than the values obtained from the allowable stress design

method.

Figure 37 shows the relationship between allowable load ratio and

slenderness ratio, KL/r ,
y

for the same I -section used in previous

figures and for an end moment ratio of 0.1. Each curve in the figure

represents a different D/L ratio. The relationship in Figure 37 is

similar to the relationship indicated in Figures 29 and 30 which are

used in the study of I-sections with stiffened flanges. As shown in

this figure, the allowable load ratio increases with increasing

slenderness ratio for large D/L ratios. For small D/L ratios, the

slenderness ratio has small effect on the allowable load ratio. This

figure also shows that for all three D/L ratios, the LRFD method would

permit a larger load than the ASD method.
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A deeper I-section (6 in. x 3 in. x 0.105 in.) with unstiffened

flanges was also included in this study for a length of 5 ft. The re-

lationship between allowable load ratio and dead-to-live load ratio

for the I-section is shown in Figure 38 for various end moment ratios.

This figure is based on flexural failure at the midlength of the member.

The curves computed for F = 33 ksi are similar to the curves shown
y

in Figure 31 obtained for an I-section with stiffened flang~s. For D/L

= 0.5, the allowable load ratios vary from 1. 12 to 1. 14 for M_/M-1 no

ratios ranging from 0.1 to 0.3.

The lines with star symbols in Figure 38 represent the allowable

load ratios determined for the same I-section by using F = 50 ksi.
Y

It can be seen that the allowable load ratios computed for F = 50 ksi
y

are lower than that computed for F =·33 ksi when D/L < 1/3. This effect
.y

would be negligible for beam-columns with small end moment ratios as

shown in Figure 38. This comparison does not agree with the results

of a study of I-sections with stiffened flanges, for which the yield

point had no significant effect on the allowable load ratio for the

I-section with stiffened flanges illustrated in Figure 31.

Figure 39 shows how the C coefficient affects the allowable loadm

ratio for the I-section having unstiffened flanges. The curves without

star symbols are plotted for C = 1. o. The lines with star symbols
m

represent the allowable load ratios calculated by using C = 0.85. It
m

should be noted that the relationship shown in Figure 39 is very similar

to the relationship illustrated in Figure 31 obtained for an I-section

with stiffened flanges. For D/L < 1/3, the allowable load ratios are

larger for Cm = 0.85 as compared to the allowable load ratios computed
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with C = 1.0 In general, the effect of the C value on the allowable
m m

load ratio is more important for beam-columns with large end moment

ratios.

Figure 40 shows the allowable load ratio versus dead-to-live load

ratio for the same I-section used in Figures 38 and 39 but for flexural

failure at the braced points. For D/L = 0.5, the LRFD criteria result

in a larger allowable load than the value obtained from allowable

stress design. For M_/M ratios ranging from 0.1 to 0.3, the differ--r no

ences vary from 11.6% to 13.6%.

2. Singly-Symmetric Sections. The allowable eccentric axial

loads were calculated for allowable stress design and LRFD. The applied

end moments are a result of the eccentric axial loads and can be cal-

culated using the following equation:

(VI.34)

where

e - ex

e = eccentricity of the axial load with respect to the centroidal

axis of the full section, negative when on the shear center

side of the centroid

e = distance between the centroid of the full section and thex

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

center side of the centroid of the full section
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Substitutions similar to the ones made to solve for the allowable

loads of beam-columns with doubly-symmetric shapes in Part 1 of this

section were used to solve for the allowable loads for members with

singly-symmetric shapes.

Equation (VI.1) for allowable stress design is based on flexural

failure at the midlength of the beam-column. Equations (VI. 13) and

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

pression:

P 0.6M (1-0 PTjP )nne cr

= 1.0 (VI. 35)

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

load is obtained :

1.0
(VI. 36)

o CmeTc + _

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

lowable axial load is a function of the actual axial load , PT.

Equation (VI.2) for allowable stress design is based on flexural

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

were substituted into equation (VI. 2) to obtain the ~ol1owing ex-

pression:
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(VI. 37)

By solving for P
T

in Eq. (VI.37), the following equation for allowable

load is obtained :

1.0
(VI. 38)

n
c

-+---
P ·0.6M

no no

For allowable stress design, Eq. (VI. 3) is based on flexural

failure when the effect of secondary moment is neglected. Equations

(VI. 13) and (VI. 34) were substituted into Eq. (VI. 3) to obtain the

following expression:

= 1.0 (VI. 39)

The following equation for allowable load is obtained by solving for

PT in Eq. (VI.39):

1.0

P
n

eT
+-

0.6M
n
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For LRFD, Eq. (VI.7) is based on flexural failure at the midlength

of the beam-column. Equations (VI.23), (VI.2S), and (VI.34) were sub-

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

1. 2D/L+1. 6 { PT . CmerT }
---- + = 1.O(VI.41)

D/L+l ~ P ~M (1-(1.2D/L+l.6)PT/(D/L+l)~ PE)c n n c

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

load is obtained :

(D/L+l)/(1.2D/L+l.6)
(PT)LRFDI = -----------------

1 CmeT
-+

(VI. 42)

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

allowable axial load is also a function of the actual axial load.

Equation (VI. 8) for LRFD is based on flexural failure at the

braced points. The following expression was obtained by substituting

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

(VI. 43)

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

load is obtained :
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(D/L+l)/(1.2D/L+l.6)

1

(VI. 44)

Equation (VI. 9) for LRFD is based on flexural failure when the

effect of secondary moment is neglected. Equations (VI.23) and (VI.34)

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

1. 2D/L+1. 6

D/L+l
(VI. 45)

The following equation for allowable load was obtained by solving for

PT in Eq. (VI.45):

(D/L+l)/(1.2D/L+l.6)
(VI.46)

1
+

<l>Mn

The equations to be used for the allowable eccentric axial load

for allowable stress design and LRFD are very complex and utilize it-

erations with multiple variables. The allowable load ratios,

(PT)LRFD/(PT)ASD' for various lengths and eccentricities were studied.

Typical channel sections and their section properties used in this

study, were obtained from Tables 1 and 2 of Part V of the AISI Cold-

Formed Steel Design Manual.
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A channel (4 in. x 2 in. x 0.105 in.) with stiffened flanges was

studied as a beam-column subjected to an eccentric load applied at each

end. Figure 41 shows the allowable load ratio versus eccentricity for

the channel with an effective length of 5 ft, D/L = 0.5, and em = 1.0.

From this figure, it can be seen that the smaller the eccentricity the

larger the allowable load ratio and this relationship holds for both

positive and negative eccentricities.

The top line in Figure 41 represents the same channel section with

a yield point of 50 ksi. The allowable load ratios in this case are

slightly greater than that computed with Fy = 33 ksi.

Figure 42 shows the relationship between allowable load ratio and

dead-to-live load ratio for the 4 in. deep channel with e = + 1.29 in.

The two curves represent yield points of 33 and 50 ksi for the 5 ft

long beam-column. The higher yield point steels result in slightly

higher values of the allowable load ratio as seen in Figure 41 and 42.

From the computer output, the value of F has a negligible effect on
y

the allowable load ratio for the same channel with - 0.25 in. < e < +

0.25 in. and effective length equals to 5 ft.

Figure 43 shows the allowable load ratio versus slenderness ratio,

KL/r , for the channel (4 in. x 2 in. x 0.105 in.) with stiffened
y

flanges and D/L = 1/5. The curves represent yield points of 33 and

50 ksi for the channel with e = + 1. 29 in. For F = 33 ksi, the allowable
y

load ratio increases slightly as the slenderness ratio increases up

to KL/r = 160. For KL/r > 160, the allowable load ratio decreases
y y

as the slenderness ratio increases. The slenderness ratio has a larger

effect on the allowable load ratio for the channel with F = 50 ksi
y
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as compared with F =33 ksi. For F =50 ksi, the allowable load ratio
y y

increases as the slenderness ratio increases up to KL/r = 130. Fory

KL/r > 130, the allowable load ratio decreases as the slenderness
y

ratio increases.

A channel (6 in. x 2.5 in. x 0.105 in.) with stiffened flanges

was also studied. The relationship between allowable load ratio and

eccentricity for the channel with a length of 5 ft and D/L = 0.5 is

shown in Figure 44. The bottom line represents the curve for e = 1.0m

which would be used for braced frames. For this case, the curve is

similar to that shown in Figure 41 for the 4 in. deep channel.

The top line in Figure 44 represents the same channel with e =
m

0.85. This value of e is used for unbraced frames and beam-columns
m

with restrained ends subjected to transverse loading between its sup-

ports. The curve for e = 0.85 is similar to the curve for e = 1.0m m

except that e = 0.85 results in a higher allowable load ratio than
m

e = 1.0. The effect of the value of e on the allowable load ratiom m

is neglegible for - 0.25 in. < e < + 0.25 in. as shown in Figure 44.

Figure 45 shows the allowable load ratio versus dead-to-live load

ratio for the channel used in Figure 44. The curves represent the al-

lowable load ratios for various eccentricities by using F = 33 ksi
y

and em = 1.0. It can be seen from this figure that the eccentricity

does not affect the shape of the curve but does affect the value of

the allowable load ratio.
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The relationship between allowable load ratio and dead-to-live

load ratio for the 6 in. deep channel (6 in. x 2.5 in. x 0.105 in.)

is shown in Figure 46 for various lengths and eccentricities. The

curves without star symbols represent the values of allowable load

ratios for e = + 1. 73 i.n. and effective lengths of 3 and 11 ft. It

should be noted that the effective length has a small effect on the

allowable load ratio.

The curves with star symbols in Figure 46 represent the allowable

load ratios determined for the same channel section with e = - 1. 73

in. and effective lengths of 3 and 11 ft. It can be seen that for larger

effective length, the allowable load ratios determined for e = - 1.73

in. are larger than those determined for e = + 1. 73 in.. For smaller

effective length, the allowable load ratios determined for e = - 1.73

in. are slightly smaller than those determined for e = + 1.73 in.

Channels with unstiffened flanges were studied in a similar man

ner. Figure 47 shows the allowable load ratio versus eccentricity for

a channel (4 in. x 1. 125 in. x 0.105 in.) with unstiffened flanges and

an effective length of 5 ft. The curves in the figure are allowable

load ratios computed for yield points of 33 and 50 ksi, respectively.

These curves indicate similar relationships as compared with the curves

in Figure 41 obtained from a 4 in. deep channel with stiffened flanges.

As shown in Figure 47, allowable load ratios computed for F = 33 ksi
y

are larger than those computed for Fy =50 ksi.
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The curves in Figure 48 are for the same channel used in Figure

47 with an effective length of 4 ft. The yield points of steel vary

from 33 to 50 ksi. This figure shows. that the yield point has no effect

and the sign of eccentricity has negligible effect on the allowable

load ratio for various D/L ratios with L = 4 ft.

Figure 49 shows the allowable load ratio versus slenderness ratio,

KL/r , for the same channel used in Figures 47 and 48 for D/L = 1/5
Y

and e =+ 1.20 in. The curves without star symbol represent the values

of allowable load ratio for e =+ 1.20 in; the curves with star symbols

represent the values of allowable load ratio for e = - 1.20 in. The

sign of eccentricity has negligible effect. The curve computed for

yield point of 33 ksi indicates that the allowable load ratio increases

slightly with increasing slenderness ratio up to KL/r = 170. For
y

KL/r > 170, the allowable load ratio decreases as the slendernessy

ratio increases. The same relationships hold for F = 50 ksi but with
y

the dividing point of KL/r = 130. The curves also show that fory

KL/r = 150.47 (L = 4 ft), the allowable load ratios for F = 33 andy y

50 ksi are the same. When KL/r < 150.47, the allowable load ratios
y

computed

ksi. For

for F = 50 ksi
y

KL/r > 150.47,
Y

are larger than those computed for F = 33
Y

the allowable load ratio computed for Fy =

33 ksi are larger than those computed for F = 50 ksi.
Y
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A deeper channel (6 in. x 1.5 in. x 0.105 in.) with unstiffened

flanges was also studied. Figure 50 shows the allowable load ratio

versus eccentricity for the 5 ft long channel with D/L = 0.5 and Fy

33 ksi. The curves shown in the figure are obtained for Cm values of

1.0 and 0.85. It is similar in shape and magnitude to the allowable

load ratio curve shown in Figure 47 for a 4 in. deep channel with un-

stiffened flanges and F = 33 ksi. Figure 50 shows that C value has
y m

negligible effect on the allowable load ratio. Also as shown in Figures

47 and 50, small eccentricities will result in relatively high allow-

able load ratios.

The relationship between allowable load ratio and dead-to-live

load ratio for the channel used in Figure 50 is shown in Figure 51 for

various lengths. The curves without star symbol represent the values

of allowable load ratio for e = + 1.00 in; the curves with star symbols

represent the values of allowable load ratio for e = - 1.00 in. The

effective lengths used in this figure are 3 and 7 ft. This figure is

similar to Figure 46 which was obtained from a channel of equal depth

but with stiffened flanges. As shown in this figure, the effective

length has a small effect on the allowable load ratio. It also shows

that the sign of eccentricity has no effect for L = 3 ft and has neg-

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

A. GENERAL

Connections are required for joining individual structural members

together and are used to fabricate structural members from sheet steel

or structural components. The AISI Specification and the Specification

for Load and Resistance Factor Design include requirements for welded

and bolted connections which are frequently used in cold-formed steel

construction. All connections should be designed to transmit the max

imum load with proper regard for eccentricity.

B. WELDED CONNECTIONS

Welds are classified as fusion welds and resistance welds. Weld

shearing and plate tearing are the common failure modes for welded

connections.

1. Allowable Stress Design. Welded connections shall be designed

to transmit the maximum load in the connected member. Proper regard

shall be given to eccentricity.

a. Arc Welds. Arc welds are fusion welds produced by burning

the metal to a molten state at the surface to be joined without the

application of mechanical pressure or blows~5. Pekoz and McGuire~6

studied the welding of sheet steel and provided most of the statistical

data used for the development of the AlSI design provisions for al

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

not exceed P calculated as follows:a

p = P 10a n w

where

Ow = Factor of safety for arc welded connections

= 2.50

(VII. 1)

P =Nominal strength of welds determined according to the
n

following formulas.

i. Arc Spot Welds. Arc spot welds are produced by burning a hole

in the top sheet and filling it with weld metal which fuses it to the

bottom sheet or structural member. They are sometimes referred to as

puddle. welds. Arc spot welds permitted by the AISI Specification are

for welding sheet steel to thicker supporting members in the flat po-

sition. Arc spot welds (puddle welds) shall not be made on steel where

the thinnest connected part is over 0.15 inch thick, nor through a

combination of steel sheets having a total thickness over 0.15 inch.

Weld washers shall be used when the thickness of the sheet is less

than 0.028 inch. Weld washers shall have a thickness between 0.05 and

0.08 inch with a minimum prepunched hole of 3/8-inch diameter.

Arc spot welds shall be specified by minimum effective diameter

of fused area, d . Minimum allowable effective diameter is 3/8 inch.. e

The nominal shear load, P J on each arc spot weld· between sheet
n

or sheets'and supporting member shall not exceed the smaller of either

P
n

= O.625d 2F . ore xx'
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P = 2.20td Fn a u

For O.815/(E/F ) < (d It) < 1.397./(E/F ):u a u

P =O.280(1+(5.59tJE)/(d ~))td Fn a u a u

For (d It) ~ 1. 397 J(E/F ):a u

P = 1.40td Fn a u

where

(VII.3)

(VII.4)

(VII.5)

d =Visible diameter of outer surface of arc spot weld

d = Average diameter of the arc spot weld at mid-thickness of t
a

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

sheets (not more than four lapped sheets over a supporting

member))

d = Effective diamete+ of fused areae

d = O.7d-1.5t but ~ O.55de
(VII.6)

t =Total combined base steel thickness (exclusive of coatings) of

sheets involved in shear transfer

F = Stress level designation in AWS electrode classificationxx

F =Specified minimum tensile strength of steel
u

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

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

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

(a) Sheet to thicker supporting member in the flat position.

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

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

P , on each arc seam weld shall not exceed either
n

(VII. 7)
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(VII.8)

where

d = Width of arc seam weld

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

computation purposes, L shall not exceed 3d)

da = Average width of seam weld

where

d = (d-t) for a single sheet, anda

(d-2t) for a double sheet

d = Effective width of arc seam weld at fused surfaces
e

d =O.7d-1.5t
e

(VII.9)

(VII.10)

(VII.lI)

iii. Fillet Welds. Fillet welds are used to connect lap joints

and T-joints. Fillet welds covered by the AISI Specification apply to

the welding of joints in any position, either

(a) Sheet to sheet, or

(b) Sheet to thicker steel member.

According to Section &2.4 of the AlSI Specification, the shear load,

P , on a fillet weld in lap and T-joints shall not exceed the following:n

For longitudinal loading:

For Lit < 25:

P = (l-O.OlL/t)tLF
n u

. For Lit ~ 25:

P = O.75tLFn u

For transverse loading:

P = tLFn u

where
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t = Least value of t 1 or t z
In addition, for t > 0.150 inch the allowable load for fillet weld

in lap and T-joints shall not exceed:

P = 0.75t LFn w xx

where

L = Length of fillet weld

(VII. 15)

t w =Effective throat =0.707w1 or 0.707wZ' whichever is smaller.

A larger effective throat may be taken if it can be shown by

measurement that a given welding procedure will consistently

give a larger value providing the particular welding procedure

used for making the welds that are measured is followed.

WI and Wz = leg on weld

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

formed steel construction to join rolled corners to sheets and to join

two rolled corners. Flare groove welds covered by the AISI Specifi-

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

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

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

(c) Sheet to thicker steel member for flare-bevel groove welds.

According to Section EZ.5 of the AISI Specification, the shear load,

P , on a weld shall be governed by the thickness, t, of the sheet steel
n

adjacent to the weld. The load shall not exceed:

For flare-bevel groove welds, transverse loading:

P = 0.833tLFn u

For flare groove welds, longitudinal loading:

(VII. 16)

For t ~ t < Zt or if the lip height is less than weld length, L:
w
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p = 0.75tLF
n u

(VII. 17)

For t ~ 2t and the lip height is equal to or greater than L:
w

p = 1. 50tLF
n u

In addition, if t > 0.15 inch, then:

(VII. 18)

P = 0.75t LF (VII.19)
n w xx

b. Resistance Welds. Resistance welding is a group of welding

processes wherein coalescence is produced by the heat obtained from

resistance to electric current through the work parts held together

under presure by electrodes45
• They are mostly used for shop welding

in cold-formed steel fabrication. According to Section E2.6 of the AISI

Specification, in sheets joined by spot welding the allowable shear

per spot, P , shall be as follows (the safety factor is included ina

Table VII. 1):

TABLE VII.1
Allowable Shear per Spot for Resistance Welds

Thickness of Allowable Shear Thickness of Allowable Shear
Thinnest Outside Strength per Thinnest Outside Strength per

Sheet, in. Spot, kips Sheet, in. Spot, kips

0.010 0.050 0.080 1. 330

0.020 0.175 0.094 1.725

0.030 0.400 0.109 2.395

0.040 0.570 0.125 2.880

0.050 0.660 0.188 4.000

0.060 0.910 0.250 6.000

2. LRFD Criteria
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a. Arc Welds. According to Section E2 of the LRFD Specification,

the force on each weld computed on the basis of factored loads shall

not exceed the factored nominal strength, ~P ,
n

where

~ = Resistance factor for arc welded connections

P = Nominal strength of welds
n

i. Arc Spot Welds. Arc spot welds permitted by the LRFD Spec-

ification are for welding sheet steel to thicker supporting members

in the flat position. Arc spot welds (puddle welds) shall not be made

on steel where the thinnest connected part is over 0.15 inch thick,

nor through a combination of steel sheets having a total thickness over

0.15 inch.

Weld washers·shall be used when the thickness of the sheet is less

than 0.028 inch. Weld washers shall have a thickness between 0.05 and

0.08 inch with a minimum prepunched hole of 3/8-inch diameter.

Arc spot welds shall be specified by minimum effective diameter

of fused area, d . Minimum allowable effective diameter is 3/8 inch.e

The factored nominal shear strength, ~P , of each arc spot weld. n

between sheet or sheets and supporting member shall be determined by

using the smaller of either

(a) ~ = 0.60

P = 0.S89d 2F ; or
n e xx

(b)For (d It) ~ 0.81SJ(E/F ):a u

~ = 0.60

Pn = 2.20tdaFu

For 0.81Sj(E/Fu ) < (dit) < 1.397.j(E/Fu):
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¢ = 0.50

Pn = O.280(1+5.59fE7F:/(da/t))tdaFu

For (d It) ~ 1.397J(E/F ):a u

¢ = 0.50

P = 1. 40td Fn a u

where

¢ = Resistance factor for welded connections

(VII.22)

(VII.23)

P = Nominal ultimate shear strength of an arc spot weld
n

d = Visible diameter of outer surface of arc spot weld

d =Average diameter of the arc spot weld at mid-thickness of t
a

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

sheets (not more than four lapped sheets over a supporting

member))

d = Effective diameter of fused areae

d = O. 7d- 1. 5t but ~ 0 . 55de
(VII. 24)

t = Total combined base steel thickness (excl~sive of coatings) of

sheets involved in shear transfer

F = Stress level designation in AWS electrode classification
xx

ii. Arc Seam Welds. Arc seam welds covered by the LRFD Spec-

ification apply only to the following joints:

(a) Sheet to thicker supporting member in the flat position.

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

The factored nominal shear strength, ¢P , of arc seam welds shall be
n

determined by using the smaller of either

(a) ¢ = 0.60
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P = (nd 2/4+Ld )(0.75F ); ornee xx

(b) ep = 0.60

P = 2.5tF (0.25L+0.96d )n u a

where

ep = Resistance factor for welded connections

(VII.25)

(VII.26)

P = Nominal ultimate shear strength of an arc seam weld
n

d =Width of arc seam weld

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

computation purposes, L shall not exceed 3d)

d = Average width of seam welda

iii. Fillet Welds. Fillet welds covered by the LRFD Specifica-

tion apply to the welding of joints in any position, either

(a) Sheet to sheet, or

(b) Sheet to thicker steel member.

The factored nominal shear strength, epP , of a fillet weld shall ben

determined as follows:

(a)For longitudinal loading:

For Lit < 25:

ep = 0.60

Pn = (1-0.01L/t)tLFu

For Lit ~ 25:

ep = 0.55

P = 0.75tLFn u

(b)For transverse loading:

ep = 0.60
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Pn = tLFu

where

(VII. 29)

t = Least value of t l or t 2

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

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

~ = 0.60

P = 0.7St LFn w xx

where

~ = Resistance factor for welded connections

P = Nominal ultimate strength of a fillet weld
n

L = Length of fillet weld

(VII.30)

t
w

= Effective throat = 0.707wl or 0.707w2, whichever is smaller.

A larger effective throat may be taken if it can be shown by

measurement that a given welding procedure will consistently

give a larger value providing the particular welding procedure

used for making the welds that are measured is followed.

wl and w2 = leg on weld

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

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

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

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

(c) Sheet to thicker steel member for flare-bevel groove welds.

The factored nominal shear strength, ~p , of a flare groove weld shalln

be determined as follows:

(a)For flare-bevel groove welds, transverse loading:

~ = 0.55
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P = 0.833tLF
n u

(b)For flare groove welds, longitudinal loading:

(VII.31)

(1)For t ~ t < 2t or if the lip height is less than weld length, L:
w

Q> = 0.55

P = 0.75tLF
n u

(VII.32)

(2)For t ~ 2t and the lip height is equal to or greater than L:w

Q> = 0.55

P = 1.50tLFn u
(VII.33)

In addition, if t > 0.15 inch, the factored nominal s,trength de-

termined above shall not exceed the following value of Q>P :
n

Q> = 0.60

P = 0.75t LFn w xx (VII. 34)

b. Resistance Welds. The factored nominal shear strength, Q>P ,
n

of spot welding shall be determined as follows:

Q> = 0.65

P =Tabulated value given in Table VII.2n
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TABLE VII.2

Nominal Shear Strength of Spot Welding

Thickness of Shear Strength Thickness of Shear Strength

Thinnest Outside per spot Thinnest Outside per spot

Sheet, in. kips Sheet, in. kips

0.010 0.125 0.080 3.325

0.020 0.438 0.094 4.313

0.030 1.000 0.109 5.988

0.040 1.425 0.125 7.200

0.050 1.650 0.188 10.000

0.060 2.275 0.259 15.000

3. Comparison. The allowable load per weld for allowable stress

design is Pa computed from Eq. (VII. 1). For the LRFD criteria, the

allowable load per weld can be calculated from the follwoing equation

developed from Eq. (11.6):

(P )LRFD = ~P (D/L+1)/(1.2D/L+1.6)a n (VII. 35)

a. Arc Spot Welds. Equation (VII.2) from allowable stress d~sign

and Eq. (VII.20) for LRFD criteria are based on shearing of the weld.

The allowable load ratio based on shearing of arc spot welds and ~ =
0.60 is as follows:
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(2.5<1» ----
0.589

=--
0.625

0/L+1

1.20/L+1.6

0/L+1
= 1.414 ----

1. 20/L+1. 6
(VII.36)

Figure 52 shows the allowable load ratio versus dead-to-live load

ratio determined from Eq. (VII.36) for weld shear failure of arc spot

welds. For O/L = 0.5, the allowable load per spot determined from the

LRFO criteria is 3.6% less than the value obtained from allowable

stress design. As shown in the figure, LRFO is conservative for shear

failure in arc spot welds for O/L < 0.9.

Equations (VII. 3), (VII. 4), and (VII. 5) from allowable stress

design and Eqs. (VII. 21), (VII. 22), and (VII. 23) for LRFO are based

on failure in the plate. The allowable load ratios for plate failure

are as follows:

For (d It) ~ 0.815j(E/F ) and <I> = 0.60,a u

0/L+1
= 2.5<1> ----

1. 20/L+1. 6
= 1.50

0/L+1

1. 20/L+1. 6
(VII.37)

For 0.815j(E/F ) < (d It) < 1.397/(E/F ) and <I> = 0.50,u a u

0/L+1

1. 20/L+1. 6
= 1.25

0/L+1

1.20/L+1.6
(VII. 38)

0/L+1
= 1.25

0/L+1

1. 20/L+1. 6
(VII.39)

Equations (VII. 37), (VII. 38), and (VII. 39) are shown in Figure

53 and are based on plate failure of arc spot welds. As seen from the

figure, for OIL = 0.5, the allowable load ratios computed from LRFO
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and ASD vary from about 0.85 to 1.02 depending upon the daft ratio used

in the connection. For the range of D/L ratios used in cold-formed

steel, LRFD is conservative for the design of arc spot welds compared

with allowable stress design.

b. Arc Seam Welds. Equation (VII.7) from allowable stress design

and Eq. (VII.25) for LRFD criteria are based on shearing of the weld.

The allowable load ratio based on shear failure of arc seam welds and

q> = 0.60 is as follows:

(Pa)LRFD D/L+1 D/L+l
= 0.75nq> = 1. 414

(Pa)ASD 1. 2D/L+1. 6 1. 2D/L+1. 6
(VII.40)

Equation (VII.40) is identical to Eq. (VII.36) which is the al

lowable load ratio for arc spot welds based on weld shearing. Figure

52 shows the relationship between allowable load ratio and dead-to-liye

load ratio for this type of failure. As shown in the figure, LRFD is

conservative for shear failure of arc seam welds compared with allow

able stress design for D/L < 0.90.

Equation (VII.8) from allowable stress design and Eq. (VII.26)

for LRFD criteria are based on plate tearing. The allowable load ratio

for plate failure and q> :: 0.60 is as follows:

D/L+l
:: 2.5q> _

1. 2D/L+1. 6

D/L+1= 1.50 _

1. 2DfL+1. 6
(VII.41)

Figure 54 shows the allowable load ratio versus dead-to-live load

ratio detet::mined from Eq. (VII. 41) for plate tearing failure. Both

design methods result in the same value of allowable load for a D/L

ratio of 1/3. The allowable load based on LRFD is 2.3% greater than
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the value based on allowable stress design for D/L = 0.5. However, LRFD

is conservative for D/L < 1/3 compared with allowable stress design.

c. Fillet Welds. Equations (VII.12), (VII.13), and (VII.14) from

allowable stress design and Eqs. (VII.27), (VII.28), and (VII.29) for

LRFD design are based on plate tearing. The allowable load ratio can

be computed using the following formula:

= 2.5<p ----
D/L+1

1. 2D/L+1. 6
(VII.42)

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

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

equation:

= 1.50 ----
D/L+l

1. 2D/L+1. 6
(VII.43)

For longitudinal loading with L/t ~ 25, the resistance factor is 0.55.

Therefore, the following equation can be used to calculate the allow

able load ratio:

= 1. 375
D/L+l

1. 2D/L+1. 6
(VII.44)

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

culate the allowable load ratio.

= 1.50
D/L+l

1. 2D/L+1. 6
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The relationship between allowable load ratio and dead-to-live

load ratio is shown in Figure 55 for plate tearing failure based on

Eqs. (VII. 43), (VII. 44), and (VII. 45) . For longitudinally loaded

fillet welds with L/t < 25 and O/L = 0.5, the allowable load computed

from LRFD is 2.3% higher than the value computed from allowable stress

design. For longitudinally loaded fillet welds with L/t ~ 25 and O/L

= 0.5, the allowable load computed from LRFO is 6.1% lower than the

value computed from allowable stress design.

For transverse loading of fillet welds, the allowable load based

on the LRFO criteria is also 2.3% higher than the value based on al

lowable stress design for O/L = 0.5.

When the thickness of the plate is greater than 0.15 in., weld

shearing has to be checked. Equation (VII. 15) from allowable stress

design and Eq. (VII.30) for LRFO design are based on weld shearing of

fillet welds. The allowable load ratio can be computed using the

following formula with ~ = 0.60:

= 2.5~

O/L+l

1. 20/L+l. 6
= 1.50

O/L+l

1.20/L+l.6
(VII.46)

The relationship between allowable load ratio and dead-to-live

load ratio for weld failure of fillet welds is shown in Figure 56.

From the figure, LRFD criteria result in an allowable load 2.3% larger

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

(VII.18) from allowable stress design and Eqs. (VII.31), (VII.32), and

(VII.33) for LRFD design are based on plate failure. The allowable load

ratio can be computed using the following formula:

= 2.5<1> ----
D/L+l

1. 2D/L+1. 6

(VII. 47)

For flare-bevel groove welds loaded in the transverse direction and <t>

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

= 1. 375
D/L+I

1. 2D/L+1. 6
(VII.48)

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

= 1. 375
D/L+l

1. 2D/L+1. 6
(VII .49)

Figure 57 shows the relationship between allowable load ratio and

dead-to-live load ratio computed from Eqs. (VII.48) and (VII.49). For

transverse loading of flare-bevel groove welds and D/L = 0.5, the al

lowable load computed from LRFD is 6.3% lower than the value computed

from allowable stress design. The same is true for flare groove welds

loaded in the longitudinal direction. As shown in the figure, the LRFD

criteria for flare groove welds are slightly conservative for the

values of D/L ratios generally used in cold-formed steel construction.

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

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

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

follows:

0/L+1
= 2.5$ - _

1. 20/L+1. 6
= 1.50

0/L+1

1. 20/L+1. 6
(VII. 50)

Equation (VII.50) is identical to Eq. (VII.46) which is the al

lowable load ratio for fillet welds based on the same type of failure.

Figure 56 shows the allowable load ratio versus dead-to-live load ratio

for weld failure of fillet and flare groove welds. The allowable load

ratio based on LRFO is 2.3% larger than the value based on allowable

stress design for O/L = 0.5.

e. Resistance Welds. The allowable loads per spot weld for al

lowable stress design in Table VII:1 were derived from the values in

Table VII.2 using a factor of safety of 2.5. Therefore, the following

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

(Pa)LRFD 0/L+1 0/L+1
= 2.5$ = 1.625 (VII.51)

(Pa)ASD 1. 20/L+1. 6 1.20/L+1.6

The relationship between allowable load ratio and dead-to-live

load ratio is shown in Figure 58 for resistance welds. As shown from

the figure, LRFO criteria always result in higher values, of allowable

load than allowable stress design for all dead-to-live load ratios.

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

The AlSI Specification and the LRFD Specification for bolted

connections of cold-formed steel structural members apply to members

in which the thickness of the thinnest connected part is less than 3/16

in. The AlSC Specification should be used for bolted connections when

the thickness of the thinnest connected part is greater than or equal

to 3/16 in.

1. Allowable Stress Design. According to Section E3 of the AlSI

Specification, the following requirements govern bolted connections

of cold-formed steel structural members in which the thickness of the

thinnest connected part is less than 3/16 inch and there are no gaps

between connected parts. For bolted connections in which the thinnest

connected part is equal to or greater than 3/16 inch, refer to AISC

Specification.

a. Spacing and Edge Distance. The minimum spacing and edge

distance in the line of the stress has to be checked to prevent tearing

of the steel sheet due to shear. According to Section E3.1 of the AlSI

Specification, the distance, e, measured in the line of force from the

center of a standard hole to the nearest edge of an adjacent hole or

to the end of the connected part toward which the force is directed

shall not be less than the value of e. determined as follows:m1n

e . = enmm e

where

(VII. 52)

e =P/F tu (VII. 53)

(a) When F /F ~ 1.15:
u sy

ne = Factor of safety for sheet tearing
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= 2.0

(b) When F IF < 1.15:u sy

a = Factor of safety for sheet tearinge

= 2.22

where

P = Force transmitted by bolt

t = Thickness of thinnest connected part

F = Tensile strength of the connected part
u

F = Specified yield point of the connected partsy

b. Tension in Connected Part. Tearing of the net section in

tension is caused by stress concentrations resulting from the presence

of holes and the concentrated force transmitted by the bolt to the

sheets. According to Section E3.2 of the AISI Specific~tion, the ten-

sion force on the net section of a bolted connection shall not exceed

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

lows:

where

P = AnFtn

A = Net section area
n

Ft and at are defined as follows:

(a) When t ~ 3/16 in.:

Use AISC Specification

(VII. 54)

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

head and nut

Ft = (1. 0-0. 9r+3rd/s)Fu s: Fu
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0t = Factor of safety for tension on the net section

= 2.0 for double shear

= 2.22 for single shear

(c) When t < 3/16 inch and either washers are not provided under the

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

the bolt head or nut

(VII. 56)

0t = Factor of safety for tension on the net section

= 2.22

where

r =Force transmitted by the bolt or bolts at the section

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

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

s = Spacing of bolts perpendicular to line of stress. In the case

of a single bolt, s =width of sheet

Ft = Nominal tension stress limit on net section

d = Diameter of bolt

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

up in front of the bolts. This occurs when the edge distance or lon-

gitudinal spacing of the bolts is relatively large. According to Sec-

tion E3.3 of the AISI Specification, ,the bearing force shall not exceed

P calculated as follows:a

Pa = P Inn b

where

P = F dtn p

nb = Safety factor for bearing
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= 2.22

F = Nominal bearing stress as given in Tables VII.3 and VII.4p

Table VII. 3
Nominal Bearing Stress for Bolted Connections

With Washers Under Both Bolt Head and Nut

Thickness of F /F ratio of Nominal
connected part Type of joint u s~ bearingconne ted part

in. stress, F
p

Inside sheet of ~ 1.15 3.33F
double shear u

connection < 1.15 3.00Fu

~ 0.024
but < 3/16 Single shear

and outside
sheets of No limit 3.00F
double shear u

connection

~ 3/16 See AISC Specification
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Table VII. 4
Nominal Bearing Stress for Bolted Connections
Without Washers Under Both Bolt Head and Nut,

or With Only One Washer

Thickness of F IF ratio of Nominal
u St bearingconnected part Type of joint conne ted part

in. stress, Fp

Inside sheet of
double shear ~ 1.15 3.00Fu
connection

~ 0.036
but < 3/16 Single shear

and outside
sheets of ~ 1.15 2. 22Fu
double shear
connection

~ 3/16 See AISC Specification

d. Shear and Tension in Bolts. The strengths of the bolts in

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

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

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

ceed allowable bolt force, Pa , calculated as follows:

(VII.59)

where

~ =Gross cross-sectional area of bolt

F is given by Fv ' F
t

or F
t

' in Tables VII.5 and VII.6
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Table VII.5
Allowable Shear and Tension Stresses for Bolts

Allowable shear
Stress, F , ksiv

Description Threads not Threads Ex- Allowable Tension
of Bolts Excluded from eluded from Stress, Ft , ksi

Shear Plane Shear Plane

A325 Bolts 21 30 44

1A354 Grade B Bolts
0/4 in. ~ d 24 40 49
< 1/2 in.)

A449 Bolts
0/4 in. ~ d 18 30 40
< 1/2 in.)

A490 Bolts 28 40 54

A307 Bolts, Grade A
0/4 in. ~ d 9 18
< 1/2 in.)

A307 Bolts, Grade A
( d ~ 1/2 in.) 10 20

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

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

the tension force shall not exceed the allowable force, P , based ona

F
t
', given in Table VII.6, where f v ' the shear stress produced by the

same forces, 'shall not exceed the allowable. value F given in Tablev

VII. 5.
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Table VII. 6
Allowable Tension Stress, F I, for Bolts

Subject to the Combination of Sbear and Tension

Threads Not Excluded· Threads Excluded from
Description of Bolts from Shear Planes Shear Planes

A325 Bolts 55 - 1. 8f ~ 44 55 - 1. 4£ ~ 44
v v

A354 Grade BD Bolts 61 - 1. 8f ~ 49 61 - 1.4£ ~ 49v v

A449 Bolts 50 - 1. 8£ ~ 40 50 - 1. 4f ~ 40v v

A490 Bolts 68 - 1. 8£ ~ 54 68 - 1. 4£ ~ 54v v

A307 Bolts, Grade A
When 1/4in. ~ d<1/2 in. 23 - 1. 8£ ~ 18v

When d~ 1/2in. 26. - 1. 8f ~ 20v

2. LRFD Criteria. According to Section E3 of the LRFD Speci£i-

cation, the following LRFD design criteria govern bolted connections

used for cold-formed steel structural members in which the thickness

of the thinnest connected part is less than 3/16 inch. For bolted

connections in which the thickness of the thinnest connected part is

equal to or greater than 3/16 inch, refer to AISC Specification.

a. Spacing and Edge Distance. According to Section E3.1 of the

LRFD Specification, the factored nominal shear strength, ~P , of the
n

connected part along two parallel lines in the direction of applied

force shall be determined as follows:

(VII. 60)
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~ = 0.70

(b) When F IF < 1.15:u sy

~ = 0.60

where

~ = Resistance factor

P = Nominal resistance per boltn

e = The distance measured in the line of force from the center

of a standard hole to the nearest edge of an adjacent hole

or to the end of the connected part

t = Thickness of thinnest connected part

F = Tensile strength of the connected part
u

F = Specified yield point of the connected partsy

b. Tension in Connected Part. According to Section E3.2 of the

LRFD Specification, the factored nominal tensile strength, ~P , on the
n

net section of the connected part shall be determined as follows:

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

Pn = (1.0-0.9r+3rd/s)FuAn ~ FuAn

~ = 0.65 for double shear connection

~ = 0.55 for single shear connection

(VII.61)

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

one washer is provided under either the bolt head or nut

~ = 0.65

(VII.62)

In addition, the factored nominal tensile strength shall not exceed

the following value:

~ = 0.95
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P = F An 5y n

where

A = Net area of the connected part
n

d = Diameter of bolt

(VII. 63)

r = Force transmitted by the bolt or bolts at the section

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

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

s = Spacing of bolts perpendicular to line of stress. In the case

of a single bolt, s = Width of sheet

c. Bearing. According to Section E3.3 of the LRFD Specification,

the factored nominal bearing strength, ~P , shall be determined by then

values of ~ and P given in Tables VII.7 and VII.8 for the applicable
n

thickness and F IF ratio of the connected part and the type of jointu sy

used in the connection.

TABLE VII.7
Nominal Bearing Strength for Bolted Connections

With Washers Under Both Bolt Head and Nut

Thickness of F IF ratio of Resistance Nominal
Connected Part Type of Joint u sy Factor Resistance

in. Connected Part ~ Pn

Inside sheet of ~ 1.15 0.55 3.33F dt
double shear

u

~ 0.024 connection < 1.15 0.65 3.00F dt
but

u

< 3/16 Single shear
and outside
sh~ets of No limit 0.60 3.00F dt

double shear
u

connection

~ 3/16 See Section E3
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TABLE VII. 8
Nominal Bearing Strength for Bolted Connections
Without Washers Under Both Bolt Head and Nut,

or With Only One Washer

Thickness of F /F ratio of Resistance Nominal
Connected Part Type of Joint u sy

Factor Resistance
in. Connected Part <p Pn

Inside sheet of
double shear ~ 1.15 0.70 3.00F dt

~ 0.036 connection
u

but
< 3/16 Single shear

and outside
sheets of ~ 1.15 0.65 2.22F dt

double shear
u

connection

~ 3/16 See Section E3

d. Shear and Tension in Bolts. According to Section E3.4 of the

LRFD Specification, the bolt force in shear or tension produced by

factored loads shall not exceed the factored nominal strength, <pP ,
. n

determined as follows:

<p = Resistance factor given in Table VII.9

(VII.64)

where

~ = Gross cross-sectional area of bolt

F is given by F or F t in Table VII.9.
n nv n

When bolts are subject to a combination of shear and tension

produced by factored loads, the tension force shall not exceed the

factored nominal strength, 4>P , based on 4> = 0.75 and P = A F'n n b nt'

where F' is given in Table VII.10, in which f is the shear stress
nt v

produced by the same factored loads. The shear force shall not exceed
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the factored shear strength, q>AbF , determined in accordance withnv

Table VII. 9.

3. Comparison. The allowable load per bolt for allowable stress

design can be determined as P = P 10. For the LRFD criteria, the ala n

lowable load per bolt can be calculated from the follwoing equation

developed from Eq. (11.6):

(P )LRFD = q>P (D/L+1)/(1.2D/L+1.6)a n
(VII.65)

a. Spacing and Edge Distance. For allowable stress design, the

allowable load can· be computed for a given edge distance by solving

for P in Eqs. (VII.52) and (VII.53).

For F IF ~ 1. 15,
u sy

(Pa)ASD =0.5teFu

For F /F < 1.15,u sy

(Pa)ASD = 0.45teFu

(VII.66)

(VII. 67)

The allowable load for LRFD can be computed using Eq. (VII.65).

The allowable loads from Eqs. (VII.66) and (VII.67) were derived from

the ultimate load in Eq. (VII.60) using a factor of 2.00 and 2.22,

respectively. Therefore, the allowable load ratios based on plate

shearing around the bolt can be computed from the following:

For F /F ~ 1. 15, q> = O. 70:u sy

(Pa)LRFD D/L+l
= 1.4

(Pa) ASD 1. 2D/L+1. 6

For F IF· < 1.15, q> = 0.60:u sy

(Pa)LRFD D/L+1
= 1.332

(Pa)ASD 1.2D/L+1. 6

(VII.68)

(VII.69)
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TABLE VII.9
Nominal Tensile and Shear Strengths for Bolts

Tensile Strength Shear Strength
Description of Bolts

A307 Bolts, Grade A
0/4 in. ~ d < 1/2 in.)

A307 Bolts, Grade A
(d ~ 1/2 in.)

A325 bolts, when threads
are not excluded
from shear planes

A325 bolts, when threads
are excluded

from shear planes

A354 Grade B Bolts
0/4 in. ~ d < 1/2 in.),

when threads are not
excluded from shear planes

A354 Grade B Bolts (1/4 in.
~ d < 1/2 in.), when threads

are ex~luded from shear plans

A449 Bolts (1/4 in. ~ d < 1/2
in.), when threads are not

excluded from shear planes

A449 Bolts (1/4 in. ~ d <
1/2 in.), when threads are
excluded from shear planes

A490 Bolts, when threads
are not excluded
from shear planes

A490 Bolts, when threads
are excluded

from shear planes

Resistance
Factor ep

0.75

177

Nominal
Stress

Fnt

40.5

45.0

90.0

90.0

101. 0

101. 0

81.0

81.0

112.5

112.5

Resistance
Factor ep

0.65

Nominal
Stress

Fnv

24.0

27.0

54.0

72.0

59.0

90.0

47.0

72.0

67.5

90.0



TABLE VII. 10

Nominal Tension Stress, F'nt' for Bolts

Subject to the Combination of Shear and Tension

Threads Not Excluded Threads Excluded from

~escription of Bolts from Shear Planes Shear Planes

A325 Bolts 113-2.4f S; 90 113-1.9f S; 90v v

A354 Grade BD Bolts 127-2.4f S; 101 127-1.9f ~ 101v v

A449 Bolts 101-2.4f S; 81 101-1.9f S; 81v v

A490 Bolts 141-2.4f S; 112.5 141-1.9f s; 112.5v v

A307 Bolts, Grade A

when 1/4 in. S; d < 1/2

in. 47-2.4f ~ 40.5v

when d ~ 1/2 in. 52-2.4f ~ 45v

Figure 59 shows the relationships between allowable load ratio

and dead-to-live load ratio for Eqs. (VII.68) and (VII.69). For D/L =
0.5, the allowable loads based on the LRFD criteria are from 4.5% to

9.2% lower than the values based on allowable stress design.
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b. Tension in Connected Parts. For allowable stress design, the

allowable tension on the net section can be computed by Eq. (VII.70).

(VII. 70)

For LRFD, the allowable tension on the net section can be computed

using Eq. (VII.65).

The allowable load for double shear connections with washers based

on allowable stress design was derived from the nominal tensile load

and a factor of safety of 2.0. For single shear connections without

washers, a factor of safety of 2.22 was used for allowable stress de

sign. The yielding criteria for the net section was studied in Chapter

III of this report. The allowable load ratios can be computed as fol

lows:

For double shear connections with washers and <I> = 0.65,

(Pa)LRFD D/L+1 D/L+1
= 2. 0<1> = 1. 30

(Pa)ASD 1. 2D/L+1. 6 1. 2D/L+1. 6

For single shear connections with washers and <t> = 0.55,

(Pa)LRFD D/L+1 D/L+1
= 2.22<1> = 1.221

(Pa)ASD 1. 2D/L+1. 6 1. 2D/L+1. 6

For connections without washers and <I> = 0.65,

(Pa)LRFD D/L+1 D/L+1
= 2.22<1> = 1.443

(Pa)ASD 1. 2D/L+1. 6 1. 2D/L+1. 6

(VII. 71)

(VII.72)

(VII.73)

Figure 60 shows the allowable load ratio versus dead-to-live load

ratio for the three cases represented by Eqs. (VII.71), (VII.72), and

(VII.73). As shown in the figure, the criteria for tension on the net

section result in a wide range of allowable load ratios. For D/L =0.5,
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the allowable loads based on the LRFD criteria are from 1.8% to 16.7%

lower than the values based on allowable stress design. The difference

depends on the use of washers and the type of connections. Figure 60

also shows that LRFO is very conservative for connections with washers

under the bolt head and nut compared with allowable stress design.

c. Bearing. The allowable load based on allowable stress design

can be computed using the following equation:

(Pa)ASO = Fptd/Qb (VII.74)

For LRFO, Eq. (VII.65) can be used to calculate the allowable load.

The factor of safety used in the development of the allowable

stress design formulas was 2.22. Therefore, the allowable load ratios

can be computed as follows:

(i) Connections with washers:

For inside sheets of double shear connections with

F /F ~ 1. 15 and <P = 0.55,
u sy

(P )LRFD O/L+l
a = 1. 221

(Pa)ASO 1.20/L+1.6

For inside sheets of double shear connections with

(VII. 75)

F IF <u sy

(Pa)LRFD

(Pa)ASO

1.15 and <P =0.65,

O/L+l
= 1.443

1. 20/L+1. 6
(VII. 76)

For single shear and outside sheets of double shear

connections with <P = 0.60,

0/L+1

1. 20/L+1. 6
(VII. 77)

(ii) Connections without washer or with only one washer:
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For inside sheets of double shear connections with

F IF ~ 1.15 and ~ = 0.70,u sy

(Pa)LRFD = 1.554 D/L+1

(Pa)ASD 1.2D/L+l.6

For single shear and outside sheets of double shear

connections with F IF ~ 1.15 and ~ = 0.65,
u sy

(VII.78)

D/L+1
= 1.443

1.2D/L+1.6
(VII.79)

The relationships between allowable load ratio and dead-to-live

load ratio for Eqs. (VII.75) through (VII.79) are shown in Figure 61.

As shown in the figure, the criteria for bearing strength of bolted

connections result in a wide range of values for allowable load ratio.

For D/L = 0.5, the allowable loads based on LRFD are from 6% higher

to 16.7% lower than the values obtained from allowable stress design.

The difference between the allowable loads will depend upon the use

of the washers, the shear conditions, and the F /F ratio. Inside
u sy

sheets of double shear bolted connection with washers designed using

LRFD will be very conservative compared with allowable stress design.

d. Shear and Tension in Bolts. The allowable load based on al-

lowable stress design can be computed as follows:

(VII.80)

For LRFD, Eq. (VII.65) can be used to calculate the allowable load.

Therefore, the allowable load ratio for shear or tension of bolts

is:
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= ~~F [ D/L+I ] ~F [ D/L+I]

~Fn L2D/L+L 6 = F n L2D/L+L6
(VII.81)

Equation (VII.81) can be expressed in the following form:

D/L+I

where

(VII.82)

(VII.83)

Table VII. 11 lists the values of Kb calculated from the values

of F, F , and ~ provided in Tables VII.5 and VII.9. Figures 62 through
n

66 show the relationships between allowable load ratio and dead-to-live

load ratio for the bolts in Table VII.ll using Eq. (VII.82).

Figure 62 shows the allowable load ratio versus dead-.to-live load

ratio for A325 bolts based on shear and tension strengths. As seen from

this figure, for D/L = 0.5, the allowable tensile load based on LRFD

design is 4.6% larger than the value based on allowable stress design.

Also for D/L = 0.5, when. threads are included in the shear plane, the

allowable shear load based on LRFD design is 13.9% larger than the value

based on allowable stress design; when threads are not included in the

shear plane, the allowable shear load based on LRFD design is 6.4%

larger than the value based on allowable stress design. It can also

be seen from this figure that LRFD design will always result in a larger

allowable shear load than allowable stress design when threads are

included in the shear plane.
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Table VII. 11
~ Values for Standard Bolts

Shear Strength

Description
of Bolts

1A325 Bolts

1A354 Grade B Bolts
0/4 in. S; d
< 1/2 in.)

1A449 Bolts
0/4 in. S; d
< 1/2 in.)

1A490 Bolts

A307 Bolts) Grade A
0/4 in. S; d
< 1/2 in.)

A307 Bolts) Grade A
( d ~ 1/2 in.)

Threads not
Excluded from
Shear Plane

1.671

1.598

1. 697

1.567

1. 733

1. 755

Threads Ex
cluded from
Shear Plane

1.560

1.463

1.560

1.463

Tension Strength

1.534

1.546

1. 519

1. 563

1.688

1.688

Figure 63 shows the allowable load ratio versus dead-to-live load

ratio for A354 Grade B bolts (1/4 in. ~ d < 1/2 in.) based on shear

and tension strengths. As seen from this figure) for D/L = 0.5) the

allowable tensile load based on LRFD design is 5.4% larger than the

value based on allowable stress design. Also for D/L =0.5) when threads

are included in the shear plane, the allowable shear load based on LRFD

design is 9% "larger than the value based on allowable stress design;

when threads are not included in the shear plane) the allowable shear

load based on LRFD design is the same as the value based on allowable
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stress design. It can also be seen from this figure that LRFD design

will always result in a larger allowable shear load than allowable

stress design when threads are included in the shear plane.

Figure 64 shows the allowable load ratio versus dead-to-live load

ratio for A449 bolts 0/4 in. ~ d < 1/2 in.) based on shear and tension

strengths. As seen from this figure, for D/L = 0.5, the allowable

tensile load based on LRFD design is 3.6% larger than the value based

on allowable stress design. Also for D/L = 0.5, when threads are in

cluded in the shear plane, the allowable shear load based on LRFD design

is 15.7% larger than the value based on allowable stress design; when

threads are not included in the shear plane, the allowable shear load

based on LRFD design is 6.4% larger than the value based on allowable

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

will always result in a larger allowable shear load than allowahle

stress design when threads are included in the shear plane.

Figure 65 shows the allowable load ratio versus dead-to-live load

ratio for A490 bolts based on shear and tension strengths. As seen from

this figure, for D/L = 0.5, the allowable tensile load based on LRFD

design is 6.6% larger than the value based on allowable stress design.

Also for D/L = 0.5, when threads are included in the shear plane, the

allowable shear load based on LRFD design is 6.8% larger than the value

based on allowable stress design; when threads are not included in the

shear plane, the allowable shear load based on LRFD design is the same

as the value based on allowable stress design.
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Figure 62. Allowable Load Ratio vs. D/L Ratio for Shear
or Tension Strength on A325 Bolts
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Figure 63. Allowable Load Ratio vs. D/L Ratio for Shear or Tension
Strength on A354 Grade B Bolts (1/4 in. ~ d < 1/2 in.)
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Figure 66 shows the allowable load ratio versus dead-to-live load

ratio for A307 Grade A bolts based on shear and tension strengths. As

seen from this figure, for D/L = 0.5, the allowable tensile load based

on LRFD design is 15.1% larger than the value based on allowable stress

design. Also for D/L = 0.5, when 1/4 in. ~ d < 1/2 in., the allowable

shear load based on LRFD design is 18.2% larger than the value based

on allowable stress design; when d ~ 1/2 in., the allowable shear load

based on LRFD design is 19.7% larger than the value based on allowable

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

will always result in a larger allowable load than allowable stress

design for all three cases.

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

unfactored shear force can be calculated for both ASD and LRFD methods

using the following equation:

(VII. 84)

VT = total unfactored shear force

VDL = shear force due to the nominal dead load

VLL = shear force due to the nominal live load

The factored shear force for LRFD design can be expressed as Eq.

(VII.85) by using Eq. (II.6):

1. 2D/L+1. 6
(VII. 85)

D/L+1
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Therefore, the allowable load ratio for tensile strength when

bolts are subject to a combination of shear and tension can be developed

as follows by using Eq. (VII.65):

~
1.2D/L+1.6)

~ C -0 f ----
1 1 D/L+1 0/L+1

=
C - Df 1.2D/L+1.6

(VII.86)

where

ep=0.75

C and D are tabulated in Table VII.6

C1 and D1 are tabulated in Table VII.10

Figures 67 through 76 show the relationships between allowable

load ratio and dead-to-live load ratio for tensile strength of bolts

which are subject to a combination of shear and tension by using Eq.

(VII.86).

Figure 67 shows the allowable load ratio versus dead-to-live load

ratio for A325 bolts when threads are included in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For D/L ratio around 0.18, both design methods would result

in the same allowable tensile load for the unfactored shear stresses

f shown in the figure. For O/L > 0.18, the larger the unfactored shear

stress, the higher the allowable load ratio. For example, for D/L =

0.5, the (Pa)LRFD/(Pa)ASD ratios are 1.162 and 1.066 for f = 21 ksi

and 7 ksi, respectively.
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Figure 68 shows the allowable load ratio versus dead-to-live load

ratio for A325 bolts when threads are excluded in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For ~D/L ratio around 0.28, the LRFD criteria gives an

allowable load about 2% more than the value computed from allowable

stress design for all unfactored shear stresses f shown in the figure.

For D/L > 0.28, the larger the unfactored shear stress, the higher the

allowable load ratio. For D/L = 0.5, the (Pa)LRFD/(Pa)ASD ratios are

1.143 and 1.062 for f = 29 ksi and 10 ksi, respectively.

Figure 69 shows the allowable load ratio versus dead-to-live load

ratio for A354 Grade BD bolts when threads are included in shear plane.

The different curves in this figure represent different unfactored

shear stresses f. For D/L ratio around 0.1, both design methods would

result in the same allowable tensile load for the unfactored shear

stresses f shown in the figure. For D/L >0.1, the larger the unfactored

shear stress, the higher the allowable load ratio. For D/L = 0.5, the

(Pa)LRFD/(Pa)ASD ratios are 1.222 and 1.085 for f = 24 ksi and 8 ksi,

respectively.

Figure 70 shows the allowable load ratio versus dead-to-live load

ratio for A354 Grade BD bolts when threads are excluded in shear plane.

The different curves in this figure represent different unfactored

shear stresses f. For D/L ratio around 0.2, the LRFD criteria give

an allowable load about 2% more than the value computed from allowable

stress design for all unfactored shear stresses f shown in the figure.

For OIL> 0.2, the larger the unfactored she~r stress, the higher the
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allowable load ratio. For D/L = 0.5) the (P ) I(P) ratios area LRFD a ASD

1.287 and 1.079 for f = 36 ksi and 10 ksi) respectively.

Figure 71 shows the allowable load ratio versus dead-to-live load

ratio for A449 bolts when threads are included in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For D/L ratio around 0.27) both design methods would result

in the same allowable tensile load for the unfactored shear stresses

f shown in the figure. For OIL> 0.27) the larger the unfactored shear

stress) the higher the allowable load ratio. For OIL = 0.5, the

(Pa)LRFD/(Pa)ASD ratios are 1.094 and 1.042 for f = 18 ksi and 6 ksi,

respectively.

Figure 72 shows the allowable load ratio versus dead-to-live load

ratio for A449 bolts when threads are excluded in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For OIL ratio around 0.38, the LRFD criteria gives an

allowable load about 2% more than the value computed from allowable

stress design for all unfactored shear stresses f shown in the figure.

For OIL> 0.38) the larger the unfactored shear stress, the higher the

allowable load ratio. For OIL = 0.5, the (Pa)LRFD/(Pa)ASD ratios are

1.098 and 1.039 for f =29 ksi and 10 ksi) respectively.

Figure 73 shows the allowable load ratio versus dead-to-live load

ratio for A490 bolts when threads are included in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For OIL ratio around 0.12) both design methods would result

in the same allowable tensile load for the unfactored shear stresses

f shown in the figure. For OIL> 0.12) the larger the unfactored shear
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stress, the higher the allowable load ratio. For D/L = 0.5, the

(Pa)LRFD/(Pa)ASD ratios are 1.211 and 1.079 for f = 27 ksi and 9 ksi,

respectively.

Figure 74 shows the allowable load ratio versus dead-to-live load

ratio for A490 bolts when threads are excluded in shear plane. The

different curves in this figure represent different unfactored shear

stresses f. For D/L ratio around 0.22, the LRFD criteria give an al

lowable load about 2% more than the value computed from allowable

stress design for all unfactored shear stresses f shown in the figure.

For D/L > 0.22, the larger the unfactored shear stress, the higher the

allowable load ratio. For D/L = 0.5, the (Pa)LRFD/(Pa)ASD ratios are

1.182 and 1.074 for f = 36 ksi and 12 ksi, respectively.

Figure 75 shows the allowable load ratio versus dead-to-live load

ratio for A307 Grade A bolts when 1/4 in. ~ d < 1/2 in .. The different

curves in this figure represent different unfactored shear stresses

f. For D/L ratio around 0.2, both design methods would result in the

same allowable tensile load for the unfactored shear stresses f shown

in the figure. For O/L > 0.2, the larger the unfactored shear stress,

the higher the allowable load ratio. For OIL = 0.5, the

(Pa)LRFD/(Pa)ASD ratios are 1.152 and 1.059 for £ = 9 ksi and 3 ksi,

respectively.

Figure 76 shows the allowable load ratio versus dead-to-live load

ratio for A307 Grade A bolts when d ~ 1/2 in.. The different curves

in this figure represent different unfactored shear stresses f. For

O/L ratio around 0.32, both design methods would result in the same

allowable tensile load for the unfactored shear stresses f shown in
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the figure. For D/L > 0.32, the larger the unfactored shear stress,

the higher the allowable load ratio. For D/L = 0.5, the

(Pa)LRFD/(Pa)ASD ratios are 1.074 and 1.030 for f = 10 ksi and 3.5 ksi,

respectively.
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VIII. STIFFENERS

A. TRANSVERSE STIFFENERS

1. Allowable Stress Design. According to Section B6.1 of the

AISI Specification, transverse stiffeners attached to beam webs at

points of concentrated loads or reactions, shall be designed as com-

pression members. Concentrated loads or reactions shall be applied

directly into the stiffeners, or each stiffener shall be fitted accu-

rately to the flat portion of the flange to provide direct load bearing

into the end of the stiffener. Means for shear transfer between the

stiffener and the web shall be provided according to Chapter E of the

AlSI Specification. The concentrated loads or reactions shall not

exceed the smaller of the allowable loads, Pat given by (a) and (b)

as follows:

(a) Pa

where

= P /nn st
(VIII. I)

(VIII.2)P = F An wyc

nst = 2.00

A = 18t2+A for transverse stiffeners at interior support and
c 5'

under concentrated load (VIII.3)

Ac

where

= 10t2+A for transverse stiffeners at end support(VIII.4)
s'

= Lower value of beam web, Fy or stiffener section, Fys

(VIII. 5)

P
n

=Nominal axial load evaluated according to Section C4(a) of
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the AISI Specification with Ae replaced by ~

n = Factor of safety for axial compression evaluated according
c

to Section C4(a) of the AISI Specification

A_ = b t+A , -for transverse stiffeners at interior support and
-0 1 s

under concentrated load (VIII. 6)

Ab = b2t+As ' for transverse stiffeners at end support (VII I .7)

A = Cross sectional area of transverse stiffeners
s

b
i = 25t(0.0024(Lst/t)+0.72) ~ 25t (VIII. 8)

b 2 = I2t(0.0044(Lst/t)+0.83) ~ 12t (VIII.9)

Lst = Length of transverse stiffener

t = Base thickness of beam web

The wIt ratio for the stiffened and unstiffened elements of
s

cold-formed steel transverse stiffeners shall not exceed 1.28jCE/Fys)

and 0.37JeE/F ) respectively, where F is the yield stress, F , and
~ ~ y

t the thickness of the stiffener steel.
s

2. LRFD Criteria. According to Section B6.1 of the LRFD Spec-

ification, transverse stiffeners attached to beam webs at points of

concentrated loads or reactions, shall be designed as compression

members. Concentrated loads or reactions shall be applied directly into

the stiffeners, or each stiffener shall be fitted accurately to the

flat portion of the flange to provide direct load bearing into the end

of the stiffener. Means for shear transfer between the stiffener and

the web shall be provided according to Chapter E of the LRFD Specifi-

cation. The concentrated loads or reactions determined on the basis

of factored loads shall not exceed the factored nominal strength,

~cPn' where ~c =0.85 and Pn is the smaller value given by provisions
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(a) and (b) in Section B6.l of the LRFD Specification which are the

same as those specified in Section B6.1 of the AISI Specification

mentioned above.

3. Comparison. The unfactored load applied to the stiffener can

be computed for both design methods by using the following formula:

(VIII. 10)

where

PT =unfactored compressive load

PDL = compressive load due to the nominal axial dead load

PLL = compressive load due to the nominal axial live load

The total unfactored load should be less than or equal to the allowable

loads computed from allowable stress design and LRFD. For allowable

stress design, the allowable loads are

(Pa )ASDl = Pnl/Ost

(Pa )ASD2 =Pn2/Oc

(VIII. 11)

(VIII. 12)

For LRFD, the allowable axial loads can be computed by using the fo1-

lowing equations developed from Eq. (11.6):

(P ) = ~ P I(D/L+I)/(1.2D/L+1.6)
a LRFDI c n .

(P ) = ~ P 2(D/L+1)/(1.2D/L+1.6)
a LRFD2 c n

where

(VIII. 13)

(VIII. 14)

P
nl

= Nominal compression strength specified in provision (a)

of Section B6.1

P
n2

= Nominal compression strength specified in provision (b)

of Section B6.1

In order to study the allowable load ratios, three different cases

were considered:
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( 1) Case l' P ~ P then Eqs. (VIII. 11) and (VIII.I3) can be used
. nl nZ'

to determine the allowable load ratio as follow:

(P )LRFD D/L+I
a =0 <t>

() st c 1.ZD/L+l.6Pa ASD

D/L+I
=1.7----

1. ZD/L+1. 6
(VIII. IS)

(2) Case 2' P > P and P /0 > P 2/<t> , then Eqs. (VIII.IZ) and. nl n2 nl st n c

(VIII.14) can be used to determine the allowable load ratio as follow:

D/L+l
= 0 <t>

c c 1. 2D/L+1. 6

D/L+l
= 0.850

cl. 2D/L+1. 6
(VIII. 16)

where

o = 5/3+(3/8)R-(1/8)R3
c

(VIII.I7)

(VIII. 18)

(3) Case 3: Pn1 > PnZ and Pn1/Ost < PnZ/Oc ' then Eqs. (VIII. II) and

(VIII.14) can be used to determine the allowable load ratio as follow:

P 2 [ D/L+l ]=0 <t> n
st c Pnl 1. ZD/L+1. 6

P [ D/L+l .]= 1. 7~ (VIII. 19)
Pnl 1. ZD/L+1. 6

Figure 77 shows the allowable load ratio versus dead-to-live load

ratio for the compression strength of transverse stiffeners determined

by Eq. {VIII. IS). For this case, the LRFD criteria always permit larger

allowable loads than the allowable stress'design. For D/L = 0.5, the

LRFD criteria give an allowable load about 16% greater than the load

obtained by using allowable stress design.
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Figure 78 shows the allowable load ratio versus dead-to-live load

ratio for the compression strength of transverse stiffeners determined

by Eq. (VIlI.16). Different curves represent different values of nco

For n values from 1. 67 to 1. 92 and D/L = 0.5, the allowable loads
c

determined by LRFD criteria are from 3.2% lower to 11.2% higher than

the allowable loads determined by the allowable stress design.

Figure 79 shows the allowable load ratio versus dead-to-live load

ratio for the compression strength of transverse stiffeners determined

by Eq. (VIII.19). Different curves represent different values of

For P 2/P 1 values from 0.835 to 1.0 and D/L = 0.5, the aln n

lowable loads determined by LRFD criteria are from 3.2% lower to 16%

higher than the allowable loads determined by the allowable stress

design.

B. SHEAR STIFFENERS

1. Allowable Stress Design. According to Section B6.2 of the

AISI Specification, where shear stiffeners are required, the spacing

shall be such that the web shear force shall not exceed the allowable

shear force, Va' permitted by Section C3.2 of the AlSI Specification,

and the ratio a/h shall not exceed (260/(h/t)]2 nor 3.0.

The actual moment of inertia, I , of a pair of attached shears

stiffeners, or of a single shear stiffener, with reference to an axis

in the plane of the web, shall have a minimum value of

I smin = Sht.3(h/a-O. 7(a/h)) ~ (h/SO)"

The gross area of shear stiffeners shall be not less than
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where

C = 45,000k /(F (h/t)2) when C S 0.8
y y Y y

Cy = (190/(h/t»)(Jky /Fy) when Cy > 0.8

ky = 4.00 + 5. 34/(a/h)2 when a/h S 1. 0

ky = 5.34 + 4.00/(a/h)2 when a/h > 1.0

a = Distance between transverse stiffeners

(VIII.22)

(VIII.23)

(VIII. 24)

(VIII. 25)

Y = Yield point of web steel/Yield point of stiffener steel

D = 1.0 for stiffeners furnished in pairs

D = 1.8 for single-angle stiffeners

D = 2.4 for single-plate stiffeners

2. LRFD Criteria. According to Section B6.2 of the LRFD Spec-

ification, where shear stiffeners are required, the spacing shall be

such that the web shear force determined on the basis of factroed loads

shall not exceed the factored nominal shear strength, ~ V , permittedv n

by Section C3.2, and the ratio a/h shall not exceed (260/(h/t))2 nor

3.0.

The requirements for the actual moment of inertia and gross area

of shear stiffeners are the same as those specified in Section B6.2

of the AlSI Specification.

3. Comparison. The unfactored shear force can be calculated for

both ASD and LRFD methods by using the following equation.

(VIII.26)

where

VT =total unfactored shear force

VDL =shear force due to the nominal dead load

V =shear force due to the nominal live load
LL
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This total unfactored shear force should be less than or equal to the

allowable shear capacity. For allowable stress design, the allowable

shear load is

(VIII. 27)

For LRFD, the allowable shear load equation was developed from Eq.

( II . 6) and is

(V )LRFD =~ V (D/L+l)/(1.2D/L+l.6)a v n
(VIII. 28)

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

determined from shear yielding with a factor of safety of 1.44, from

the critical stress for elastic shear buckling with a factor of safety

of 1.71, and from the critical stress for inelastic shear buckling with

a factor of safety of 1.67. The limits of the hit ratio were obtained

by equating the fo~mulas for the three shear failure modes for both

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

different factor of safety, the hit limits are slightly different for

both design criteria. For example, for hit greater than 1.38JEk IF
v y

and less than 1.41SJEk IF , inelastic shear buckling will govern forv y

LRFD.

The allowable shear ratios are:

For hit s; jEk IF and ~ = 1. 0,v y v

D/L+1
= 1. 443~

v 1. 2D/L+1. 6
= 1.443

218

D/L+1

1. 2D/L+1. 6
(VIII. 29)



For JEk IF < hit :::;; 1. 38JEk IF and 4> = 0.90v Y v Y v

(Va)LRFD D/L+1 D/L+1
= 1. 6744> = 1.507

(Va)ASD v 1. 2D/L+1. 6 1. 2D/L+1. 6

1.415JEk IFFor hit > and q> = 0.90
v Y v

(Va)LRFD D/L+1 D/L+1
= 1. 712q> = 1.541

(Va)ASD v 1. 2D/L+1. 6 1.2D/L+1.6

(VIII. 30)

(VIII. 31)

Figure 80 shows the allowable shear ratio versus dead-to-live load

ratio for the three failure modes. For D/L = 0.5, the allowable shears

determined according to LRFD may be up to 5% higher than the values

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

ally conservative. When D/L > 0.65, LRFD gives larger values of the

allowable shear capacity. It can be seen that this figure is identical

to Figure 5 which was obtained for the shear strength of the beam webs.
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IX. WALL STUDS AND WALL STUD ASSEMBLIES

A. WALL STUDS IN COMPRESSION

1. Allowable Stress Design. According to Section D4.1 of the

AISI Specification, for studs having identical sheathing attached to

both flanges, and neglecting any rotational restraint provided by the

sheathing, the applied axial load, P, shall not exceed Pa calculated

as follows:

(IX. 1)

where

A = Effective area determined at Fe n

n = Factor of safety for axial compression
c .

F =The lowest value determined by the following three conditions:
n

Ca) To prevent column buckling between fasteners in the plane of the

wall, F shall be calculated according to Section C4 of the AISI
n

Specification with KL equal to two times the distance between

fasteners.

Cb) To prevent flexural and/or torsional overall column buckling, F
n

shall be calculated in accordance with Section C4 of the AISI

Specification with Fe taken as the smaller of the two oCR values

specified for the following section types, where oCR is the

theoretical elastic buckling stress under concentric loading.

(1) .Singly-symmetric channels and C-Sections

OCR = O"ey+Qa

O"CR = 1/C2P)(CO"ex+atQ)-JCO"ex+atQ)2-C4PO"exO"tQ))
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(IX. 4)

(2) Z-Sections

-
oCR = °t+Qt

oCR = 1/2{COex+Oey+Qa)-(COex+Oey+Qa)Z-4COexOey+OexQa-Oexy2)]1/2}

(IX.5)

(3) I-Sections (doubly-symmetric)

oCR = a +Qey a

oCR = °ex

In the above formulas

0· = (rr2EI ) /(AL2
)exy xy

° = rr2E/(K L /r )2ey y y y

0t = 1/(Aro2)(GJ+TTzECw/(KtLt)2)

(IX.6)

(IX. 7)

(IX.8)

(IX.9)

(IX. 10)

(IX.l1)

0tQ= 0t+Qt (IX.12)

Q =qB = Design shear rigidity for sheathing on both sides of the

wall assembly (IX. D)

q = Design shear rigidity for sheathing per inch of stud spacing

(see Table IX.I)

B = Stud spacing

Qa = (i/A

A =Area of full unreduced cross section

L =Length of stud

Q
t

= (Qd2 )/(4Ar0
2

)

d = Depth of section

(IX. 14)

(IX. IS)

I = Product of inertiaxy

(c) To prevent shear failure of the sheathing~ a value of F shall be
n

used in the following equations so that the shear strain of the
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sheathing, y, does not exceed the permissible shear strain, y.

The shear strain, y, shall be determined as follows:

(IX. 16)

where

C1 and E1 are the absolute values of C
1

and E
1

specified below for

each section type:

(1) Singly-Symmetric Channels

C1 = (F C )/(0 -F +Q )n 0 ey n a

F ((0 -F)(r 2E -x D )-F x (D -x E »)
E=n exn 0000 noooo

1 (0 -F)r 2(0 -F )-(F x )2
ex n 0 tQ n n 0

(2) Z-Sections

F (C (0 -F )-D 0 )n 0 ex n 0 exy

( 0 -F +Q- )(0 -F )-0 2
ey n a ex n exy

E1 = (FnEo)/(OtQ-Fn )

(3) I-Sections

C1 = (FnCo)/(Oey-Fn+Qa)

E1 = 0

where

(IX. 17)

(IX. 18)

(IX. 19)

(IX.20)

(IX. 21)

x = distance from shear center to centroid along principal x-axis,
o

in. (absolute value)

Co' Eo, and Do are initial column imperfections which shall be

assumed to be at least

C = L/350 in a direction parallel to the wall (IX.22)
o

D = L/700 in a direction perpendicular to the wall (IX.23)
o

Eo = L/(dx10,000), rad., a measure of the initial twist of the stud

from the initial, ideal, unbuckled shape.
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If F
n

> 0.5F
y

' then in the definitions for a ey , aex ' a exy and

a
tQ

, the parameters E and G shall be replaced by E' and G' ,

respectively, as defined below

E' = 4EF (F -F) IF 2
n y n y

G' = G(E'/E)

(IX. 25)

(IX.26)

Sheathing parameters qo and y may be determined from representative

full-scale tests, conducted and evaluated as described by published

documented methods, or from the small-scale-test values given in

Table IX.1

TABLE IX.1 (1)
Sheathing Parameters

- (3) y
Sheathing(2)

q
k7in. in. lin.

3/8 to 5/8 in. thick gypsum 2.0 0.008

Lignocellulosic board 1.0 0.009

Fiberboard (regular or impregnated) 0.6 0.007

Fiberboard (heavy impregnated) 1.2 0.010

(1) The values given are subject to the following limitations:

All values are for sheathing on both sides of the wall assembly.

All fasteners are No.6, type 5-12, self-drilling drywall screws

with pan or bugle head, or equivalent, at 6-to 12-inch spacing.

(2) All sheathing is 1/2-inch thick except as noted.

(IX. 27)

where s = fastener spacing, in.

For other types of sheathing, qo and V may be determined conservatively
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from representative small-specimen tests as described by published

documented methods.

2. LRFD Criteria. According to Section D4.1 of the LRFD Spec-

ification, for studs having identical sheathing attached to both

flanges, and neglecting any rotational. restraint provided by the

sheathing, the factor~d nominal axial strength, ~P , shall be calcun

lated as follows:

~ = 0.85

P = A Fn e n
(IX.28)

P is the same as that specified in Section D4.1 of the AISI Specifi
n

cation.

3. Comparison. The unfactored load applied to the member can

be computed for both design methods by using the following formula:

(IX. 29)

where

PT = unfactored compressive load

PDL = compressive load due to the nominal axial dead load

P =compressive load due to the nominal axial live load
LL

The total unfactored load should be less than or equal to the allowable

loads computed from allowable stress design and LRFD. For allowable

stress design, th~ allowable load is

(IX.30)

For LRFD, the allowable axial load can be computed by using the fo1-

lowing equation developed from Eq. (11.6):

(P ) = ~ P (D/L+l)/(1.2D/L+1.6)
aLRFD cn

(IX.31)

Then, the allowable load ratio can be determined as follows:
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(Pa)LRFD ep P [ D/L+1 ]

(Pa) ASD = P:/~c 1. 2D/L+1. 6 =
0.850c

D/L+1

1. 2D/L+1. 6
(IX. 32)

For fully effective sections having wall thickness greater than 0.09

in. and F > F /2,e y

o = 5/3+(3/8)R-(1/8)R3
c

Therefore, the allowable load ratio is

(Pa)LRFD = 0.85 (.: + .: R _ .:.. R3) __D_/_L+_1_

(Pa)ASD 3 8 8 1.2D/L+1.6
(IX. 33)

For all other cases, 0 = 1.92 = 23/12, therefore the allowable load
c

ratio is

D/L+1

1. 2D/L+1. 6

D/L+1
= 1.629 _

1. 2D/L+1. 6
(IX. 34)

Figure 81 shows the allowable load ratio versus dead-to-live load

ratio for the wall studs used to develop Eq. (IX.34). For this case,

the LRFD criteria always permit larger allowable loads than the al-

lowable stress des~gn. For D/L = 0.5, the LRFD criteria gives an al-

lowable load about 11% greater than the load obtained by using

allowable stress design.
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Figure 82 shows the allowable load ratio versus dead-to-live load

ratio for the wall studs used to develop Eq. (IX.33). Oifferent curves

represent different values of R. For R varies from 0 to 1 and O/L =

0.5, the allowable loads determined by LRFD criteria are from 3.2%

lower to 16% higher than the allowable loads determined by the allow-

able stress design.

B. WALL STUDS IN BENDING

1. Allowable Stress Design. According to Section 04.2 of the

AlSI Specification, for studs having identical sheathing attached to

both flanges, and neglecting any rotational restraint provided by the

sheathing, the allowable moments are M and M , whereaxo ayo

= Allowable moments about the centroidal axes

determined in accordance with Section C3.1 of the

AISI Specification, excluding the provisions of

Section C3.l.2 (lateral buckling)

2. LRFD Criteria. According to Section 04.2 of the LRFD Spec-

ification, for studs having identical sheathing attached to both

flanges, and neglecting any rotational restraint provided by the

sheathing, the factored nominal moments are ~M and ~M as follows:nxo nyo

where

~ = 0.95 for sections with stiffened compression flanges

= 0.90 for sections with unstiffened compression flanges

M d M - Nominal moments about the centroidal axes determined
nxo an nyo-

in accordance with Section C3.1, excluding the

provisions of Section C3.1.2 (lateral buckling)
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(IX. 35)

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

Eq. (IX.35) for both methods (ASD and LRFD) for comparison.

H.rL =MDL+MLL

where

Mrt = total unfactored moment

MDL = moment due to the nominal dead load

MLL =moment due to the nominal live load

For allowable stress design, the allowable moment is determined

from nominal section strength with a factor of safety of 1.67. There

fore, the allowable moment for beams is

(Ma)ASD = Mn/Q f = Mn/l.67 (IX.36)

For LRFD, the allowable moment can be computed by using the fol

lowing equation developed from Eq. (11.6).

== 1.67$ ----

(Ma)LRFD =$Mn(D/L+l)/(1.2D/L+l.6)

The ratio of the allowable moments is

0/L+1

1. 20/L+1. 6

For sections with stiffened compression flanges, $ = 0.95

(IX. 37)

(IX.38)

0/L+1
= 1.58

1. 2D/L+1. 6
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Figure 83 shows the allowable moment ratio versus dead-to-live

load ratio for wall studs with stiffened compression flanges. For D/L

=1/25 both design methods will give the same value of allowable moment.

However, LRFD will be conservative for D/L < 1/25 and unconservative

for D/L > 1/25 as compared with the allowable stress design method.

For sections with unstiffened compression flanges, ~ = 0.90

= 1.50
D/L+1

1.2D/L+1.6
(IX.40)

Figure 84 shows the allowable moment ratio versus the dead-to-live

load ratio for this case. The two design methods give the same value

for D/L = 1/3. For D/L': 0.5, the allowable moment based on LRFD is

about 2.3% larger than the value obtained from allowable stress design.

When the dead-to-live load ratio for cold-formed steel is less than

1/3, the LRFD criteria are found to be conservative 'for sections with

unstiffened compression flanges as compared with the allowable stress

design method.

C. WALL STUDS WITH COMBINED AXIAL LOAD AND BENDING

1. Allowable Stress Design. According to Section D4.3 of the

AISI Specification, the axial load and bending moments shall satisfy

the interaction equations of Section C5 of the AISI Specification with

the following redefined terms:

P : Allowable axial load determined according to Section 04.1 of
a

the AlSI Specification

M and M in Equations C5-1 and C5-3 shall be replaced by allowable
ax ~

moments, M
axo

and M , respectively.ayo
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2. LRFD Criteria. According to Section D4.3 of the LRFD Spec-

ification, the factored axial load and bending moments shall satisfy

the interaction equations of Section C5 of the LRFD Specification with

the following redefined terms:

P = Nominal axial strength determined according to Section D4.l
n

of the LRFD Specification

M and M in Equations C5-l and C5-3 shall be replaced by nominal
nx ny

moments, M and M ,respectively.nxo nyo

3. Comparison. Wall studs made by channel sections bending about

the x-axis were considered. A typical design example was selected and

the allowable axial loads were calculated by using three interaction

equations for each design method. The example used a wall stud with

equal moments applied to each end so that the member is bent in single

curvature. Since the end moments are independent of the axial load,

the ratio of the unfactored applied moment to the nominal moment ca-

pacity based on section strength, M_/M ,was considered to be a pa-1 no

rameter in the equations for determining the allowable loads.

For allowable stress design the allowable axial loads were com-

puted as follows:

P PT °cPT
= =

P P 10 Pa n c n

M ~ ~/Mno
= =

M 0.6M 0.6ao no

(IX.4l)

(IX.42)
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where

PT = applied unfactored axial load

Mr =applied unfactored bending moment at each end of the member

Qc = factor of safety of axially loaded compression members which

is defined in Article V

Substitution of Eqs. (IX.4l) and (VI.42) into Eq. (VI.l) results in

the following expression :

(IX. 43)

By solving for P
T

in the first term of Eq. (VI. 43), the following

equation for allowable load is obtained :

(IX. 44)

Equation (IX.44) is based on Eq. (VI.I) for failure at the midlength

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

The following expression was used to solve for the allowable load

based on Eq. (VI.2) :

P
------- (IX. 45)

Pno
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Substitution of Eqs. (IX.45) and (IX.42) into Eq. (VI.2) results in

the following expression :

n P
T

~+
Pno

(IX.46)

By solving for PT in Eq. (IX.46), the following equation for allowable

load is obtained :

(IX. 47)

Equation (IX.47) is based on Eq. (VI. 2) for failure at the braced

points.

When P/Pa :s; 0.15, Eq. (VI.3) can be used in lieu of Eqs. (VIol)

and (VI. 2). Equation (VI. 3) can be written in the following form by

using Eqs. (IX.41) and (IX.42) :

n P
T

~+
P
n

~/Mno = 1.0
0.6

(IX. 48)

By solving for PT in Eq. (IX.48), the following equation for allowable

load is obtained :

= [1- ~/Mn~]~
0.6 n

c
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Equation (IX.49) is based on Eq. (VI.3) for flexural failure when the

effect of the secondary moment is neglected.

For LRFD, the allowable axial loads were computed in accordance

with Eq. (II.6) as follows:

PD 1. 2D/L+1. 6 [...2... ]--
Q>cPn D/L+l Q> Pc n

~ 1. 2D/L+1. 6 [ Il.r/Mno ]
=

Q>M
no D/L+l Q>

PD 1. 2D/L+1. 6 ( 2.. ]--
Q>cPE D/L+l Q>cPE

(IX. 50)

(IX. 51)

(IX. 52)

Substitution of Eqs. (IX.50), (IX.51), and (IX.52) into Eq. (yr.?)

results in the following expression :

1. 2D/L+1. 6 { PT Cm(Kr/Mno ) }
---- + =.l.0(IX.53)

D/L+l Q> P Q>(1-(1.2D/L+1.6)PT/(D/L+1)Q>cP~c n

By solving for PT in the first term of Eq. (IX. 53) t the following

equation for allowable load is obtained :

{

D/L+1 C (M-/M ) ~
_ m -L' no Q> P (IX. 54)

CPT)LRFDl = ) c n
1.2D/L+l.6 Q>(1-(1.2D/L+l.6)PT/CD/L+l)Q>cPE
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Equation (IX.54) is based on Eq. (VI.7) for flexural failure at the

midlength of the beam-column and requires a solution by iterations.

The following expression was used to solve for the allowable load

based on Eq. (VI.8) :

-- 1. 2D/L+1. 6 [l]
DJL+l <P Pc no

(IX. 55)

Substitution of Eqs. (IX. 55) and (IX. 51) into Eq. (VI. 8) results in

the following expression :

1. 2D/L+1. 6 [ Pr
-+

D/L+l <I> Pc no

1.0 (IX.56)

By solving for PT in Eq. (IX.56), the following equation for allowable

load is obtained :

(IX. 57)

Equation (IX.57) is based on Eq. (VI. 8) for failure at the braced

points.

When PD/ (<I>cPn) S; 0.15, Eq. (VI. 9) can be used in lieu of Eqs.

(VI.7) and (VI.8). Equation (VI.9) can be written in the following form
. .

by using Eqs. (IX. 50) and (IX.51) :
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1. 2D/L+1. 6

D/L+l
1.0 (IX. 58)

By solving for PT in Eq. (IX.58), the following equation for allowable

load is obtained :

= [ D/L+l

1. 2D/L+1. 6
(IX. 59)

Equation (IX. 59) is based on (VI.9) for flexural failure when the ef-

feet of the secondary moment is neglected.

Equations (IX.44), (IX.47), and (IX.49) for determining the al-

lowable axial load based on allowable stress design and Eqs. (IX.54),

(IX.57), and (IX.59) for determining the allowable axial load based

on LRFD are very complex and utilize iterations with multiple vari-

abIes. The allowable load ratios, (PT)LRFD/(PT)ASD' for various lengths

combined with different applied end moment ratios, M_/M ,with respect--r no

to the bending strength of the member were studied. The wall studs used

in this study use 1/2 in. gypsum board with No. 6 type 5-12 self-

drilling screws at 12 in. spacing and the spacing of the channel is

24 in.. Typical channel sections and their section properties used in

this study were obtained from Tables 1 and 2 of Part V of the AISI

Cold-Formed .Steel Design Manual.

A channel section (7 in. x 2.75 in. x 0.075 in.) with stiffened

flanges was studied with a yield point of 50 ksi. Figure 85 shows the

allowable load ratio versus dead-to-live load ratio for a 15 ft length
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with various end moment ratios, M_/M . For a D/L ratio around 0.05,-1 no

the LRFD criteria give an allowable load about 3% more than the value

computed from allowable stress design for all end moment ratios indi-

cated in the figure. For other values of the D/L ratio, the difference

between the allowable loads computed by using these two methods depends

on the end moment ratio as shown in Figure 85. For D/L > 0.05, the

larger the end moment ratio, the highe'r the allowable load ratio. For

example, for D/L = 0.5, the (PT)LRFD/(PT)ASD ratios are 1. 202 and

1.131 for M_/M = 0.3 and 0.1, respectively.-1 no

Figure 86 shows the relationship between allowable load ratio and

dead-to-live load ratio for end moment ratio of 0.2. The different

curves in the figure represent different lengths of the 7 in. x 2.75

in. x 0.075 in. channel section. With end moment ratio of 0.2 and D/L

= 0.5, ASD would provide conservative values up to 16.2% for effective

lengths equal to 10 ft, 12 ft, 15 ft, and 20 ft as compared with the

LRFD method. It can also be seen that effective length has a negligible

effect on the allowable load ratio.

A shallower channel section (4 in. x 2 in. x 0.075 in.) with

stiffened flanges was also studied for an effective length of 10 ft.

Figure 87 shows the allowable load ratio versus dead-to-live load ratio

for various end moment ratios. The curves without star symbols are

for F = 33 ksi and· the curves with star symbols are for F = 50 ksi.Y y

They are the same as those shown in Figure 85 for the 7 in. deep channel

section. For this case, the yield point of steel would not affect the

allowable load ratio. For D/L = 0.5 and M-/M = 0.1, the allowable-1 no

load computed from LRFD is 13.4% greater than the value determined from
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allowable stress design. However, for D/L = 0.5 and M_/M = 0.3, the
-! no

allowable load computed from LRFD is 20.7% higher than the value com-

puted from allowable stress design.

The curves without and with star symbols in Figure 88 are for C
m

= 1.0 and 0.85, respectively, and for F = 33 ksi. The value of 0.85
y

is used for unbraced wall studs and wall studs with restrained ends

subject to transverse loading between its supports. For small end mo-

ment ratios, the C value has a negligible effect on the allowable loadm

ratio. The effect of C on the allowable load ratio increases as them

end moment ratio increases as shown in Figure 88. It can be seen that

for D/L < 0.05, the allowable load ratios computed for C = 0.85 arem

larger than those for C = 1.0.m

The curves without and with star symbols in Figure 89 are for C. m

=1.0 and 0.85, respectively, and for F =50 ksi. For small end momenty

ratios, the C value has a negligible effect on the allowable load
m

ratio. The effect of C on the allowable load ratio increases as the
m

end moment ratio increases as shown in Figure 88. It can be seen that

for O/L < 0.05, the allowable load ratios computed for Cm = 0.85 are

larger than those for C = 1.0.m
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Channel sections with unstiffened flanges were studied in a sim-

ilar manner. Figure 90 shows the allowable load ratio versus dead-

to-live load ratio for a channel section (7 in. x 1.5 in. x 0.075 in.)

having unstiffened flanges with F = 50 ksi and an effective length
y

of 15 ft. For OIL = 0.5 and M_/M = 0.1, the allowable load obtained-""1' no

from LRFD is 11.7% larger than the value obtained from allowable stress

design. For OIL = 0.5 and t1.r/Mno = 0.3, LRFD would result in an al

lowable load 13.9% higher than the value determined from allowable

stress design.

Figure 91 shows the allowable load ratio versus dead-to-live load

ratio for end moment ratio of 0.2. Different curves represent different

lengths of the channel section (7 in. x 1.5 in. x 0.075 in.) with F
y

= 50 ksi. For t1.r/Mno = 0.2 and OIL = 0.5, the allowable load values

obtained from LRFD vary from 12.4% to 12.7% larger than the values

obtained from the allowable stress design method. It can also be seen

that effective length has a negligible effect on the allowable load

ratio.

A shallower channel section (4 in. x 1.125 in. x 0.075 in.) with

unstiffened flanges was also included in this study for an effective

length of 10 ft. The relationship between allowable load ratio and

dead-to-live load ratio for the channel section is shown in Figure 92

for various end moment ratios and Fy values. The curves computed for

F = 33 ksi are similar to the curves shown in Figure 90 which was
y

obtained for 7 in. deep channel channel. For OIL = 0.5, the allowable

load ratios vary from 1.12 to 1.14 for t1.r/Mno ratios ranging from 0.1

to 0.3.
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The curves with star symbols in Figure 92 represent the allowable

load ratios determined for the same channel section by using F = 50
Y

ksi. It can be seen that the allowable load ratios computed for F =
Y

50 ksi are the same as those computed for F = 33 ksi. From this figurey

it can also be seen that the yield point has no significant effect on

the allowable load ratio for the channel section with unstiffened

flanges.

Figures 93 and 94 show how the C coefficient affects the allow
m

able load ratio for the channel section having unstiffened flanges for

F = 33 ksi and 50 ksi, respectively. The curves without star symbols
y

are plotted for C = 1.0. The curves with star symbols represent them

allowable load ratios calculated by using C = 0.85. For D/L < 1/3,
m

the allowable load ratios are larger for C = 0.85 as compared to the
m

allowable load ratios computed with C = 1.0. In general, the effectm

of the C value on the allowable load ratio is more important for wallm

studs with large end moment ratios.
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X. CONCLUSIONS

Currently, the 1986 Edition of the Specification for the Design

of Cold-Formed Steel Structural Members published by the American Iron

and Steel Institute applies to the design of cold-formed steel members

and connections for load-carrying purposes in buildings. This spec

ification provides design formulas for determining allowable load

carrying capacities for tension members, compression members, flexural

members, and connections based on appropriate factors of safety re

commended by AISI for different types of structural members.

The Load and Resistance Factor Design method for cold-formed steel

members and connections has recently been studied by using probabi

listic and statistical techniques to account for the uncertainties in

design, fabrication, material properties, and applied loads. The Load

and Resistance Factor Design Specification was developed from a joint

research project conducted at the University of Missouri-Rolla,

Washington University, and the University of Minessota.

This report compares these two methods for the design of cold

formed steel structural members using the proposed load and resistance

factor design criteria and the allowable stress design criteria being

used in the AISI Specification. Following a review of literature and

discussion of different design variables used in both criteria, al

lowable loads using each design method were calcula'ted for tension

members, flexural members, compression members, beam-columns, con

nections, stiffeners, and wall studs. These allowable loads were then
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compared in Chapters III through IX for different types of structural

members and connections. For some cases, specific examples were used

in this study due to the complexity of the analysis.

For all types of structural members only the dead and live load

combination was studied in this investigation. It was found that the

D/L ratio has a significant effect on the allowable load ratio. In

general, the allowable load ratio, (Pa)LRFD/(Pa)ASD' increases as the

dead-to-live load ratio increases. Because cold-formed steel members

are usually thin, the dead-to-live load ratios of such light weight

members are expected to be lower than the ratios used for other building

materials. In general practice, the dead-to-live load ratios used in

building design of cold-formed steel members are less than 1/3. In view

of the fact that the load factor used for live load is 1.6 which is

larger than the load factor of 1.2 used for dead load, the LRFD criteria

were found to be conservative for unusually small D/L ratios.

In addition to the effect of the dead-to-live load ratio, the

resistance factors used in the LRFD criteria and the factors of safety

used in allowable stress design also contribute to the differences

between the allowable loads computed from two different methods. As

the safety factor or resistance factor increases, the ratio of

(Pa)LRFD/(Pa)ASD also increases. For a given set of statistical data

and a selected safety index, the resistance factor can be determined

by Eq. (11.5). This equation is a function of the mean value and co-

efficient of variation of the professional factor which is the ratio

of the tested load to the predicted load. A low value of the resistance

factor is resulted from a low value of P and a large value of V which
m P
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represents a big scatter of test results. This was the case for welded

connections and plate failure of bolted connections.

The load and resistance factor design method is a rational ap

proach for structural design. The research findings obtained from this

comparative study of the current method based on allowable stress de

sign and the proposed LRFD criteria can provide a useful reference for

future revision of the current AISI Specification and the proposed LRFD

Specification.

256





BIBLIOGRAPHY

1. American Iron and Steel Institute, "Specification for the Design
of Cold-Formed Steel Structural Members," 1986 Edition.

2. American Institute of Steel Construction, "Load and Resistance
Factor Design Specification for Structural Steel Buildings," AISC,
September 1, 1986.

3. American Institute of Steel Construction, "Manual of Steel Con
struction: Load and Resistance Factor Design," First Edition, 1986.

4. Rang, T. N., Galambos, T. V., and Yu, W. W., "Load and Resistance
Factor Design of Cold-Formed Steel: Study of Design Formats and
Safety Index Combined with Calibration of the AISI Formulas for
Cold Work and Effective Design Width," First Progress Report,
University of Missouri-Rolla, January 1979.

5. Rang, T. N., Galambos, T. V., and Yu, W. W., "Load and Resistance
Factor Design of Cold-Formed Steel: Statistical Analysis of Me
chanical Properties and Thickness of Materials Combined with Cal
ibrations of the AlSI Design Provisions on Unstiffened Compression
Elements and Connections," Second Progress Report, University of
Missouri-Rolla, January 1979.

6. Rang, T. N., Galambos, T. V., and Yu, W. W., "Load and Resistance
Factor Design of Cold-Formed Steel: Calibration of the Design
Provisions on Connections and Axially Loaded Compression Members,"
Third Progress Report, University of Missouri-Rolla, January 1979.

7. Rang, T. N., Galambos, T. V., and Yu, W. W., "Load and Resistance
Factor Design of Cold-Formed Steel: Calibration of the Design
Provisions· on Laterally Unbraced Beams and Beam-Columns," Fourth
Progress Report, University of Missouri-Rolla, January 1979.

8. Supoms ilaphachai, B., Galambos, T. V., and Yu, W. W., "Load and
Resistance Factor Design of Cold-Formed Steel: Calibration of the
Design Provisions on Beam Webs," Fifth Progress Report, University
of Missouri-Rolla, September 1979.

9. Galambos, T. V., and Yu, W. W., "Load and Resistance Factor Design
of Cold-Formed Steel: Tentative Recommendations-Load and Resist
ance Factor Design Criteria for Cold-Formed Steel Structural Mem
bers and Commentary Thereon," Sixth Progress Report, University
of Missouri-Rolla, March 1980.

10. Galambos, T. V., and Yu, W. W., "Load and Resistance Factor Design
of Cold-Formed Steel: Revised Tentative Recommendations-Load and
Resistance Factor Design Criteria for Cold-Formed Steel Structural
Members with Commentary," Seventh Progress Report, University of
Missouri-Rolla, September 1985.

257



11. Snyder, B. K., Pan, L. C., and Yu, W. W., "Load and Resistance
Factor Design of Cold-Formed Steel: Comparative Study of Design
Methods for Cold-Formed Steel," Eighth Progress Report, University
of Missouri-Rolla, September 1985.

12. Hsiao, L. E., Yu, W. W., and Galambos, T. V., "Load and Resistance
Factor Design of Cold-Formed Steel: Calibration of the AISI Design
Provisions," Ninth Progress Report, University of Missouri-Rolla,
February 1988.

13. Hsiao, L. E., Yu, W. W., and Galambos, T. V., "Load and Resistance
Factor Design of Cold-Formed Steel: Load and Resistance Factor
Design Specification for Cold-Formed Steel Structural Members with
Commentary," Tenth Progress Report, University of Missouri-Rolla,
February 1988.

14. Galambos, T. V., "Proposed Criteria for Load and Resistance Factor
Design of Steel Building Structures," Bulletin No. 27, Washington
University, St. Louis, January 1978.

15. Ravindra, M. K., and Galambos, T. V., "Load and Resistance Factor
Design for Steel," Journal of the Structural Division, ASCE, Vol.
104, No. ST9, September 1978.

16. Yura, J. A., Galambos, T. V., and Ravindra, M. K., "The Bending
Resistance of Steel Beams," Journal of the Structural Division,
ASCE, Vol. 104, No. ST9, September 1978.

17. Bjorhovde, R., Galambos, T. V., and Ravindra, M. K., "LRFD Criteria
for Steel Beam-Columns," Journal of the Structural Division, ASCE,
Vol. 104, No. ST9, September 1978.

18. Cooper, P. B., Galambos, T. V., and Ravindra, M. K., "LRFD Criteria
for Plate Girders," Journal of the Structural Division, ASCE, Vol.
104, No. ST9, September 1978.

19. Hansell, W. C., Galambos, T. V., Ravindra, M. K., and Viest, I.
M., "Composite Beam Criteria in LRFD," Journal of the Structural
Division, ASCE, Vol. 104, No. ST9, September 1978.

20. Fisher, J. W., Galambos, T. V., Kulak, G. L., and Ravindra, M. K.,
"Load and Resistance Factor Design Criteria for Connectors,"
Journal of the Structural Division, ASCE, Vol. 104, No. ST9, Sep
tember 1978.

21. Ravindra, M. K., Cornell, C. A., and Galambos, T. V., "Wina and
Snow Load Factors for Use in LRFD," Journal of the Structural Di
vision, ASCE, Vol. 104, No. ST9, September 1978.

22. Galambos, T. V., and Ravindra, M. K., "Properties of Steel for Use
in LRFD," Journal of the Structural Division, ASCE, Vol. 104, No.
ST9, September 1978.

258



23. Grigoriu, M., Veneziano, D., and Cornell, C. A., "Probabilistic
Modeling as Decision Making," Journal of the Engineering Mechanics
Division, ASCE, Vol. 105, No. EM4, August 1979.

24. Chalk, P. L., and Corotis, R. B., "Probability Model for Design
Live Loads," Journal of the Structural Division, ASCE, Vol. 106,
No. STIO, October 1980.

25. Ellingwood, B., "Reliability Based Criteria for Reinforced Concrete
Design," Journal of the Structural Division, ASCE, Vol. 105, No.
ST4, April 1979.

26. Ellingwood, B., "Reliability of Current Reinforced Concrete De
sign," Journal of the Structural Division, ASCE, Vol. 105, No. ST4,
April 1979.

27. Ellingwood, B., "Reliability of Wood Structural Elements," Journal
of the Structural Division, ASCE, Vol. 107, No. ST1, January 1981.

28. Ellingwood, B., "Analysis of Reliability for Masonry Structures,"
Journal of the Structural Division, ASCE, Vol. 107, No. STs, May
1981.

29. Galambos, T. V., Ellingwood, B., MacGregor, J. G., and Cornell,
C. A., "Probability Based Load Criteria : Assessment of Current
Design Parctice," Journal of the Structural Division, ASCE, Vol.
108, No. STs, May 1982.

30. Galambos, T. V., Ellingwood, B., MacGregor, J. G., and Cornell,
C. A., "Probability Based Load Criteria: Load Factors and Load
Combinations," Journal of the Structural Divis ion, ASCE, Vol. 108,
No. ST5, May 1982.

31. "Development of a Probability Based Load Criterion for American
National Standard AS8," National Bureau of Standards Special Pub
lication No. 577, National Bureau of Standards, Washington, D. C.,
June 1980.

32. Committee on Fatigue and Fracture Reliability, "Fatigue Reliabil
ity: Introduction," Journal of the Structural Division, ASCE, Vol.
108, No. ST1, January 1982.

33. Committee on Fatigue and Fracture Reliability, "Fatigue Reliabil
ity: Quality Assurance and Maintainability," Journal of the
Structural Division, ASCE, Vol. 108, No. ST1, January 1982.

34. Committee on Fatigue and Fracture Reliability, "Fatigue Reliabil
ity: Variable Amplitude Loading," Journal of the Structural Divi
~, ASCE, Vol. lOB, No. ST1, January 1982.

35. Knab, L. r., and Lind, N. C., "Reliability Based Design Criteria
for Temporary Cold-Formed Steel Buildings," Proceedings of the
Third International Specialty Conference on Cold-Formed Steel
Structures, University of Missouri-Rolla, Missouri, 1975.

259



36. Rang, T. N., Galambos, T. V., Yu, W. W., and Ravindra, M. K., "Load
and Resistance Factor Design of Cold-Formed Steel Structural Mem
bers," Proceedings of the Fourth International Specialty Conference
on Cold-Formed Steel Structures, University of Missouri-Rolla,
Missouri, 1978.

37. Galambos, T. V., Rang, T. N., Yu, W. W., and Ravindra, M. K.,
"Structural Reliability Analysis of Cold-Formed Steel Members,"
Proceedings of the ASCE Specialty Conference on Probabilistic Me
chanics and Structural Reliability, Tucson, Arizona, January 1979.

38. Rang, T. N., Yu, W. W., Galambos, T. V., and Ravindra, M. K., "Load
and Resistance Factor Design of Bolted Connections," Thin-Walled
Structures (J. Rhodes and A. C. Walker, eds.), International
Conferenec at the University of Strathclyde, Glasgow, Scotland,
April 1979, Granada Publishing, 1980.

39. Galambos, T. V., and Yu, W. W., "Load and Resistance Factor Design
of Cold-Formed Steel Structural Members," Proceedings of the Sev
enth International Specialty Conference on Cold-Formed Steel
Structures, University of Missouri-Rolla, Missouri, 1984.

40. Snyder, B. K., Pan, L. C., and Yu, W. W., "Comparative Study of
Load and Resistance Factor Design Versus Allowable Stress Design,"
Proceedings of the Seventh International Specialty Conference on
Cold-Formed Steel Structures, University of Missouri-Rolla,
Missouri, 1984.

41. Canadian Standards Association, "Cold-Formed Steel Structural
Members," CAN3-S136-M84, 1984.

42. Supornsilaphachia, B., "Load and Resistance Factor Design of
Cold-Formed Steel Structural Members," Thesis presented to the
University of Missouri-Rolla, Missouri, in 1980, in partial ful
fillment of the requirements for the degree of Doctor of Philoso
phy.

43. American National Standards Institute, "Minimum Design Loads for
Buildings and other Structures," ANSI, A58.1-1982.

44. American Iron and Steel Institute, Cold-Formed Steel DeSign Manual,
1986 Edition.

45. Yu, W. W., Cold-Formed Steel Design, John Wiley & Sons, Inc., New
York, 1985.

46. Pekoz, T., and McGuire, W., Welding of Sheet Steel, Report SG 79-2,
AlSI, January 1979.

260


	Load and resistance factor design of cold-formed steel comparative study of design methods for cold-formed steel
	Recommended Citation

	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000088
	00000089
	00000090
	00000091
	00000092
	00000095
	00000096
	00000097
	00000098
	00000099
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000129
	00000130
	00000131
	00000132
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168
	00000169
	00000170
	00000171
	00000172
	00000173
	00000174
	00000175
	00000176
	00000177
	00000178
	00000179
	00000180
	00000181
	00000182
	00000183
	00000184
	00000185
	00000186
	00000187
	00000188
	00000189
	00000190
	00000191
	00000192
	00000193
	00000194
	00000195
	00000196
	00000197
	00000198
	00000199
	00000200
	00000201
	00000202
	00000203
	00000204
	00000206
	00000207
	00000208
	00000209
	00000210
	00000211
	00000212
	00000213
	00000214
	00000215
	00000216
	00000217
	00000218
	00000219
	00000220
	00000221
	00000222
	00000223
	00000224
	00000225
	00000226
	00000227
	00000228
	00000229
	00000230
	00000231
	00000232
	00000233
	00000234
	00000235
	00000236
	00000237
	00000238
	00000239
	00000240
	00000241
	00000242
	00000243
	00000244
	00000245
	00000246
	00000247
	00000248
	00000249
	00000250
	00000251
	00000252
	00000253
	00000254
	00000259
	00000260
	00000261
	00000262
	00000263
	00000264
	00000265
	00000266
	00000267
	00000268
	00000269
	00000270
	00000271
	00000272
	00000273
	00000274
	00000275
	00000276
	00000277
	00000278
	00000279
	00000280
	00000281
	00000282
	00000283
	00000284
	00000285
	00000286
	00000287
	00000288
	00000289
	00000290
	00000291
	00000292
	00000293
	00000294
	00000295
	00000296
	00000297
	00000298
	00000299
	00000300
	00000301

