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ABSTRACT

In the design of steel buildings, the "Allowable Stress Design (ASD)"
method has long been used for cold-formed steel structural members in the
United States and other countries. in this approach, member forces, or
moments, determined on the basis of working loads should not exceed the
allowable values. The allowable valﬁe is used to prevent the possible
structural failure by using an appropriate factor of safety selected
primarily on the basis of engineering judgment and long-time experience.

Recently, in the United States, the concepts of risk and reliability
analysis have been successfully applied to the Load and Resistance Factor
Design criteria for Steel buildings using hot-rolled shapes, and built-up
members fabricated from steel plates..

In order to develop reliability based design criteria for cold-
formed steel members, a joint research project entitled "Load and Re-
sistance Factor Design (LRFD) of Cold-Formed Steel" was conducted at the
University of Missouri-Rolla, Qashington University, and theyUniversity
of Minnesota. This study included the selection of a reliability analysis
model; the evaluation of load factors; the calibratioh of the design
provisions; the determination of resistance factors; the comparative
study of design methods for cold-formed steel; and the preparation of the
LRFD design manual for cold-formed steel. However, only the development
of the reliability based design criteria, and the comparative study of

design methods for cold-formed steel are discussed in this dissertation.
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I. INTRODUCTION

A. GENERAL REMARKS

The fundamental role of probability theory in safety and performance
analysis is widely recognized in all branches of engineering. Probability
theory provides a more accurate engineering representation of reality.
Many leading civil engineers in different countries have studied the
statistical nature of loads and material properties. It has been demon-
strated that the uncertainty in applié& force; and structural resistances
implies uncertainties in structural performances, which can be analyzed
~rationally only with probability theory. The conclusion is that, if
structural safety is to be placed in a position where it can be discussed
quantitatively, it must be treated probabilisticallyl.

In the design of steel buildings, the "Allowable Stress Design (ASD)"
method has long been used for steel structural members in the United
States and other countries. In this approach, the forces (bending moments,
axial forces, shear forces) in structural members are computed by accepted
methods of structural analysis for the specified working loads. These
member forces, or moments, should not exceed the allowable values per-
mitted by the applicable design specification. The allowable value per-
mitted in the specification is used to prevent the possible structural
failure by using an appropriate factor of safety selected primarily on
the basis of engineering judgment and long-time experience.

The use of cold-formed steel members in building construction began
in about fhe 1850s in both the United States and Great Britain. However,

such steel members were not widely used in buildings until around 1940.



In the United States, the first Specification for the Design of Light Gage
Steel Structural Members was issued by the American Iron and Steel In-
stitute (AISI) in 19462. It was revised in 1956, 1960, 1962, 1968, 1980,
and 1986. The backgroﬁnd for the establishment of various design pro-
visions of the Specification is extensively documented in the Commentary
on the AISI Specificétion3’4 and other referencess’é. In the application
of the AISI Specification, cold-formed steel structural members are cur-
rently designed on the basis of the allowable stréss design method.

Recently, the concepts of risk and reliability analysis have been
suﬁcessfully applied to the design criteria for steel buildings using
hog-rolled shapes and built-up members fabricated from steel plates,
namely, Load and Resistance Factor Design criteria7-19. In this method,
separate load and resistance factors are applied to specified loads and
nominal resistances to ensure that the probability of reaching a limit
state is acceptably small. The same concept is known as "Limit States
Design (LSD)" in other countries, and has been used in Canada and Europe
for the design of steel structural memberszo’ZI.

In order to develop the reliability based design criteria for cold-
formed steel members, a joint research project entitled "Load ‘and Re-
sistance Factor Design (LRFD) of Cold-Formed Steel" was conducted at the
University of Missouri-Rolla, Washington University, and the University
of Minnesota under the sponsorship of American Iron and Steel Institute.
Initial results were presented in several publication522-32. Based on
the 1986 Edition of the AISI ASD Specification®’, additional research work

was conducted and summarized in References 34-39. The revised LRFD

specification for cold-formed steel structural members with commentary38



has been prepared for consideration of the American Iron and Steel In-
stitute. This proposed document contains six sections for designing
cold-formed steel structural members and connections. The background in-

formation will be discussed in the subsequent chapters.

B. PURPOSE OF INVESTIGATION

The main objective pf this investigation was to develop reliability
based design criteria for cold-formed steel members. The LRFD format was
chosen because of the following advantages:

1) The uncertainties and the variabilities of different types of
loads and res.stances are different (e.g., dead load is less
variable than wind load) and, therefore, these differences can
be accounted for by use of multiple factors.

2) By using probability theory, designs can ideally achieve a more
consistent reliabilitf.

As the first step, the existing LRFD formats have been carefully
reviewed in order to determine.their suitability for cold-formed steel
structures. The prelihinary investigation has shown that it is possible
to formulate a practical LRFD design method for cold-formed steel struc-
tural members.

To develop the LRFD criteria for cold-formed steel, the statistical
data for mechanical properties, sectional properties, and the test-to-
prediction ratios of structural members and connections were collected
and evaluated. Based on the available data and engineering judgment, the
representative values of target reliability index (target safety index)

were selected. Following the selection of appropriate target reliability



indices, the major load factors and 1oad,combinatipns were adopted from
the ANSI Standa::dl'0 and the resistance factors were determined on the
basis of the mean-value first-order second-moment (FOSM) reliability

analysis.

C. SCOPE OF INVESTIGATION

The LRFD criteria for cold-formed steel structural members were
based on the limit states of strength and serviceability of thin-walled
steel structures. The mean-value first-order second-moment probability
analysis and advanced probability analysis were used as basic methods in
the development of the LRFD criteria. Statistical data used for this work
were obtained from the measured mechanical and sectional properties and
from test-to-prediction ratios of the available experimental results.

As tﬁe first step of the investigation, numerous technical papers
1,7-18,41-56

and research reports relative to the theoretical concepts of

the structural reliability have been collected and reviewed. Section iI
contains a summary of 1itera£ure revieﬁ. Also included in this section
are the statistical data on material properties and sectional properties,
determination of target reliability index (target safety index), and

formulas for the determination of structural reliability.

Section III presents the determination of load factors and 1load

combinations to be used in the LRFD criteria for cold-formed steel mem-

- bers. Load factors and load combinations recommended in the 1982 ANSI

40
Code ™ were adopted and modified based on the consideration of special

circumstances inherent in cold-formed steel Structures



For the purpose of facilitating the steps used in the calibration
of various allowable stress design provisions .of the AISI Specification,
the calibration p%ocedures have been formulated in Section IV. All the
determ;nation of resistance factors as well as reliabilit& indiceé for
variousidesign provisions‘discussed in Section V were bgsed on the for-
mulas derived in this section.

Section V contains the development of LRFD design criteria for
cold-formed steel members and connections. Section V.B presents the de-
velopment of the LRFD criteria for tension meﬁbers. The developments and
calibrations of the LRFD criteria for flexural meﬁbers, concentrically
loaded compression members, combined axial load and bending are presented
in Sections V.C through V.E. The development of the LRFD criteria for
stiffeners and wall studs.are given in Sections V.F and V.G, respectively.
For welded and bolted connections, the developments and caiibrations of
the LRFD criteria are included in Sections V.H and V.I, respectively.

The calibrations of desigq provisions discussed in Section V are
mainly based on the available test data. When tests for determining
structural performance are needed, the calibration procedure must be
modified to consider the influence due to the small number of tests.
Section VI presents the evaluation procedure of the LRFD criteria on tests
for special cases.

Section VII contains the comparative study of the design methods for
cold-formed steel. The main purpose of this section is to study, and
compare, the LRFD criteria for cold-formed steel with the existing al-
lowable stress design (ASD) criteria included in the 1986 Specifica;ion

for the Design of Cold-Formed Steel Structural Hembers33. This comparison -



involves studies of different variables used for the design of various
tyées of structural members and discussions of different load-carxying
capacities determined by these_two metho&s.

Finally, a summary of this study is presented and a brief conclusion

is drawn in Section VIII.



IT. REVIEW OF LITERATURE

A. GENERAL

| In the United States and England, two professional committees wére
appointed shortly after World War II by the American Society of Civil
Enéineers (ASCE) and Institution of Civil Engineers (ICE) to study the
safety of structures. These investigations indicated that in structural
design many design parameters such as. material properties and loads should
be considered as random variables instead of deterministic variables.
Consequently, a better approach for structural safety can be achieved when
these parameters are treated by using theories of probability and sta-
tistics together with engineering judgments. Based on their re;earch
findings, the ASCE and ICE committees issued two reports on this subject.
The most well-established paper on the basic concept of the structural
safety was presented by Freudenta157. These-reports led to the development

of practical'reliability-based design criteria.

B. HISTORICAL DEVELOPMENT OF RELIABILITY-BASED DESIGN CRITERIA

A large number of researchers have contributed to the development
of reliability-based safety analysis and design procedures. The‘applica-
tion of probability and statistics theories on structural design has in-
creased rapidly since 1965. Based on the first-order probabilistic

theory, the LRFD methods were developed by Cornell, Lind, Rosenblueth,

1,58-60

Esteva, Ravindra, and Heaney in the 1960s. An equivalent approach

was also developed by Ang61’62.



Many research projects were conducted in the seventies for the pur-
pose of developing the LRFD criteria for structural design. Live load
models were studied by Pier, Cornell, Corotis, and Doshi63’64 and the live
loads in office buildings were surveyed and analyzed by Mitchell,

Woodgate, Ellingwood, and Culver65’66

. Based on the data of Mitchell and
Woodgate, and the model of Pier and Cornell, the statistics of live loads
were documented by McGuire and Corne1167. In Reference 68, wind and snow
loads were studied by Ravindra, Cornell, and Galambos. The material
properties to be used in the LRFD criteria were reported for reinforced
concrete and hot-rolled steel in References 69 and 70, respectively. The
LRFD criteria for reinforced concrete beams were also included in Refer-
ence 69. By using the study of reinforced concrete presented in Reference
69, Ellingwood developed the LRFD criteria for ;einforced .concrete
beam-columns71. In Reference 1, the LRFD formats fo? reinforced concrete
were proposed by Cornell.

For steel structures using hot-rolled shapes, the development of the
LRFD criteria were summarized in numerous publications. References 15 and
72 through 76 describe the development of the LRFD criteria for tension
members, beams, beam-columns, plate girders, composite beams, and con-

nectors. Based on the advanced reliability analysis method, load factors

and load combinations were developed by Ellingwood, Galambos, MacGregor,

and Cornelllé.18

for use in the LRFD criteria; regardless of the type of.

structures or materials because the applied loads did not var&ao. Re-
cently, the LRFD criteria for steel buildings using hot-rolled shapes and

built-up members fabricated from steel plates have been developed and
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used in the United States. These aforementioned research findings

served as the basis for the LRFD criferia for cold-formed steel.

C. DESIGN FORMAT OF LOAD AND RESISTANCE FACTOR DESIGN CRITERIA

The current method of designing cold-formed steel structural mem-
bers, as presented in the 1986 AISI Specification33, is based on the A1-~
lowable Stress Design method. In this approach, the allowable load or
moment is determined by dividing the nominal load or moment at a specified
limit state by a factor of safety. The factor of safety is based on an
engineering judgment and past experience to ensure the safety of the
structure.

A limit state is the condition at which the structural usefulness
of a load-carrying element, or member, is impaired to such an extent that
it becomes unsafe for the occupants of the structure, or the element no
longer performs its intended fﬁnction. Typical limit states for cold-
formed steel members are excessive deflection, yielding, buckling and
attainment of maximum strength after local buckling (i.e., post-buckling
strength). These limit states have been established through experience
in practice or in the laboratory, and they have been thoroughly investi-
gated through analytical and experimental research. The background for
defining the limit states is extensively documented in the Commentary on

*”, and a continuing re-

the AISI Specification3’4 and other referencesS
search effort provides further improvement in understanding them.
In ASD, factors of safety are provided to account for the uncer-

tainties and variabilities inherent in the loads, the analysis, the limit

state model, the material properties, the geometry, and the fabrication.
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Through experience it has been established that the present factors of
safety provide a satisfactbry design.

The allowable stress design method employs only one factor of safety
for a limit state. The use'of multiple load factors in the Load and Re-
sistance Factor Design provides a refinement in the design which can
better account for the different degrees of the uncertainties and vari-
abilities of the design parameters. The design format of LRFD is expressed

by the following criterion:

¢Rn 2 ZviQi - (2.1)
where

Rn = the nominal resistance

¢ = resistance factor

v, = load factors

Qi = load effects

The nominal resistance is the strength of the element, or member,
for a given limit state, computed for nominal section properties, and for
minimum specified material properties, according to the appropriate éna-
lytical model which defines the strength. The resistance factor ¢ ac-
counts for the uncertainties and variabilities inherent in the Rn’ and
is usually less than.unity. The load effects, Qi’ are the forces on the
cross section (bending moment, axial force, shear force) dete?mined from
the specified minimum loads by structural analysis, and v, are the cor-
responding load factors which account for the uncertainties and vari-
abilities of the loads. The load factors are greéter than unity.

The advantages of LRFD are: (1) the uncertainties and the variabil-

ities of different types of loads and resistances are different (e.g.,
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dead load is less variable than wind loéd), and so these differences can
be accounted for by use of multiple factors, and (2) by using probability
theory, designs can ideally achieve a more consistent reliability. Thus
LRFD provides the basis foria more rational, and réfined design method,

than is possible with the Allowable Stress Design method.

D. SELECTION OF RELIABILITY ANALYSIS MODEL
The conceptual framework for reliability-based design is provided
by the reliability theory described by Freudenthal, Ang, Cornell, and

45’77. A mathematical model is first defined as follows which re-

others
lates the resistance and load variables for the limit state of interest:

g(Xl,Xz,...,X ) =0 | (2.2)
where |

Xi = resistance or load variable
Failure occurs when g < 0 for any ultimate, or serviceability, limit state
of interest. The safety is assured by assigning a small probability PF
to the event that the limit state will be reached, i.e.,

PF = [...[fX(Xl,XZ,...,Xn)dxldxz...dxn (2.3)
in which fX is the joint probability density function for XI’ X2,..., and
the integration is performed over the region where g < 0.

In structural reliability analysis, the joint probability density
function fx ig seldom known precisely due to a general scarcity of data.
In some cases, ogly the first- and second-order moments, i.e., mean and

variance, may be known for individual variable. It is usually impractical

to evaluate Eq. (2.3) numerically. These difficulties led to the



12

development of the mean-value first-order second-moment reliability
analysis model and the advanced reliability analysis model.

1. Mean-Value First-Order Second-Moment Reliability Analysis Model.

Based on the first-order second-mdment probabilistic theory, the random
variables involved in reliability analysis can be characterized by their
first and second moments. While any continuous éathematical form of the
limit state equation is possible, it must be linearized at some point for
the purpose of performing the reliability analysis. Linearization of the
failure criterion defined by Eq. (2.2) leads to
z = g(x,".x,",... X 420X X, ) (0g/0K ) ¢ (2.4)

where (Xl*, XZ*"""xn*) is the linearizing point. The reliability
analysis then is performed with rgépect to this linearized version of ﬁq-
(2.2). The key consideration is the selection of an appropriate

linearizing point. ‘

In the mean-value first-order second-moment reliability analysis

. * * * ’ :
model, the po;nt (XlA, X, 5.0, Xn ) was set equal to the mean values

(xl, XZ""’ Xn). Assuming the X-variables to be statistically uncorre-

lated, the mean and standard deviation in Z are approximated by16’45

X g(xl’XZ""’Xn)

(2.5)
o, = [Z(°g/°xi)iiz°xi231/ 2 (2.6)

The reliability index (safety index) is defined by16
B =70, (2.7)
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A limit state is violated if g = (R-Q) < 0 and the possibility of this
event ever occurring (probability of failure), PF’ is given as follow:

PF = P(failure) = P(R-Q < 0) (2.8)

If the exact probability distributions of R and Q were known, then Eq.
(2.8) could be exactly determined for any design. In general, the dis-
tributions of Q and R are not known, it is convenient to prescribe the

distribution of 1n(R/Q) to be normal, then the probability of failure,

PF’ can be expressed as follow:

Pp = P(g < 0) = P(1n(R/Q) < 0] (2.9)

Standarize the variable 1n(R/Q), Eq. (2.9) can be rewritten as follows:
ln(R/Q)‘[ln(R/Q)]m Un(R/Q)]m
P, =P < -
%1n(R/Q) “1n(R/Q)

[ [ln(R/Q)Jm]
= PlU € = e
%1n(R/Q)

(in(rR/Q)],

= F (2.10)

U
“1n(R/Q)

where
U = standard variable with a zero mean and a unit standard
deviation

In(R/Q) - [1n(R/Q)) )
= (2.11
1n(R/Q)

F,, = cumulative lognormal distribution




Frequency

Load effec) Q

Reslsiance R

Reslstance R
Load Effect Q

D b e e o e e

3

Figure 1 Definition of the Randomness of Q and R28

71
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From Eq. (2.10) it can be seen that
Z = (1n(R/Q)] (2.12)

fo} (2.13)

z = %1n(R/Q)
Applying Eqs. (2.7), (2.12), and (2.13), Eq. (2.10) can be rewritten as

follow:
PF = FU(-B) ' (2.14)
where
(in(R/Q)]
8 = (2.15)
“1n(R/Q)

Using Eqs. (2.5) and (2.6), Eqs. (2.12) and (2.13) can be rewritten as

Eqs. (2.16) and (2.17), respectively.

Z = (n(rR/Q)], = In(R /Q) (2.16)
9z = %1n(r/Q)

= (2R DH(a T D)

~ YR +VQ (2.17)

Therefore, Eq. (2.15) can be rewritten as follow:

In(R_/Q.)

o e ’VR +VQ

. In the above equation, B is a relative measure of the safety for

(2.18)

design. The higher the reliability index B, the smaller the probability
of failure. By using the reliability index, the probability of failure
is simply obtained from the cumulative lognormal distribution as shown
in Eq. (2.14).AFrom Figure 2 it can be seen that the calculated proba-
bility of failure, PF’ based on Eqs. (2.14) and (2.18) is the area under
the normal curve beyond B standard deviations from the mean. This model

provides a basis for quantitatively measuring structural reliability.



Probability Density

Fallure reglon

_ .[m(n/o)]m In (R/Q)

: din(R/Q)
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|
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Figure 2 Definition of the Reliability Index B2°
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2. Advanced Reliability Analysis Model. The mean-value first-order

second-moment reliability analysis model has some shortcomingsls. First,
because the function g is linearized at the mean values of the X-
variables, errors might be induced when funcfion g is nonlinear. Seconq,
the mean value model fails to be invariant to different mechanically
equivalent formulations of the same problem. This means that B depends
on how the limit state is formulated. This is a problem not only for
nonlinear forms of function g but even for certain linear forms, e.g.,
when the loads (or load effects) counteract one another. The lack of in-
variance arises because the linear exﬁansions are taken at the mean value
point. These problems may be avoided by linearizing function g at some

50-52. This is because function g and its

point on the failure surface
partial derivationg in Eq. (2.4) are independent of the problem formulated
only on the surface g = 0. The advanced reliability analysis model shown
herein is based on this approach.

With the limit state and its variables as given in Eq. (2.2), the

variables Xi are first transformed to reduced variables with zero mean

and unit variance as follows:

In the space of reduced coordinates X/ the limit state is
gl(xl,xz,...,xn) =0 (2.20)
with failure occurring when 8 < 0. This is shown in Figures 3 and 4.
The reliability index B is defined as the shortest distance between
*

* *
the surface g = 0 and the origin16. The point (x1 > Xy peees X ) on g

=-0 which corresponds to this shortest distance is referred to as the
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checking point (design point)16’57. The shortest distance between the

surface g, = 0 and the origin can be determined by using Lagrange molti-
plier method as follow: .
= d+ 2.21)
L(xl’x2’f"’xn’A) = d+Agl(x1,x2,...,xn) (

where

Q.
[}

distance between a point (xl, Xy seees xn) and origin

=[x %+x.° 2 (2.22)
= j&l +x2 +...+xn
Equation (2.21) should satisfy Eq. (2.20) and the following equation:

dL/dxi =0 i=1,2,...,n (2.23)

(xi/d)+A(dg1/dxi) =0 i=1,2,...,n (2.24)
For the purpose of simplification, assume only two variables X and X,
are involved. The following equations can be obtained from Eq. (2.24):

2
xl/lx1 +x22+A(6g1/dx1)
2
xz/lxl +x22+A(égl/6x2)
From Eqs. (2.25) and (2.26), A can be determined as shown in Eq. (2.27).
A= - x/(08 /0% ) fx, +x,” ]
xz/[(dgl/éxz)/x1 +x2 ] (2.27)

, can be expressed in terms of x, as follows:

0 (2.25)

0 - ' (2.26)

in which, x

x, = xl(dgl/éxz)/(bglldxl) (2.28)

Applying Eqs. (2.2), (2.19), and (2.28), X, can be obtained as follows:

X, = (X1+X2)(dgl/dx1)/[c (dgl/dx1)+o (dglldxz)] (2.29)
051ng Eqs. (2.28) and (2.29), x, can be obtalned as follows:

X, = - (X1+X2)(dglldxz)/[Ox1(631/6x1)+cx2(dgl/6x2)] (2.30)
From Eqs.

(2.22), (2;29), and (2.30), the shortest distance between the

surface &, = 0 and the origin, dmin’ can be determined as follows:



g < 0 - "failure”

Figure 3 Formulation of Reliability Analysis in

Original Variable Coordinates16
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Figure 4 Formulation of Reliability Analysis in

Reduced: Variable Coordinateslé'
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- ’ 2 2
dmin - x1 +x2

(X;+X,)

(08, /0% ) +(0g,/0x,)°

[0y, (08,/9% )40y (8, /0x,))

From Egs. (2.2); (2.19), and (2.20), it can be seen that

81(x5%)) = x,0y +X +x,0y +X, = 0
1 2
Therefore, Eq. (2.31) can be rewritten as follows:

(38, /0%,)+(3g,/0x,)*
(08, /0%y +(08, /0x,)?)?

X1+X

- Jes,s0x )74 (ag, 0x,)°

dmin = (X1+X2)

- (2,0 +X..G )
1 X1 2 X2

Jog, s0x )2 +(0g, /6x,)?

(98,/0%,)*+(38,/0x,)*

If the above equation is expressed as a general form and

*
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(2.31)

(2.32)

(2.33)

substituting

* *
checking point (x1 s Xog seees X ) into Eq. (2.33), B can be expressed

B =
,/Z(dgl/dxi)x*

*
= - 2d.X.
11

where

direction cosine

Q
1]

2

(38,/0x ) */ [ 2(0g, /0% ) *

(2.34)

(2.35)

At the checking point, the distance dmin is perpendicular to the failure

surface. Therefore

x, =- aiB

(2.36)
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The checking point can be determined by solving Egs. (2.34), (2.35),

(2.36), (2.37), and searching for the direction cosines a, which minimize

i *
B. Equation (2.37) is obtained by substituting checking point (x1 ,

*
X, 5

- xn*) into Eq. (2.20) as shown below.

gl(xl*,xz*,...,xn*) =0 (2.37)
In the original variaple space, the checking point variables can be
determined by using Eqs. (2.2), (2.19), and (2.36) as follows:
xi* = X,(1-a,pV,) (2.38)
g(xl*,xz*,...,xn*) =0 (2.39)

If necessary, load and resistance factors for the design corre-

sponding to a prescribed reliability index P may be determined through

the use of the following equation:

*

Fvi = X /Xy : (2.40)
where '

Fvi = load or resistance factor

xni = nominal value of the load or resistance

In the aforementioned derivations, the random variables Xi are as-

sumed to be normally distributed. In fact, some structural problems in-
volve random variables which are non-normal. In order to use the equations
derived above, it is necessary to transform the non-normal variables into
equivalent normal variables. For the purpose of determining the mean and
standard deviation of the equivalent normal variables such that at the

*
value Xi » the cumulative probability and probability density of the ac-

tual and approximating normal variable are equal, the following equations

were recommended in References 16 and 78:
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-1 *
v _ oleT (ry 13}

GX.v = - < (2.41)
! x, ¥i )
i
=N _ % -1 * N '
X, =X, -0 "(Fy (X))o, (2.42)
, i i
where
Oy N = standard deviation of the equivalent‘normal variable
Yi& = mean value of the equivalent normal variable
o)) = density function for the standard normal variable
®-1 = inverse function of standard normal probability distribution
Fx = non-normal distribution function
i :
fX = non-normal density function

Having determined YiN and Oy N of the equivalent normal distributions,

the solution proceeds exgctlylas described above.

As an example of using advanced reliability analysis model, the
two-variable problem considered in the previous section is shown as fol-
lows: |

g = In(R/Q) = 1In(R) - In(Q) =0 ' (2.43)
in' which both In(R) and 1n(Q) have normal distributions. Making the
transformations,

{in(R)- (a(®)) Y /0 gy (2.44)
{1n(®- (0@} }/0y, (g : (2.45)

r

q

The failure criterion becomes
roln(R)+[1n(R)]m-qoln(Q)- [1n(Q)]m =0 (2.46)
The failure criteria in the original 1n(R),1n(Q) and reduced (r,q)
coordinate systems are shown in Figures 5 and 6. The checking point var-

iables can be determined using Eqs. (2.35), (2.36), and (2.46):



in(R)

"failure"

g<.0

In(Q)

Figure 5 Reliability Calculation for Linear Two-Variable

Probles in Original Variable Coordinates

2%
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aln(Q) ‘///,/’

-ln(Rn/Qn)/cln(R)

Figure 6 Reliability Calculation for Linear Two-Variable

Problem in Reduced Variable Coordinates
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* ___n®) (2.47)
r = - aln(R)B = - B o, - ’
J"ln(R) 1n(Q) |
* _ . @ (2.48)

q = dpP =P '
" 9aR) °1n(Q) -

Substituting Eqs. (2.47) and (2.48) into Eq. (2.46),

2
%1n(R)

- || (1 (®)]
J"ln(k) *°1n(Q)

2 .
- B[__.__Cl&— -[1n(Q)]m =0 (2.49)
J"ln(R) *91n(Q)

Rearrangé Eq. (2.49),

(ar)]), - (n(],

]"m(x) *91n(Q)

Further simplifications for Eq. (2.50) can be made as follows:

(1n(®)) -(1n0(Q)], = 1n(R)-1n(Q,)

=~ 1n(R /Q.) (2.51)

and |
°1n(R)2 = {3{1n(R)) /oK m20R2 = oRz/RmZ = sz (2.52)
Sy = POm) ey, 0g® = o0, = vP (2.53)

The simplified result of Eq. (2.50) is identical with ﬁq. (2.18).
3. Selection of Model. As mentioned above, the advanced reliability

analysis model is able to incorporate probability distributions which

describe the true distributions more realistically, and is relatively
straightforward in handling counteracting loads. Therefore, the advanced
reliability analysis model was used for the development of the load fac-

tors and load combinations recommended in the 1982 ANSI Code“o. These load

factors and load combinations are appropriate for all tyﬁes of building
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materials, and therefore, they are adopted for the use of LRFD criteria
for cold-formed steel members. However, necessary modifications are made
to account for the special circumstances inherent in cold-formed steel
structures.

Regarding to the determination of resistance factors, there are two
important conclusions made in References 16 through 18:

1) The load factors and load combinations recommended in the 1982
ANSI Code do not prevent material specification writing groups
from selecting their own ¢ factors together with their own
desired values-of B.

2) The mean-value first-order seéond-moment reliability analysis
model gave results similar to those obtained from the advanced
reliability analysis model.

Based on these conclusions, and a consideration of simplicity, it was
decided that mean-value first-order second-moment reliability analysis
model be used for the determination of resistance factors used in the LRFD
criteria for cold-formed steel members. It should be noted that this is

also the basis for the 1986 AISC LRFD Specification19

E. STATISTICAL DATA ON MATERIAL AND SECTIONAL PROPERTIES

As seen from Eq. (2.18), mean resistance Rm’ coefficient of variation
of resistance VR’ mean load effect Qm’ and coefficient of variation of
load effect VQ are needed in the structural reliabilit& analysis. The

determination of Qm and VQ is discussed in Section IV while the statis-

tical data needed to determine Rm and VR are discussed in this section.
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The resistance of a structural member is assumed to be the following
form: |

R = RnMFP B (2.54)
in which Rn is the nominal resistance of the stfucturél elements, M, F,
and P are‘dimensionless random variables reflecting the uncertainties in
the material properties (i.e., Fy’ Fu, etc.), the geometry of the cross-
section (i.e., Sx’ A, etc.), and the design assumptions.

The random variable M is called the "material factor", which is de-. .
termined by the ratio of a tested mechanical property to a specified
value. It is considered as a random variable because of the variation of
mechanical properties Oof the materials. The fabrication factor F is a
random variable which accounts for the uncertainties caused by initial
imperfections, tolerances, and variations of geometric properties. The
professional factor P is a random variable that reflects the uncertainties
in the determination of the resistance. These uncertainties are induced
by the use of approximations in the simplification, and idealization, of
complicated design formulas.

By using the first-order probabilistic theory and assuming that
there is no correlation between M, F, and P, the mean resistance Rm and

coefficient of variation of resistance VR can be found as follows:

R

a=RHMFP (2.55)
T SO J N S T SN e R
Vg j"u Wt By By By By 2y By By 2y (2.56)

in which Mm, Fm’ and Pm are mean values of M, F, and P, respectively;

VM’ VF’ and VP are coefficients of variation of M, F, and P, respectively.

Because of the small quantities of VM’ VF’ and VP’ Eq. (2.56) can
be simplified as
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T3
VR © J Vy Ve Vg

From Eqs. (2.55) and (2.57) it can be seen that the statistical data

(2.57)

P and V,. P and V

needed to determine R and V F’ ‘nm P' ‘m p

are M , V F , V
m

R M’ m

~can be determined by comparing the tested failure loads and the predicted
ultimate loads calculated from the selected design provisions. The Pm énd
VP values for various design provisions for cold-formed steel members are
discussed in section V.

For Mm and VM’ statistical data on yield point of virgin steels used

for cold-formed steel members were studied by Rang22

. The following mean
values and .coefficients of variation were recommended:

For yield point of virgin materials

(Fy)m. = 1.10Fy, VFy = 0.10
For average yield point.of steels considering cold-work effect
(F_) = 1.10F__, \) = 0.11
ya’‘m ya | FYa
For ultimate strength of virgin steels
(Fu)m = 1'10Fu’ VFu = 0.08

For modulus of elasticity

Em = 1.00E, N = 0.06°

Consequently, the following mean values and coefficients of variation
were selected as Mm and VM:
For yield point of virgin materials

M, = 1.10, Vy = 0.10

For average yield point of steels considering cold-work effect

M= 1.10, Vy = 0.11

For ultimate strength of virgin steels

M, =1.10, - Vy = 0.08
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For modulus of elasticity

Mm = 1.00, VM = 0.06

For cold-formed steel structural members, the effect of cross-
sectional dimensions (thickness of material, flange width, overall depth,
dimensions of stiffeners, and inéide bend radius, etc.) on the section
modulus was also studied by Ran323. Based on the findings reported in
Reference 23, the following mean value and coefficient éf variafion were
selected as Fm and VF for the design of cold-formed s;eel:

F =1.00, Vo = 0.05
m

F
F. DETERMINATION OF TARGET RELIABILITY INDICES

A great deal of work has been performed for determining the values
of the reliability index B inherent in traditionai design as exemplified
by the current structu:al design specifications such as the AISC Spec-
ification for hot-rolled steel, the AISI Specification for cold-formed
steel, the ACI Code for reinforced concrete members, etc. The studies
for hot-rolled steel are summarized in Reference 15, where also many
further papers are referenced which contain additional data. The deter-
mination of B for cold-formed steel elements, or members, is presented
in References 22 through 27 and 34, where both the basic research data
as well as the B's inherent in the AISI Specification are presented in
great detail.

The entire set of data for hot-rolled steel and cold-formed steel
designs, as well as data for reinforced concrete, aluminum, laminated
timber, and masonry walls was analyzed in References 16 through 18 by

using the advanced reliability analysis model. It was found that the
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values of the reliability index B vary considerably for the different
kinds of loading, the different types of construction, and the different
types of members within a given material design.specification. In order
to achie?e more consistent reliébility, it was suggésted in References
16 through 18 that the following values of B would provide this improved
consistency while at the same time give, on the average, essentially the
same design by the new LRFD method as is obtained by current ASD design
for all materials gf construction. These target reiiabilities, Bo, for

use in LRFD are:

For gravity loading: Bo = 3.0
For connections: Bo = 4.5
For wind loading: Bo =2.5
For earthquake loading: Bo =1.75
For counteracting loading: Bo = 2.0

These target reliability indices are inherent in the load factors recom-
mended in the ANSI A58.1-82 Load Code®’.

For the reliability index inherent in cold-formed steel structural
members, the studies in Reference 16 indicate that cold-formed steel has
typically a low dead-to-live load ratio (around 0.2) and B is around 2.5.
Also, in Reference 35 it was shown that cold-formed simply supported
braced steel beams with stiffened flanges designed according to the 1986
AISI allowable stress design specification, or to any previous version
of this specification, can provide a reliability index B = 2.8 for the
representative dead-to-live load ratio of 1/5. Considering the fact that

for other such load ratios, or for other types of members, the reliability

index inherent in current cold-formed steel construction could be more
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or less than this value of 2.8, & somewhat lower target reliability index
of BO = 2.5 is recommended as a lower }imit for the new LRFD Specifica-
tion. The resistance factors ¢ were selected “such that Bo = 2.5 is es-
sentially the lower bound of the actual B's for members. In order to
assure that failure of a structure is not initiated in the connections,
a higher target reliability of Bo = 3.5 is recommended for joints and
fasteners. These tﬁo targefs of 2.5 and 3.5 for members and connections,
respectively, are somewhat lower than those recommended by ANSI A58.1-82
(i.e., 3.0 and &.5, respectively), but they are essentially the same

targets as are the basis for the 1986 AISC LRFD Specification19

G.}wwwmw

The reliability evaluation discussed above is mainly for structural
elements and members. The relationship between reliability index B and
the probability of failure PF'was'shown iﬁ Eq. (2.14). Equation (2.14)
was based on the assumption that the probability distribution of (R/Q)
is lognormal. In the cases that the probability distribution of (R/Q) 1is
not known, the following relationship between the reliability index and

the probability of failure was derived by Rosenblueth in Reference 79:

Py = 460 x 1071-8698

(2.58)

A structure is built-up by several components or elements. Na-
turally, its capacity will be a function of the capacities of the indi-
vidual components, and thus, the probability of failure of the system will
depend on its components. Except for very simple systems, such as struc;

tures that are statically determinate, or that are composed of identical

components in parallel, the evaluation of the probability. of failure of
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the entire system is generally 'quite involved. A great deal of work has
been done80‘88, however, major difficulties in evaluating structural
system vreliabilities still remain, and no general formula has been
recommendedss.

The Studies in References 86 and 88 indicate that the only meaningful
solution to the structural reliability problem for real structures is the
upper and lower bounds of structural system reiiability.,These bounds are
usuaily found to be quite widely spread for larger structural systems.

The upper and lower bounds for system reliability were first formu-
lated in References 80, 81, and 85 as follows:

If all failure modes are statistically independent

Pf = P(structural failure) =1 - H(I-PFi) (2.59)
i

If all failure modes are perfectly correlated

Pf = P(structural failure) = max PFi‘ - (2.60)
i

where

PFi = probability of failure of component or elément
Eq. (2.59) and (2.60) represent the upper and lower bounds of the proba-
bility of structural failure, respectively.

These bounds are called "First-Order Bounds" and it has been demon-
strated that the bounds were too broad, therefore, a so-called "Ditlevsen
Second-Order Bound" has been proposed to give a narrower range between
the upper and lower bounds. These bounds are represented by the following
formulas in References 82 and 88:°

k i=1

+ uax{ £ [Py~ £ p(E;E))]; O} (2.61)
i=2 j=1 ]

Pe > Py



34

and
P, < 1zc Ppy ° ; r_iAzg[p(EiEj)] ' (2.62)
i=1 i=2 j<i
where
k = numb;r of failure modes
p(EiEj) = joint probability of exceeding limit states i and j

This joint probability is determined according to the method given in
Referengg.SZ as follows:
P(E,E,) < p(8)+p(B) (2.63)
p(EiEj) > MAX (p(A),p(B)]) (2.64)

where Eq. (2.63) is used with Eq. (2.61), and Eq. (2.64) is used with Eq.

(2.62), and
p(4) = ®(-B,)®(-X) : . (2.65)
p(B) = ¢(-Bj)¢(-Y) . o (2.66)
where
B.-pB.
X =-—’L2—I/-2' (2.67)
(1-p7)
B.-pB. .
Y = _.i—#— (268)
(1-p%) /2 ~ |

® = cumulative function of normal distribution
p = coefficient of correlation between two limit state functions

The coefficient of correlation between two linear limit state functions

n

Y= Tax, ' (2.69)
i=1
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n
Y2 =.'Z biXi : (2.70)
i=1

is equal to

p = COv(Y,,Y, )/(o, Oy ) (2.71)
Yl’YZ 1°°2 Y1 Y2 ‘
where
n nn
COV(Yl,Yz) = 'E aibiVAR(Xi)+§_§aibjCOV(Xin) (2.72)
i=1 ~ i=j
The term VAR(Xi) = Oy 2 is the variance of Xi and COV(Xin) is the

i
covariance of Xi, Xj’ defined as follows:

COV(Xin) = pijcxioxj (2.73)
where
pij = coefficient of correlation beﬁween Xi and Xj

Once the lower and upper bounds of the probability of system failure
are determined, the corresponding upper and lower bounds of system reli-
ability indices can be determined from Eq. (2.14) as follows:

B = - ¢-¥(p (2.74)

f)
where

¢-1 = inverse function of cumulative lognormal distribution
or from Eq. (2.58) as follows:
B = [1og10(460/Pf)J/1.869 (2.75)

It should be noted that Eq. (2.75) will give a result similar to Eq.

(2.74). For example, for Pf = 0.006, Eq. (2.74) gives B = 2.5 while Eqg.

(2.75) gives B = 2.6.
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III. LOAD FACTORS AND LOAD COMBINATIONS

A. GENERAL

Load factors, and load combinations,‘used in the LRFD criteria for
cold-formed steel structural members and connections are basically
adopted from the 1982 -ANSI Code, in which load factors, and load combi-
nations, are recommended for all types of materials including cold-formed
steel. However, certain modifications and additional load factors and
load combinations are needed to accouﬂt for the special circumstances
inherent in cold-formed steel structures. Background information used in
determining the loadAfactors, and load combinationé, are discussed in this

section.

B. MEAN-VALUE FIRST-QRDER SECOND-MOMENT METHOD
In order to determine load and resistance factors using mean-value

first-order second-moment method, Eq. (2.18) must be transformed into the

following form:

Rm 2 GQm ) . (3.1)

in which, 8 is called central safety factor and defined as follow:
8 = exp(B,V 24y 2y (3.2)
R 'Q )

In Eq. (3.2), the central safety factor includes the uncertainties
of both resistance and load effects. In order to separate this factor into
independent factors, which deal only with the uncertainties of resistance
or the uncertainties of load effects, the variation of the square root

term is replaced by a straight line. Lind proposed the following linear
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approximation which is good for the range of VR/VQ between 1/3 and

.3.059:

2,2 _ =
R +VQ = G(VR+VQ) (3.3)

in which @ is equal to 0.75. By substituting this linear approximation

\

into Eq. (3.2), the central safety factor can be rewritten as:
8 = exp[cB(VRfVQ)] (3.4)
The design criterion becomes

R
m

— 2 Qm[exp(EBVQ)] (3.5)
exp(GBVy)

By trial and error, the following representative approximation for

the dead and live load effects was selected by Galambos and Ravindra7:

R

———— > exp(apV,)[c D _(1+aB ’vC2+vD2)]+

exp(cBVR)
exp(apV,) (e L (1+aB[vp 2+, %) (3.6)

in which Dm, Lm and VD’ VL are the mean values of the dead and live load
intensities and their corresponding coefficients of variation. <p and
¢y, are the deterministic influence factors used to transform the dead and
live load intensities to the dead and live load effects. VB and VC are
the coefficients of variation of random variables B and C which reflect
the uncertainties in idealizing the design live and dead load from the
actual values. A is a random variable reflecting the uncertainties in
structural analysis and VA is its coefficient of variation. a is a con-
stant equal to 0.55. This linearization factor is obtained from minimi-
zation of the variation of the central safety factor over the poésible

range of all parameters. Equation (3.6) is in the same format as Eq.

(2.1), therefore, resistance factor and load factors can be determined.
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Equation (3.6) is for dead and 1ive load combination only, other
loads and load combinations are discussed in Réference 68.

Because of the shortcomings mentioned in Section II, this»method was
not used for the developmenf of the load factors and load combinations

recommended in the 1982 ANSI Code.

C. ADVANCED RELIABILITY ANALYSIS METHOD

For the. advanced reliability analysis'method, the procedures for
determining load and resistance factors is discussed in Section II in
great detail. Based on this method and the target reliability indices
.listed in Section II.F, the following load factors and load combinations
were developed in References 16 through 18 and are recommended for use

with the 1982 ANSI Load Code for all materials, including cold-formed

steel:
1 1.4Dn
2) 1'2Dn+1'6Ln+0'5(Lrn or Sn or.RIn)
3) 1.2Dn+1.6(Lrn or Sn or an)+(0.5Ln or 0.8Wn)
4) 1.2Dn+1.3wn+0.5Ln+0.5(Lrn or Sn or an)
5) 1.2Dn+1.5En+(0.5Ln or O.ZSn)

6) o.9nn-(1.3wn or I’SEn)

where
Dn = nominal dead load
En‘ = nominal earthquake load
Ln = nominal live load due to occupancy;

weight of wet concrete for composite construction

L_ = nominal roof live load
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nominal roof rain load

n
Sn = nominal snow load
Wn = nominal wind load

D. LOAD FACTORS AND_LOAD COMBINATIONS USED IN THE LRFD CRITERIA
FOR_COLD-FORMED STEEL

Based on the 1982 ANSI Code, the following load factors and load

combinations are recommended in the LRFD criteria for cold-formed steel:

1) 1.4Dn+Ln-

. 2) 1.2Dn+1.6Ln+0.5(Lrn or §_or an)

3) 1.2Dn+(1.4Lrn or 1.68n or 1.6an)+(0.5Ln or 0.8Wn)
4) 1.2Dn+1.3wn+0.5Ln+0.5(Lrn or Sn or an)

5) 1;2Dn+1‘.5En+(0.5Ln or O.ZSn)

6) o.9nn-(1.3wn or 1.5En)

In view of the fact that the dead load of cold-formed steel struc-
tures is usually smaller than that of heavy construction, the first case
of load combinations is (1.4Dn+Ln) instead of the ANSI value of 1.4Dn.
This requirement is identical with the ANSI Code when Ln = 0.

Because of special circumstances inherent in cold-formed steel
structures, the following additional LRFD criteria apply for roof, floor
and wall construction using cold-formed steel:

a) For roof and floor composite construction
1.2Dn+1.6cwn+1.4cn
where

nominal weight of wet concrete during construction

Q
it

nominal construction load, including equipment, workmen

Q
]
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and formwork; but excluding the weight of the wet concrete

This combination provides safe cbnstrﬁction practice for cold-formed
steel decks and panels which otherwise may be damaged during construction.
The load factor used for the weight of wet concrete is 1.6 because the
wet concrete is frequently dumped into a pile, or impacted onto the deck.
An individual sheet can be subjected to this.load. The use of a load
factor of 1.4 for the construction load reflects a general practice of
' 33% strength increase for concentrated loads.

It should be noted that for the third case of load combinations, the
load factor used for the nominal roof live load, Lrn’ in the LRED criteria
for cold-formed steel i1s 1.4, instead of the ANSI value of 1.6. The use
of a relatively smaller load factor is because the roof live 1oad.is dué
to the presence of workmen and materials during repair operations and,
therefore, can be considered as a type of construction load.

b) For roof and wall construction, the load factor for the nominal wind
load Hn to be used for the design of individual purlins, girts, wall
panels and roof decks should be multiplied by a reduction factor of 0.9
because these elements are secondary members subjected to a short duration
of wind load and thus can be designed for a smaller reliability than
primary members such as beams and columns. The reliability index of a wall
panel under wind load alone is approximately 1.5 with this reduction

factor. With this reduction factor designs comparable to current practice

are obtained.
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IV. PROCEDURES FOR CALIBRATION OF DESIGN PROVISIONS

A. GENERAL

For the purpose of facilitating the steps used in the calibration
of various provisions of the AISI Specificatiom, phe calibration proce-
dures were formulated based on the mean-value first-order second-moment
reliability analysis model and are summarized in this section.

As indicated in Reference 17, the load combination of 1.2Dn+1.6Ln
governs many design cases, hence, the calibration procedures derived from
this important load combination can be used for most of the design pro-
visions. However, when the design provision is primary for uplift loading,
the calibration procedures for uplift loading are needed. Therefore, both
,1’2Dn+1'6Ln and 1.17Wn-0.9Dn gcounteracting loads with a reduction factor
of 0.9 applied to the load factor for the nominal wind load) are used in
develéping c#libration procedures.‘All theldeterminations of resistance
factors as well as reliability indices for various design provisions

discussed in Section V are based on the formulas derived herein.

B. CALIBRATION PROCEDURES FOR GENERAL CASES

The load effects, Q, for a combination of dead and live loads is
assumed to be the following form:

Q= cDCD+cLBL : (4.1)
where D and L are random variables representing the dead and live load
intensities, respectively, p and ¢, are deterministic influence coeff%-

cients, B and C are random variables reflecting the uncertainties in the
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transformation of loads into the load effects. Based on the first-order
probabilistic theory, the mean load effects, Qm’ is
Qm = cDCmDm+cLBmLm ; o (4.2)
in which, Bm’ Cm’ Dm’ and Lm are the mean values of the random variables
B, C, D, and L.
donsequently, the coefficient of variation of the load effects; VQ,

can be determined as follows23:

T T B 2. 2. 2 Ziu 2
v __\[;h Cm Dm (VC +vD )+CL Bm Lm (VB +vL )
.

CDC mDm+ cLB IIILIII

where VB and VC are the coefficients of variation for random variables B

(4.3)

and C, respectively, VD and VL are the coefficients of variation for dead
and live loads.
If it is assumed that Bm = Cm'= 1.0 and e the mean value

and the coefficient of variation of load effects can be expressed as

follows:
Qm = c(Dm+Lm) (46.6)
2 2
v _‘szva) +(Lva)
Q (4.5)

Dm+Lm
Load statistics have been analyzed in Reference 16, where it was

shown that Dm = l'OSDn’ VD = 0.1, Lm = Ln’ VL = 0.25. The mean live,load

intensity equals to the code live load intensity if the tributary area
is small enough so that no live load reduction is required. Substitution
of the load statistics into Eqs. (4.4) and (4.5) gives

Qm °(1‘°5Dn/Ln+1)Ln

\[Ei.osnn/nn)ivnz+vL2

Q (4.7)
(1.05D_/L +1) ~

(4.6)
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Thus, Qm and V. depend on the dead-to-live load ratio. Cold-formed

Q
steel members typically have relatively small Dn/Ln ratios. For the pur-
poses of determining the reliability of the LRFD criteria, it will be

assumed that Dn/Ln = 1/5, and so V, = 0.21.

Q

In this study, the ¢ factors are determined for the load cémbination
of 1'2Dn+1'6Ln to approximately provide a target Bo of 2.5 for members
and 3.5 for connectiens, respectively. For practical reasons, it is de-~
sirable to have.only a few different resistance factors. Therefore the
actual values of B will differ from the derived targets. This means that

¢Rn = c(l.2Dn+1.6Ln) = (1.2Dn/Ln+1.6)an (4.8)

By assuming Dn/Ln = 1/5, Eqs. (4.8) and (4.6) can be rewritten as

follows:
Rn = 1.84(an/¢) (4.9)
or CLn= ¢Rn/1.84 (4.10)
Qm = (1.05Dn/Ln+1)an = 1.21cLn = ¢Rn/1.521 (4.11)
Therefore,

R, 1.521 R_ | ,
_m o _ " (4.12)
Q ¢ R

m . n

The application of Eqs. (2.18), (2.55), (2.57) and (4.12) gives

1n(1.521MmFum/¢)

(4.13)

VM +VF +VP +VQ

or

7 7 2
1.521(M F_P_)exp( BJVM v, 24 2) (4.14)

©
"
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C. CALIBRATION PROCEDURES FOR COUNTERACTING LOADS

In this part of study, the ¢ factors are determined for the load
combingtion of 1.17Wn-0.9Dn to approximately provide a target Bo of 1.5
for counteracting loads with a reduction factor of 0.9 applied to the load
factor far the nominal wind Iéad. The reasons for using a low target Bo
are discussed in Section III. Based on this type of load combination, the

following equations can be established:

¢Rn = c(1.17Wn'0.9Dn) = (1.17'0.9Dn/wn)cwn . (4.15)
Q, =c(W -D) , (4.16)
2 2
. ﬁwmvw) +(D V)
Q = (4.17)
-Wm - L

where wm is the mean wind load intemsity, and Vw is the corresponding
coefficient of variation.

Load statistics have been analyzed in Reference 16, where it was
shown that

D = 1.05D =0.1; W = =
no Vp =013 W = 0.78W_, V. = 0.37

m D %)

The substitution of the load statistics into Egs. (4.16) and (4.17) gives

Q

m c(0.78wn-1.05Dn) = (0.78-1.05Dn/wn)cwn (4.18)

-J(O.78x0.37)2+(1.05Dn/an0.1)2

Q (4.19)
0. -
78 1.05Dn/wn

v

By assuming Dn/Wn = 0.1, Eqs. (4.15), (4.18), and (4.19) can be rewritten

as follows:

¢Rp = 1.08cwn | (4.20)
Qm = 0.675cwn = 0.67S(¢Rn/1.08) = 0.625¢Rn (4.21)
vV, =0.

Q 0.43 (4.22)

The application of Eqs. (2.18), (2.55), (2.57), and (4.21) gives



or

1n(1.6MmFum/¢)

VM +VF +VP +VQ

y S
1.6(M F P )exp(-B JVH Lo

P

2

G 2
)

(4.23)

(4.24)

45
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V. DEVELOPMENT OF LRFD DESIGN CRITERIA FOR_COLD-FORMED STEEL

MEMBERS AND CONNECTIONS

A. GENERAL

As mentioned in Section II.C, the design format of the LRFD criteria
is given by Eq. (2.1). The right side of Eq. €2.1) represents the required
strength which is computed' by structural anaiysis based upon assumed
loads, load factors, and load combinations. The development of load fac-
tors and load combinations is discussed in Section III. The left side of
Eq. (2.1) represents the design strength provided by the selected compo-
nents. The objective of this section is to develop the de§ign strengths
for various LRFD design provisions for cold-formed steel.

In the determination of design strength of a structural component,
two major values are involved, namely, ¢ factor and nominal resistance
Rn. In this section, the nominal resistances used for various design
provisions in the LRFD criteria for cold-formed steel are either baged
on the nominal strengths specified in the 1986 AISI Specification or de-

rived from the allowable strengths specified in the 1986 AISI Specifica-

tion. The resistance factors and corresponding reliability indices are

determined by calibrating various design provisions.

B. TENSION MEMBERS

For the design of axially loaded temsion members, the nominal tensile

strength, Tn, of a cold-formed steel member specified in the 1986 AISI

Specification is used in the LRFD criteria for cold-formed steel members.
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1. Design Requirements. For axially loaded tension members, the

nominal temsile strength, Tn’ shall be determined as follows:

Tn = AnFy. . (5.1)
where

An = net area of the cross section

FY = design yield stress

2. Development of the LRFD Criteria. The resistance factor ¢t =

0.95 is recommended for temsion member design. It is derived from the
procedure described in Section III, and a selected Bo value of 2.5. In
the determination of the resistance factor, the following formulas are

used for R and R :
m n

R, = A, (F)), (5.2)

R, = AT, | (5.3)
i.e.,

Ry /Ry = (F)/Fy (5.4)

in which An is the net area of the cross section, (Fy)m is equal to
1.10Fy as discussed in Section II.E. By using VM = 0.10, VF = 0.05 and

VP = 0, the coefficient of variation VR is:

I vy yons B
vy = JV gt = 0.1l (5.5)

Based on V., = 0.21 and the resistance factor of 0.95, the value of B is

Q
2.4, which is close to the stated target value of Bo = 2.5.

C. FLEXURAI, MEMBERS

In the design of cold-formed steel flexural members, considerations
should be given to the following design limit states:

. Strength for bending only
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. Strength for shear omly

. Strength for combined bending and shear

. Web crippling strength

. Combined bending and web crippling strength
Due to the lack of appropriéte test data, ¢ factors for shear strength,
and strength for combined bending and shea;; are determined using a pro-
cedure which does £ot reqﬁire test data. The determination of ¢ factors
for other design provisions are based on the procedures derived in Section
Iv.

1. Strength for Bending Only. Bending strengths of flexural members
are differentiated according to whether or not the member is laterally
braced. If such members are laterally supported, then they are propor-
tioned according to the nominal section strength. If they are laterally
unbraced, then the limit state is lateral-torsional buckling. For C- or
Z-section with the tension flange attached to deck or sheathing, and with
the compression flange laterally unbraced, the bending capacity is less
than that of a fully braced member, but greater than that of an unbraced
member. The nominal bending strengths Hn specified in the 1986 AISI
Specification are used in the LRFD criteria for cold-formed steel members.

a. Design Reguirements.

i. Nominal Section Strength. For nominal section strength of
flexural members, the nominal bending strength, Mn, shall be calculated
either on the basis of initiation of yielding in the effective section.
(Procedure I) or on the basis of the inelastic resérve capacity (Procedure

II) as applicable.

Procedure I - Based on Initiation of Yielding
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Effective yield moment based on section strength, Mn, shall be

determined as follows:

Mn = Ser | (5.6)
‘where

Fy = design yield stress

Se = elastic section modulus of the effective section calculated

with the extreme compression or tension fiber at Fy
Procedure II - Based on Inelaétic Reserve Capacity
The inelastic flexural reserve capacity may be used when the
following cqnditions are met: |
The member is not subject to twisting or to lateral, torsional,
or torsional-flexural buckling.
The effect of cold-forming is not included in determining the
yield point Fy.
The ratio of the depth of the compressed portion of the web to
its thickness does not exceed Al.
The shear force does not exceed 0'35Fy times the web area,
h x t.
The angle between any web and the vertical does not exceed 30
degrees.
The nominal flexural strength, Mn, shall not exceed either l.ZSSeFy

determined according to Procedure I or that causing a maximum

compression strain of C_e_ (no limit is placed on the maximum
tensile strain).

where

ey = yield strain = Fy/E
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E modulus of elasticity

c compression strain factor determined as follows:

y
(a) Stiffened compression elements without intermediate stiffeners

Cy = 3-for w/t < Al ‘
cy = 3-2[(w/t-)\1)/()\2-)\1)] for A, < W/t <A,
Cy =1 for w/t 2 A2
where
Ay .= 1.11/J1~*_yﬁ (5.7)
A, = 1.28/ﬁy‘/’§ (5.8)
(b) Unstiffened compression elements
Cy =1

(¢) Multiple-stiffened compression elements énd compression
elements with edge stiffeners
Cy =1 |
When applicable, effective design widths shall be used in calculat-
ing section properties. Mn shall be calculated considgring equilibrium
of stresses, assuming an ideally elastic-plastic stress-strain curve
which is the same in tension as in compression, assuming small deformation
and assuming that plane sections remain plane during bending.
The effective widths, b, of compression elements are determined as
follows:
(1) For uniformly compressed stiffened elements, the effective

widths, b, shall be determined from the following formulas:

b

w when A<0.673 | (5.9)
b

it

pw when A>0.673 (5.10)

where
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w = flat width as shown in Figure 7

p = (i~0.22/A)/A (5.11)
A = (1.052/Jk) (w/t) JE/E) (5.12)
k = 4.0 for stiffened elements supported by a web on eac£

longitudinal edge
(2) For uniformly cgmp;essed stiffened elements qitp circular holes,
the effective widths, b, shall be determined as follows:
For O.SOZdh/wzo, and w/t<70
center-to~center spacing of holes > 0.50w and 3dh,

b=w-4d when A<0.673 (5.13)

h

b w[l-O.ZZ/A-(O.Sdh)/w]/A when A>0.673 (5.14)

where
dh = diameter of holes
(3 Fof webs and stiffened elements with stress gradient, the ef-~

fective widths, b. and bz,rshall be determined from the following formu-

1

las:

b, = b /(3-¥) (5.15)

For W<-0.236

b, = b /2 (5.16)

2
b1+b2 shall not exceed the compression portion of the web
calculated on the basis of effective section

For W>-0.236
b2 = be - b1 (5.17)
where

effective width b determined in accordance with Case (1)

o
[}

with f1 substituted for f and with k determined as follows:



52

k = 4+2(1-W) +2(1-9) (5.18)
Y = fz/f1
fl, f2 = stresses shown in Figure 8 calculated on the basis of

effective section. f1 is compression (+) and f2 can be

either tension (-) or compression. In case f1 and f2 are
both compression, f1 2 f2
(4) For uniformly compressed unstiffened elements, the effective
widths, b, shall be determined in accordance with Case (1) with phe ex-
ception that k shall be taken as 0.43 (see Figure 9).
(5) For unstiffened elements and edge stiffeners with stress gradi-
ent, the effective widths, b, shall be determined in accordance with Case

(1) with £ = f3 as in Figure 10 in the element and k = 0.43.

(6) For uniformly compressed elements with an intermediate stiffener

(see Figure 11):

Case I: bo/tsS

Ia = 0 (no intermediate stiffener needed) (5.19)
b =w (5.20)
As = AS' | (5.21)
Case II: S<b°/t<3S
1,/t% = [50(b_jt)/5)-50 o (5.22)
b and As shall be calculated according to Case (1) where
ko= 3011 ) 254 ©(5.23)
Ay = AJ(I/1)<A (5.24)
Case III. bo/t 23S
1,/t% = [128(b_st)/s)-285 (5.25)

b and As are calculated according to Case (1) where
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k=301 /1) 44 (5.26)
- ! '
AS = As (Is/Ia)SAs (5.27)
(7) For uniformly compressed elements with an edge stiffener (see
Figure 10):

Case I: w/t<S/3

0 (no edge stiffener needed)

=w

ds' for simple lip stiffener

= AS' for other stiffener shapes

Case II: §/3<w/t<§

1,/t% = 359{{(w/t)/5)-0.33}
n = 1/2

c, =I/I sl

c, =2-¢,

b shall be calculated according to Case (1) where

k

1}

(4.82-5(D/w))(I_/1,)"+0.43<5.25-5(D/w)

for 0.82D/w>0.25

3.57(15/1a)“+o.4354.o

for (D/w)<0.25

! 1
dS (Is/Ia) Sds

for simple lip stiffener

L]

] L
As (Is/Ia) SAs

for other stiffener shapes

Case III: w/t25

I/t* = [115(w/t)/S)*S

c

1’

CZ’b’k’ds’As are calculated per Case II with n=1/3.

(5.

(5.

(5.

(5.

(5.

(5.

. (5.

(5.

(5.

(5.

(s.

28)
29)
30)

31)

32)

33)

34)

.35)

36)

37)

38)

39)
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(6) and (7) of this section,

1.28JE/F

buckling coefficient

dimension defined in Figure 11

dimensions defined in Figure 10

reduced effective width of the stiffemer (see Figure 10)
effective width of the stiffener (see Figure 10)
coefficients defined in Figures 10 and 11

reduced area of the stiffener as specified in this section.
AS is to be used in computing the overall effective section
properties. The centroid of.the stiffener is to be considered
located at the centroid of the full area of the stiffener,
and the moment of inertia of the stiffener about its own
centroidal .axis shall be that of the full section of the
stiffener.

adequate moment of inertia of stiffener, so that each
component element will beﬁave as a stiffened element.

moment of inertia of the full stiffener about its own
centroidal axis parallel to the element to be stiffened and.
the effective area of the.stiffener, respectively. For edge
stiffeners the round corner between the stiffener and the

element to be stiffened shall not be considered as a part of

the stiffener.

For the stiffener shown in Figure 10,

I
s

Al

(d’t sin®0)/12

d' t
-1
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Figure 7 Stiffened Elements with Uniform Compression33
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Effective Element and Stress
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Figure 9 Unstiffened Elements with Uniform Compression33
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Etiective Element and Stress on Effective Element

Figure 10 Elements with Edge St:iffener33
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(8) For the determination of the effective width, the intermediate
stiffener of an edge stiffened element or the stiffeners of a stiffened
element with more than one stiffener shall be disregarded unless each

intermediate stiffener has the minimum IS as follows:

I .= [3.56,kw/t)2-(o.136E)/Fy]t“ - (5.40)
but not less than 18..41:4
where
w/t = wi&th-thickness ratio of the larger stiffened sub-element
I_ = moment of inertia of the full stiffener about its own

centroid axis parallel to the element to be stiffened
ii. Lateral Buckling Strength. Cold-formed steel flexural members,
when loaded in the plane of the web, may twist and deflect laterally as
well as vertically if adequate braces are not provided. For the laterally
unbraced segments of doubly- or singly-symmetric sections subject to

lateral buckling, Mn_shall be determined as follows:

Mn = SC(MC/Sf) (5.41)
where
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/Sf in the extreme compression fiber
Mc = critical moment calculated according to (a) or (b) below:

(a) For I- or Z-section bent about the centroidal axis (x-axis)
perpendicular to the web:
For M 22.78M
e y

HC = MY (5.42)
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For 2.78M >M >0.56M
y e

y )
= - 6M (5.43)
Mc (10/9)My(1 10My/3 e) |
For M £0.56M
e y .
H =M (5.4“)
c e
where
My = moment causing initial yield at the extreme compression fiber
of the full section
=S_F (5.45)
£y
Me = elastic critical moment determined either as defined in (b)

below or as follows:

= anCb(dch/Lz) for doubly-symmetric I-sections (5.46)

= anCb(dch/ZLz) for point-symmetric Z-sections (5.47)
L = unbraced length of the member
I_ = moment of inertia of the compression portion of a section
about the gravity axis of the entire section parallel to the
web, using the full unreduced section
Other terms are defined in (b) below.
{b) For singly-symmetric sections (x-axis is assumed to be the axis of
symmetry):
For M >0.5M
e y
M, = My(l-My/4He) (5.48)
For M <0.5M
e y
M. =M, ' (5.49)
where

My is as defined in (a) above

He = elastic critical moment
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He = CbroAIUeyot for bending about the symmetry axis (g-ax1s is
the axis of symmetry oriented such that the shear center has
a negative x-coordinate.) Alternatively, Me can be calcu-

lated using the formula for doubly-symmetric I-sections

given in (a) above (5.50)
M = C_ao_[§+C_Ji%+r,2(0,/o_))/Crr. for bending about
e s Pex T sV 0 t’ Tex TF g
centroidal axis perpendicular to the symmetry axis (5.51)
Cs = +1 for moment causing compression on the shear center
side of the centroid
Cs = -1 for moment causing tension on the shear center side
of the centroid
o . =n’E/(R,L_/r,)> | (5.52)
ex XXX . ) )
2 2 : "
o] =mE/(K L 5.
ey /(Rgbylry) (5.53)
- 2 2 2
o, = 1/(Ar )[(GI+n"EC /(K L,)"] (5.54)
A = full cross-sectional area
Cb = bending coefficient which can conservatively be taken as
unity, or calculated from
_ 2
Cb = 1.75+1.05(M1/M2)+o.3(M1/M2) <2.3

where

Ml is the smaller and H2 the larger bending moment at the
ends of the unbraced length, taken about the strong axis of
the member, and where MI/MZ’ the ratio of end moments,
is positive when,H1 and Hz 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
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both ends of this length, and for members subject to
combined axial load and bending moment, Cb shall be taken
as unity.

modulus of elasticity

depth of section

0;6-0.4(H1/M2)

where

M, is the smaller and Mz the larger bending moment at the

1
ends of the unbraced length, and where Ml/MZ’ the ratio of

end moments, is positive when Ml and M2 have the same sign

(reverse curvature bending) and negative when they are of
opposite sign (single’ curvature bending). When the bending
moment at any point.within an unbraced length is larger
than that at both ends of this length, and for members

subject to combined axial load and bending moment, C, shall

b
be taken as unity.

polar radius of gyration of the cross section about the

shear center

T, +ry +x° : (5.55)
radii of gyration of the cross section about the
centroidal principal axes

shear modulus

effective length factors for bending about the x- and

y-axes, and for twisting

= unbraced 1ength of compression member for bending about

the x- and y-axes, and for twisting
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x, = 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

Cw = torsional warping constant of the cross section

. - : 3 2 ..\ '

j = 1/(21y)(fo dA+ijy dA) X (5.56)

iii. Beams Having One Flange Through-Fastened to Deck or Sheathing.
For a C- or Z-section loaded in‘a plane parallel to the web and with the
tension flange attached to deck or sheathing and with compression flange
- laterally unbraced, the nominal flexural strength, Mn, shall be calcu-
lated as follows:

M =RSF , (5.57)

n e'y
where

o
[}

0.40 for simple span C-sections

0.50 for simple span Z-sections

0.60 for continuous span C-sections

0.70 for continuous span Z-sections
The reduction factor, R, shall be limited to roof systems meeting

the following conditions:

Member depth shall be less than 11.5 inches

The flanges shali be edge stiffened compression elements

60 < depth/thickness < 170

2.8 < depth/flange width £ 4.5

16 < flat width/thickness of flange < 43

Lap length in each direction (distance from center of support to

end of lap) shall not be less than:

1.5d for Z-sections
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3.0d for C-sections
Member span length shall be ﬂo greater than 33 feet
For continuous span systems, the longest member span shall not be
more than 20% greater than the shortest span |
Both flanges shall be prevented from moving iaterally at the
supports
Roof or wall panels shall be steel sheets, minimum of 0.019"
coated thickness, having a'minimum rib depth of 1 in., spaced
12 in. on centers and attached in a manner to effectively inhibit
relative movement between the panel and purlin flange
Insulation shall be glass fiber blanket 0 to 6 inches thick
compressed between the member and panel in a manner consistent
with the fastener beihg used
Fastener type shall be minimum No. 12 self-drilling or
self-tapping sheet metal screws or 3/16 - in. rivets, washers
1/2_in. diameter .
Fasteners shall not be ;tandoff type screws
Fasteners shall be spaced not greater than 12 in. on centers and
placed near the center of the beam flange
If variables fall outside any of the above stated limits, the user
must perform full-scale tests, or apply aqother rational analysis proce-
dure. In any case, the user may perform tests, as an alternate to the
procedure described above.
b. Development of the LRFD Criteria.
i. Nominal Section Strength. According to the design requirements

discussed above, section strength shall be calculated either on the basis
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of initiation of yielding using effective section (Procedure I) or on the
basis of the inelastic reserve capacity (Procedure II) as applicable. The
calibration for nominal section strength deals only with Procedure I.

In the calibration, the tested ultimate moments for beams, M est® Were

t
obtained from Referencés 89 through 95; the predicted values of Mpred were
computed according to the design formulas mentioned above. The tested and
predicted ultimate moments were listed in Tables 1 through 6 of Reference
34. On the basis of the statistical data for material properties and the
dimensional properties listed in Section II.E, it was decided that the

following values be used in this study: Mm = 1.10, Vv, = 0.10, Fm = 1.0

M

and VF = 0.05. Based on these values, the safety indices were computed
and summarized in Table I. It can be seen that six different cases have
been studied according to the types of the compression flanges. The re-
sults indicate that by using ¢b = 0.95 for stiffened or partially '
stiffened comp;ession flanges and ¢b = 0.9 for unstiffened compressioﬁ
flanges, the values of B vary from 2.53 to 4.08 which are satisfactory
to target B of 2.5.

ii. Lateral Buckling Strength. A total of 74 tests oﬁ lateral
buckling of cold-formed steel beams were reported in Reference 96. Among
these tests, the dimensions and cross-sectional properties of the 47
relatively long I-beams which failed in elastic buckling are as follows:

Thickness (t): 0.0598 in.

Depth (d): 4 in.

Width (2B): 2 in.

Area: 0.705 in.2

Moment of inertia about x-axis (Ix): 1.515 in.4



66

. b
Moment of inertia about y-axis (Iy): 0.0806 in.

Torsional constant (J): 6.00260 in.4

Radius of gyration about y-axis (ry): 0.338 in.

Hember lengths (L): vary from 61.5 in. to 138 in.

It shall be noted that the torsional constant provided in Reference
96 was based on a web considered to Be a one piece element instead.of two
separate pieces. The latter is used for the AISI approach (J=0.00082
in.a). Since the connection for the web was not clearly shown in Refer-
ence 96, both values were used in this calibration.

In addition to the AISI design formula, the theoretical approach and
the Structural Stability Research Council (SSRC) approach97 were used in
this calibration. |

The‘theoretical critical moment, Hcr’ can be determined by the fol-

lowing formula:

2
n"E
Mcr = —Li- ’Iwa 1+

For the SSRC approach, the buckling load, Pp, for a beam subjected

> (5.58)
n EC
W

to a concentrated load at the mid-span can be predicted by using the

following equation:

1, , 4eIL? -
Py =3lem ECnydJ[ 140, "+ ———-C,] (5.59)
L m EIyd

in which the values of Cb and C2 are taken as 1.35 and 0.55, respectively.

The tested failure loads, Pt’ and the predicted loads, Pp, were

listed in Table 7 of Reference 34. The mean values and the coefficients

of variation for the tested- to-predlcted load ratios, P /P ,» for five

different cases were listed in Table 8 of Reference 3.
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Since all test specimens used in this calibration failed in the
elastic range, only the modulus of elasticity was considered in the un-
cerfainties of material properties. Therefore, Hm = 1.00 and VM =0.06.
. ?he mean value of‘the fabrication factor Fm was assumed to be unity with
a coefficient of‘variation VF = 0.05. Based on tﬁése values, the safety
indices were computed and sumﬁarized ig Table II. Five differenf cases
have been studied with ¢b = 0.90, and the values of B vary from 2.35 to
3.80. It can be seen that the B values obtained by using J = 0.00082
in.4 (AISI consideration) for all three approachs are satisfactory to the
target B of 2.5.

iii. Beams Having One Flange Through-Fastened to Deck or Sheathing.
In the calibration for beams having one flange through-fastened to deck
or sheathing, the ¢b'factor is determined for the load combinétion of
1.17Wn-0.9bn to approximately provide a target Bo of 1.5 for counteracting
loads with a re&uction.factor of 0.9 applied to the load factor for the
nominal wind load. The reasons for using a low target Bo are discussed
iﬂ Section III. In the calibration, the tested ultimate moments for
beams,,Mtest, were obtained from References 98 through 102; the predicted
values of Mpred were computed according to the design formulas mentioned
above. The tested and predicted ultimate moments are listed in Tables III
through VI. On the basis of the statistical data for material properties
and the dimensional properties listed in Section II.E, it was decided that
the following values be used in this study: Mm = 1.10, VM = 0.10, Fm =
1.0 and V., = 0.05. Based on these values, the computed valu;s of B for

F

the selected value of ¢b = 0.90 for different cases are listed inm Table
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VII. It can be seen that the B values vary from 1.50 to 1.60 which are
~satisfactory for the target value of 1.5.

2. §L;ggg;§_jg;_§hg§;_ggly, The shear strength of beam webs is
governed by either yielding or buckling, depending on the h/t‘ratio and
the mechanical properties of steel. For 5eam webs having small h/t ratios,
the shear strength is governed by shear yielding, i.e.:

Vo = ATy = AFAS = 0.577E bt  (5.60)
in which Aw is the area of the beam web computed by (hxt), gnd Ty is the
yield point of steel in shear, which can be computed by Fyﬁf?.

For beam webs having large h/t ratios, the shear strength is governed
by elastic shear buckling, i.e.:

2
kvn EAw

V. =AT = 5.61)
n 12(1-p%) (h/t) 2 (

in which Ter is the critical shear buckling stress in the elastic range,
kv is the shear buckling coefficient, E is the modulus of elasticity, u
is thg Poisson's ratio, h is the web depth, and t is the web thickness.

By using u = 0.3, the shear strength, Vn, can be determined as follows:

= 3
Vn = 0.905Ekvt /h (5.62)

For beam webs having moderate h/t ratios, the shear strength is based

on the inelastic buckling, i.e.:

_ 2
Vn 0.64t /kayE (5.63)
These formulas are used in the LRFD criteria for cold-formed steel mem-

bers.



Table I

Computed Safety Index B for Section Bending Strength of Beams

Based on Initiation of Yielding

Case No. of Tests Mm VM Fm VF Pm VP B
Stiffened or Partially Stiffened QQmpréssion Flanges (¢b = 0.95)
FF. FW. 8 1.10 0.10 1.0 0.05 1.10543 0.03928 2.76
PF. FW. 30 '1.10 0.10 1.0 0.05 1.11400 0.08889 2.65
PF. PW. 5 1.10 0.10 1.0 0.05 1.08162 0.09157 2.53
. Unstiffened Compression Flanges (¢b = 0.90)
FF. FW. 3 1.10 0.10 1.0 0.05 1.43330 0.04337 4.05
PF. FW. - 40 1.10 0.10 1.0 0.05 1.12384 0.13923 2.67
PF. PW. 10 1.10 0.10 1.0 0.05 1.03162 0.05538 2.66
‘Note: FF. = Fully effective flanges
PF. = Partially effective flanges
FW. = Fully effective webs
PW. = Partially effective webs -

69



Table II

Computed Safety Index B for Lateral Buckling Strength of Bending

(¢ = 0.90)

Case No. of Tests MV, F Vg P Vp B.
1 47 1.0 0.06 1.0 0.05 2.5213 0.30955 3.79
2 47 1.0 0.06 1.0 0.05 1.2359 0.19494 2.48
3 47 1.0 0.06 1.0 0.05 1.1800 0.19000 2.35
4 47 1.0 0.06 1.0 0.05 1.7951 0.21994 3.53
5 47 1.0 0.06 1.0 0.05 1.8782 0.20534 3.80

Note: Case 1 = AISI approach 4
Case 2 = Theoretical approach with J = 0.0226vin.
Case 3 = SSRC approach with J = 0.0026 in. 4
Case 4 = Theoretical approach with J = 0.0008%13 in.
Case 5 = SSRC approach with J = 0.0008213 in. :
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Table III

Comparison of Tested and Predicted Ultimate Moments of Cold-Formed Steel Beams

Having One Flange Through-Fastened to Deck or Sheathing

(Simple Span C-Sections, R = 0.40)

Specimen L Fy Hpred Mtest Mtest Refergnce'
(fF.) (ksi) (ft.-kips) (ft.-kips) pred
1 20.0 55.0 3.500 6.361 1.8174 98
2 20.0 55.3 5.004 - 5.867 - 1.1725 98
3 20.0 55.3 5.132 5.158 1.0051 98
4 20.0 64.5 5.600 5.110 0.9125 99
5 20.0 64.5 9.356 10.198 1.0900 99
Number of specimens N=35
Mean Pm = 1.1995
Coefficient of variation VP = 0.2991

1L



Table IV

Comparison of Tested and Predicted Ultimate Moments of Cold-Formed Steel Beams

Having One Flange Through-Fastened to Deck or Sheathing

(S5imple Span Z-Sectiomns, R = 0.50)

Specimen L Fy Hpred. Htest Htest Reference
(ft.) (ksi) (ft.-kips) (ft.-kips) Hpred
1 20.0 66.0 4.630 4.537 0.9799 98
2 20.0 61.5 4,210 4.151 0.9860 98
3 20.0 56.9 4.565 4.812 1.0541 98
4 20.0 64.6 5.865 5.912 1.0080 98
5 20.0 64.7 6.495 6.898 1.0620 98
6 20.0 63.8 7.910 8.290 1.0480 98
7 20.0 64.0 8.350 8.133 0.9740 98
8 20.0 56.1 9.805 10.727 1.0940 98
9 20.0 65.9 11.225 9.205 0.8200 98
10 20.0 57.4 6.210 5.949 0.9580 98
11 20.0 57.3 5.295 5.697 1.0759 98
12 20.0 52.9 10.150 13.337 1.3140 98
13 20.0 57.6 12.220 10.900 0.8920 98
14 20.0 64.5 7.045 . 6.341 0.9001 99
15 20.0 64.5 11.660 11.963 1.0260 99

CL



Table IV

(Continued)

Number of specimens
Mean
Coefficient of variation

15
1.0128
0.1112
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Table V
Comparison of Tested and Predicted Ultimate Moments of Cold-Formed Steel Beams
Having One Flange Through-Fastened to Deck or Sheathing

(Continuous Span C-Sections, R = 0.60)

Specimen L Fy Hpred Mtest Mtest Reference
(ft.) (ksi) (ft.-kips) (ft.-kips) - Mpred
1 24.0 56:5 5.652 5.897 1.0433 101
2 24.0 54.6 3.822 4.516 1.1816 101
3 24.0 58.3 9.156 9.995 1.0916 101
4 20.0 65.3 5.604 4.997 0.8917 101
5 30.0 58.3 9.480 9.717 1.0250 101
Number of specimens N=35
Mean Pm = 1.0466
Coefficient of variation VP = 0.1010
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Table VI

Comparison of Tested and Predicted Ultimate Moments of Cold-Formed Steel Beams

Having One Flange Through-Fastened to Deck or Sheathing

(Continuous Span Z-Sections, R = 0.70)

Specimen L Fy Hpred Mtest Mtest Reference
(ft.) (ksi) (ft.-kips) (ft.-kips) Mpred
1 30.0 63.1 9.310 9.935 1.0671 101
2 30.0 58.1 14.945 16.845 1.1271 101
3 30.0 61.6 9.135 9.788 1.0715 101
4 30.0 58.2 14.630 15.696 1.0729 101
5 20.0 61.3 8.890 "~ B8.966 1.0085 101
6 20.0 55.2 3.724 3.485 0.9358 101
7 20.0 57.4 3.920 3.970 1.0128 101
8 20.0 56.1 3.920 3.875 0.9885 101
9 20.0 55.8 3.829 3.807 0.9943 101
10 24.0 60.2 9.583 8.337 0.8700 101
11 24.0 57.8 9.177 8.889 0.9686 101
12 24.0 61.5 13.132 13.170 1.0029 101
13 24.0 58.5 6.069 6.182 1.0186 101
14 20.0 63.9 8.491 7.715 0.9086 101

Ky



Table VI

(Continued)

Number of specimens
Mean
Coefficient of variation

-]

14
1.0034
0.0689

9¢



Table VII
Computed Safety Index B for Beams Having One Flange

Through-Fastened to Deck or Sheathing

(¢b = 0.90)
Case No. of Tests Mm VM me VF Pm VP B
1 5 1.10 0.10 1.0 0.05 1.1995 0.2991 1.60
2 15 1.10 0.10 1.0 '0.05 1.0128 0.1112 1.50
3 5 1.10 0.10 1.0 0.05 1.0466 0.1010 1.58

4 14  1.10 0.10 1.0 0.05 1.0034 0.0689 1.51

Note: Case 1 = Simple span C-sections

Case 2 = Simple span Z-sections
Case 3 = Continuous span C-sections
Case 4 = Continuous span Z-sectiomns
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i t an
a. Design Requirements. The nominal shear strength, Vn’ a y

section shall be calculated as follows:
(a) For b/t S Jff;7f;
vV, = Eq. (5.60)
(b) For JEE;7?; <h/t s 1.415JEE;7F;
v, = Eq. (5.63)

(¢) For h/t > 1.415‘/Ekv/Fy

v
n

Eq. (5.62)
where
t = web thickness
h = depth of the flat portion of the web measured along the'plane
of the web
k_ = shear buckling coeffici@nt determined as follows:
1. For unreinforced webs, kv = 5.34

2. For beam webs with transverse stiffeners satisfying the
requirements |
when a/h < 1.0
k, = a.oo+s.34/(a/h)= ' . (5.64)
when a/h > 1.0
k_ = 5.34+4.00/(a/h)? (5.65)

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 separate element carrying its share of the shear force.
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b. Development of the LRFD Criteria. In the calibration of shear

strength of beam webs, the results of the shear tests reported in Refer-
ence 103 were reviewed and considered. Because the connection arrangement
used in the tests developed a considerable amount of tension field action,
these test results were not used for the calibration.

Since the appropriate test data on shear are not available, the ¢v
factors used in the LRFD criteria for cold-formed steel members were de-
rived from the condition that th nominal resistance for the LRFD method
is the same as the nominal resistance for the allowable stress design

method. Thus,

Since
(Rn)LRFD 2 c(1.2Dn+1.6Ln)/¢v ‘ - (5.67)
(Rn)ASD 2 c(F.S.)(Dn+Ln) : . (5.68)

the resistance factors can be computed from the following formula:

1.2D_+1.6L
n n

¢, =

(F.S.)(D_+L )
1.2(D_/L_)+1.6 .

= n 1 (5.69)
(F.S.)(D_/L_+1) : ‘

By using a dead-to-live load ratio of Dn/Ln = 1/5, the ¢v factors
computed from the above equation are listed in Table VIII for three dif-
ferent ranges of h/t ratios. The factors of safety are adopted from the
AISI Specification for allowable stress design. It should be noted that
the use of a small safety factor of 1.44 for yielding in shear is justi-

fied by long standing use, and by the minor consequences of incipient



Table VIII

Computed and Recommended ¢v Factors for Shear Strength of the Webs

80

F.S. for ¢ Factor Recommended

Range of h/t Ratio Allowable Load computed ¢_ Factor
Design by Eq. (5.69)

h/ts\/l:-:kv/FY 1.44 1.06 ' 1.00

Jfkv/l-‘ysh/ts 1.415J§kv/1~‘y 1.67 . 0.92 0.90

h/1:>1.41.‘3,l‘lkv/Fy 1.71 0.90 0.90
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yielding in shear, compared with those associated with yielding in tension
and compression.

3. Strength for Combined Bending and Shear. For cantilever beams
and continuous beams, high beﬁding stresses often combined with high shear

. stresses at the supports.:in the design of such members, interaction
equations are used to prevent buckling of flat webs due to the combination
of bending and sh;qr stregses. The interaction equations used in the LRFD
criteria for cold-formed steel are based on the interaction equations
included in the 1986 AISI Specification.

a. Design Reguireﬁents. For beams with unreinforced webs, the mo-
ment, M, and the shear, V, shall satisfy the following interaction
equation:

M2 )2 s 10 | (5.70)

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

0.6(M/Mn)+(V/Vn) < i.3 (5.71)

In the above equations:

Hn = nominal flexural strength when bending alone exists
excluding lateral buckling strength
Vn = nominal shear strength when shear alone exists

b. Development of the LRFD Criteria. Due to the lack of sufficient

test results of cold-formed steel members subjected to combined bending
and shear, the calibration of this design provision is not possible.
However, the results obtained from the calibration of combined bending

and web crippling strength, and the calibration of combined axial load
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and bending, indicate that appropriate resistance factors obtained from
the calibration of bending strength and shear strength can be used for
the design of members subjected to the combination of bending and shear.

4. Egg_ggiggl;gg_§££ggggg. For flexural members, the unreinforced
webs may cripple due to the high local intensity of load or reaction. In
~ preventing this problem, four different loading conditions for both I-
sections and shapes having single webs are considered in the 1986 AISI
Specification:

. End one-flange loading

. Interior one-flange loa&ing

. End two-flange loading

Interior two-flange loading -
Equations for determining alloﬁable concentrated load or reaction for
different cases are given in the 1986 AISI Specification.

The nominal concentrated loads or reactions, Pn’ used in the LRFD
criteria for cold-formed steel are determined by the allowable loads given
in the 1986 AISI Specification times the appropriate factor of safety.
In this regard, a factor of safety of 1.85 is used for single unreinforced
webs, and a factor of safety of 2.0 is used for I-beams or similar
sections. |

a. Design Requirements. Table IX is used to determine the nominal
web crippling strength, Pn, of webs of flexural members subject to con-
centrated loads or reactionms, gr‘the components thereof, acting perpen-

dicular to the longitudinal axis of the member and in the plane of the
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Table IX

Nominal Web Crippling Strength, Pn

Shapes Having - I-Sections or
Single Webs Similar Sections(l)
Stiffened or i Stiffened,
Partially Unstiffened Partially
Stiffened Flanges Stiffened and Un-
Flanges . - stiffened Flanges
_End
Reaction Eq. (5.72) Eq. (5.73) Eq. (5.74)
. (3) .
Opposing loads
Spaced>1.5h
(2) Interior

Reaction,, Eq. (5.75) Eq. (5.75) Eq. (5.76)

End

Reaction Eq. (5.77) Eq. (5.77) Eq. (5.78)

. (3)

Opposing Loads

Spaced Sl.Sh( 5)
Interlor :

Reaction(a) Eq. (5.79) Eq. (5.79) . Eq. (5.80)

Footnotes and Equation References to the above table:

(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 acting either
on the top or bottom flange, when the clear distance between the bearing
edges of this and adjacent opposite concentrated loads or reactions is
greater than 1.5h.

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

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

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



84

web under consideration, and causing compressive stresses in the web. This
table is used for unreinforced flat webs of flexural members having a flat
width ratio, h/t, equal to or less than 200. Webs of fléxural members
for which h/t is greater than 200 shall be provided with adequate means
of transmitting concentrated loads and/or reactioﬁs directly into the
webs.

The formulas in Table IX apply to beams when R/t < 6 and to deck
when R/t < 7, N/t < 210 and N/h £ 3.5.

Pn represents the nominal strength for concentrated load or reaction
for one solid web coﬁnecting top and bottom f}anges. For two or more webs,
Pn shall be computed for each individual web and the results added to
obféin the nominal load or reaction for the multiple web.

For built-up I-sections, or similar sections, 'the distance between
the web connector and beam flange shall be kept as small as practical.
Equations'for Table IX: |

P ;_c*kc3cace[331-o.61(§/t)] (1+0.01(N/t)) (5.72)
P = t’kC3C4Ce[217-0.28(h/t)] (1+0.01(N/t)) : (5.73)
when N/t > 60, the factor [1+0.01(N/t)] may be increased to

£0.71+0.015(N/t))

P = t’FyC6(10+1.25JN/t) (5.74)
P = t’kclczce[538-0.74(h/t))[1+0.007(N/t)] _ (5.75)

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

to [0.75+0.011(N/t))

P = t’FyCS(0.88+0.12m)(15+3.25,r—N/t) | (5.76)
P, = t'kC,C,Co[264-0.57(h/t)] (1+0.01(N/t)) (5.77)

P = t?Fst(O.64+0.31m)(10+1.2 JN/t) (5.78)



P
n

P
n

tﬁkc1c2c6[771-2.26(h/t)][1+o.0013(N/t)] - (5.79)
t’FyC7(0.82+0. 15m)(15+3.25 fN7t) (5.80)

In the above-referenced formulas,

P =

Q
1]

Q
[}

w
[}

nominal strength for concentrated load or reaction per web

(1.22-0.22k) (5.81)
(1.06-0.06R/t) < 1.0 , (5.82)
(1.33-0.33k) (5.83)
(1.15-0.15R/t) S 1.0 but mot less than 0.50 (5.84) .
(1.49-0.53k) = 0.6 (5.85)
1+(h/t)/750, when h/t < 150 (5.86)
1.20; when h/t > 150 (5.87)
1/k, when h/t < 66.5 (5.88)
[1.10-(h/t)/665)(1/k), when h/t > 66.5 (5.89)
£0.98-(h/t)/865)(1/k) | (5.90)
0.7+0.3(8/90)% | (5.91)

design yield stress of the web, ksi
depth of the flat portion of the web measured along the

plane of the web

-Fy/33 ' (5.92)
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t/0.075 (5.93)

web thickness, inches

actual length of bearing, inches. For the case of two equal
and opposite concentrated loads distributed over unequal
bearing lengths, tﬁe smaller value of N shall be taken
inside‘bend radius

angle between the plane of the web and the plane of the
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bearing surface 2 450, but not more thgn 90°

b. Development of the LRFD Criteria. In this investigation, the
design formulas listed in Table IX were calibrated by using the results
of 589 tests, which included 375 tests for beams having single unrein-

‘forced webs and 214 tests for I-beam sectioms.
Based on the test data oBtained from References 104 through 106, and
the predicted web crippling loads, Ppred’ computed from the equations
listed Above, the professional factors were determined by using the ratios

of P /P

test as listed in Tables 9 through 20 of Reference 34. The meam

pred
values and coefficients of variation of the professional factors (Pm and
VP) were also included in Tables 9 through 20 of Reference 34.

By using the above mentioned values, and the values of Hm, VM’ F

and VF listed in Table X, the values of the safety index for 15 different
cases were determined by using ¢w = 0.75 and 0.80 for single unreinforced
webs and I-sections, respectively. All of the computed values of the
safety index are listed in Table X. From this table, it can be seen that
the safety indexes B vary from 2.36 to 3.80.

5. Combined Bending and Web Crippling Strength. For practical ap-
plicétions, there are some cases that combined bending and web crippling
strength must be considered. For instance, a high bending moment may occur
at the location of the applied concentrated load in simple beams; for
continuous beams, the reactions at supports may be combined with high
bending moment. In the design of such members, interaction formulas are

used. The interaction formulas used in the LRFD criteria for cold-formed

steel are derived from the interaction formulas included in the 1986 AISI

Specification:
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(1) Fdr shapes having single unreinforced webs, the interaction
formula is derived by usiﬁg a safety factor of 1.85 for web
crippling_load and a safety factor of 1.67 for bending moment.

(2) For shapes having multiple unreinforced webs, the interaction
formula is derived by using a safety factor of 2.0 for web
crippling load and a safety factor of 1.67 for bending moment.

a. Design Requirements. 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) Fo% shapes having single unreinforced webs:
1.07(P/Pn)+(M/Mn) < 1.42 (5.34)

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 négative moment region by continuous or intermittently connected
flange elements, rigid cladding, or lateral bracing, and the spacing be-
tween 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 angleé to a channel);
0.82(P/Pn)+(M/Mn) < 1.32 (5.95)
Exception: When h/t < 2.33/Jﬁ?;7§3 and A £ 0.673, the nominal

concentrated load or reaction strength may be determined by considering
web crippling strength only.

In the above formulas,
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P = applied concentrated load or reaction in the presence of
bending moment.

P_ = nominal strength for concentrated load or reaction in the
absence of bending moment

M = applied bénding moment at, ér immediately adjacent to, the -
point of application of the concentrated load or reaction P

M = nominal flexural strength if bending alone exists ?xcluding
lateral buckling strength

w = flat width of the beam flange which contacts the bearing

plate

t thickness of the web or flange

A = slenderness factor

b. Development of the LRFD Criteria. A total of 551 tests were used
in this calibration, which included 445 tests for beams having single
unreinforced webs, and 106 tests for I-beam sections. The tested failure
loads, Ptest,.were obtained from References }04 through 108. The pre-
dicted values of Ppred were computed according to the interaction formulas
listed above. The tested and predicted-failure loads and their ratios,
Ptest/Ppred’ were listed in Tables 21 through 25 of Reference 34. The
mean values and coefficients of variation of the professional factors

(Pm and VP) were also included in the tables mentioned above.

By using the above mentioned values and the values of Hm, V., F

M "m’
and VF listed in Table XI, the values of the safety index for six dif-

ferent cases were determined on the basis of ¢w = 0.75 and 0.80 for single



Table X

Computed Safety Index B for Web Crippling Strength of Beams

Case No. of Tests Hm M Fm F m P B
Single, Unreinforced Webs (¢w = 0.75)
1(SF) 68 1.10 0.10 1.0 0.05 1.00 0.12 3.01
1(UF) 30 1.10 0.10 1.0 0.05 1.00 0.16 2.80
2(UMR) 54 1.10 0.10 1.0 0.05 0.99 0.11 3.02
2(CcA) 38 1.10 0.10 1.0 0.05 0.86 0.14 2.36
2(SUM) 92 1.10 0.10 1.0 0.05 0.94 0.14 2.67
3(UMR) 26 - 1.10 0.10 1.0 0.05 0.99 0.09 3.11
3(CA) 63 1.10 0.10 1.0 0.05 1.72 0.26 3.80
3(SUM) 89 1.10 0.10 1.0 0.05 1.51 0.34 2.95
4(UMR) 26 1.10 0.10 1.0 0.05 0.98 0.10 3.03
4(CA) 70 1.10 0.10 1.0 0.05 1.04 0.26 2.39
4(sSuUM) 96 1.10 0.10 1.0 0.05 1.02 0.23 2.49
I-Sections (¢w = 0.80)
1 72 1.10 0.10 1.0 0.05 1.10 0.19 2.74
2 27 1.10 0.10 1.0 0.05 0.96 0.13 2.57
3 53 1.10 0.10 1.0 0.05 1.01 0.13 2.76
4 62 1.10 0.10 1.0 0.05 1.02 0.11 2.89
Note: Case 1 = End one-flange loading
Case 2 = Interior one-flange loading
Case 3 = End two-flange loading
Case 4 = Interior two-flange loading
SF = Stiffened flanges
UF = Unstiffened flanges
UMR = UMR and Cormell tests only
CA = Canadian tests only
SUM = Combine UMR and Canadian tests together

89



Computed Safety Index B for Combined Bending and Web Crippling

Table XI

Case No. of Tests M Vi F, Vg n p B
Single, Unreinforced Webs (Interior one-flange loading)
(Based on ¢w = 0.75)
1 74 1.10 0.10 1.0 0.05 .01 .07 3.27
2 202 1.10 0.10 1.0 0.05 .87 .13 2.45
3 103 1.10 0.10 1.0 0.05 .95 .10 2.91
4 66 1.10 0.10 1.0 0.05 .03 .18 2.79
5 445 ~1.10 0.10 1.0 0.05 .94 .14 2.68
I-Sections (Interior one-flange loading)
(Based on ¢w = 0.80)
1 106 1.10 0.10 1.0 0.05 .06 .12 2.99
Note: Case 1 = UMR and Cormell tests only
Case 2 = Canadian brake-formed section tests only
Case 3 = Canadian roll-formed section tests only
Case 4 = Hoglund's tests only
Case 5 = Combine all tests together

90
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unreinforced webs and I-sections, respectively. All the computed values
of the safety index are listed in Table XI. From this table, it can be
seen that the safety indexes B vary from 2.45 to 3.27 which are satis-

_ factory to the target B of 2.5.

D. CONCENTRICALLY LOADED COMPRESSION MEMBERS

For the design of concentrically loaded compression members of
cold-formed steel, consideration should be given to the following types
of failure depending on the shape of the cross section, thickness of ma-
terial, and the stiffness of the compression member6:

. Yielding

.'Overall column buckling

(a) Flexural buckling: bending about a'principal axis
(b) Torsional buckling} twisting about shear center
'(¢) Torsional-flexural buckling: bending and twisting
simultaneously
. Local buckling of individual elements

For short columns, yielding and local buckling are the usual modes
of failure. The overall instabilitj caused by elastic flgxural buckling
or torsional-flexural buckling is normally the failure mode for long
columns. Columns héving moderate slenderness ratios usually fail by ine-
lastic flexural buckling or torsional-flexural buckling. The formulas for
determining nominal axial strength of various failure modes, Pn,'used in

the LRFD criteria for cold-formed steel members are the same as those

- included in the 1986 AISI Specification.
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1. Design Requirements. For members in which the resultant of all
load; acting on the member is an axial load passing through the centroid
of the effective section calculated at the stress, Fn’ as defined in this
section, can be considered as concentrically loaded compression members.

(a) The nominal axial strength, Pn’ shall be calculated as follows:

P =AF (5.96)
n '+ en . ’

. where

>
]

effective area at the stress Fn‘ For sections with circular
holes, Ae shall be determined in accordance with Eqs. (5.13)
and (5.14) of Section V.C and subject to the limitations of
that section. If the number of holes in the effective length
regioﬁ times the hole diameter divided by the effective
length does not Qxceed 0.015, Ae can be determined ignoring
the holes.

Fn is determined as follows:

For F_ > F | - _
or F, > F /2 F, = F (1 Fy/4F ) (5.97)

n
For Fe < Fy/z Fn = Fe (5.98)
F_ is the least of the elastic flexural, torsional and
torsional-flexural buckling stress.

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

flanges, Pn shall be taken as the smaller of Pn calculated above

and Pn calculated as follows:

P_ = An2E/[25.7(u/t)2) | (5.99)
where

A = area of the full, unreduced cross section

w = flat width of the unstiffened element
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t = thickness of the unstiffened element

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

(d) The slenderness ratio, kL/r, of all ;ompression_members preferably
should not exceed 200, except that during construction only, KL/r
preferably should not exceed 300.

For doubly-symmetric sections, closed cross sections and any other
sections which can be shown not to be subject to torsional or torsional-.
fiexural buckling, the elastic flexural buckling stress, Fe’ sha.l be

determined as follows:

F = n2E/(RL/x)? | (5.100)
where

E = modulus of elasticity

K = effective length factor

L = unbraced length of member

r = radius of gyration of the full, unreduced cross section

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

as follows:

F, = (1/2B)((0, +0,)- (o, *o,) 480, 0. ] (5.101)

Alternatively, a conservative estimate of Fe can be obtained using
the following equation:
= + .
Fe otoex/(ot oex) ' (5.102)

where
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o, and O, 2Te previously defined
B = 1-(x,/r)’ : ' (5.103)

For singly-éymmetric 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, Fe shall be determined by rational anal-
ysis;

2. Development of the LRFD Criteria. A total of.264dpgsts were used
in this calibration. The tested failure loads, Ptest’ were obtained from
References 94 and 109 through 117. The predicte& values of Ppred were
computec according to the design formulas mentioned above. The tested and
predicted failure loads were listed in Tables 26 through 39 of Reference
34. The mean values and the coefficients of variation of tﬁe tested-to-

predicted load ratios, P 4 were also included in these tables.

test/Ppre

On the basis of the statistical data summarized in Section II.E, the
values of Mm, VH’ Fn and VF are listed in Table XII. Based on all these
values, the safety indices were computed and presented in the same table.
This calibration included 14 different cases according to the types of
columns, the types of compression flanges (stiffened or unstiffened), and
the types of failure modes (flexural, torsional or torsional-flexural
buckling). From these results, it can be seen that the use of ¢c = 0.85
will provide values of B ranging from 2.39 to 3.34, which are satisfactory

when compared to the target B of 2.5.
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Table XII

Computed Safety Index B for Concentrically Loaded Compression Member

( ¢c = 0.85 )

Case No. of Tests Hm VM m F Pm VP B
1 5 1.10 0.10 1.0 0.05 1.14610 0.10452 3.13
2 24 1.10 0.10 1.0 - 0.05 1.05053 0.07971 2.89
3 15 1.10 0.10 1.0 0.05 1.05523 0.07488 2.93
4 3 1.10 0.10 1.0 0.05 1.10550 0.07601 3.11
5 28 1.10 0.10 1.0 0.05 1.04750 0.11672 2.76
6 25 1.10 0.10 1.0 0.05 1.22391 0.21814 2.72
7 9 1.00 0.06 1.0 0.05 0.96330 0.04424 2.39
8 41 1.10 0.10 1.0 0.05 1.19620 0.09608 3.34
9 18 1.10 0.10 1.0 0.05 1.02900 0.08131 2.81
10 12 1.10 0.11 1.0 0.05 1.06180 0.11062 2.77
11 8 1.00 0.06 1.0 0.05 1.15290 0.10544 2.92
12 30 1.10 0.10 1.0 0.05 1.07960 0.15061 2.68
13 14 1.10 0.10 1.0 0.05 1.07930 0.08042 3.00
14 32 1.10 0.10 1.0 0.05 1.08050 0.10772 2.89
Note: Case 1 = Stub columns having unstiffened flanges with fully
effective widths
Case 2 = Stub columns having unstiffened flanges with
partially effective widths
Case 3 = Thin plates with partially effective widths
Case 4 = Stub columns having stiffened compression flanges
with fully effective flanges and webs
Case 5 = Stub columns having stiffened compression flanges
with partially effective flanges and fully effective
webs
Case 6 = Stub columns having stiffened compression flanges
with partially effective flanges and partially
effective webs
Case 7 = Long columns having unstiffened compression flanges
subjected to elastic flexural buckling
Case 8 = Long columns having unstiffened compression flanges
subjected to inelastic flexural buckling
Case 9 = Long columns having stiffened compression flanges
‘ "subjected to inelastic flexural buckling
Case 10 = Long columns subjected to inelastic flexural
buckling (include cold-work)
Case 11 = Long columns subjected to elastic torsional- flexural



Case 12

Case 13
Case 14

|

buckling

Long columns subjected to inelastic torsional-
flexural buckling

Stub columns with circular perforatioms

Long columns with circular perforationms

96
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E. COMBINED AXIAL LbAD AND BENDING

For cold-formed steel members subjected to combined axial load and
bending (beam-columﬁ), the structural strength can be evaluated by the
interaction betﬁeen a beam and a column; Two interaétion criteria are
considered in the LRFD criteria for cold-formed steel members:

(1) Stability interaction criterion

(2) Yielding interaction criterion
In the cases that the_beam-column is subjected to small axial load, sim-
plified interaction criterion is considered.

The beam-column interaction formulas used in the LRFD criteria for
cold-forﬁed steel members are based on the consideration of both 1986 AISI
Specification and AISC LRFD Specification.

1. Design Requirements. The axial force and bending moments shall
satisfy the following interaction equations:

P/P+C M /M a +C M /M a < 1.0 (5.104)

n mx x' 'nx nx my y ny ny

P/Pn°+Hx/Mnx+Hy/Hny £ 1.0 (5.105)

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

two formulas:

P/Pn+Hx/an+My/Mny < 1.0 (5.106)
where

P = applied axial load

Mx and My = applied moments with respect to the the centroidal

axes of the effective section determined for the
axial load alone. For angle sections, uy shall be
taken either as the applied moment or the applied

moment plus PL/1000, whichever result in a lower
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value of Pn'
nominal axial strength

nominal axial strength determined with Fn = Fy
nominal flexural strengths about the centroidal
axes

magnification factors

1/(1-P/P (5.107)

e
n2EL, /(K, L, )? (5.108)
b/ Kplp .
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
braced against joint translation and not
subject to transverse loading between their
supports in the plane of bending
Cm = 0.6-0.4(M1/H2) ‘ (5.109)
where
MI/HZ is the ratio of the smaller to the
larger moment at the ends of that portion of

the member under consideration which is
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un@raced in the pléne of bending. Ml/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
aéainst joﬁnt translation in the plame of
loading and subject to transverse loading
between their supports, the value of Cm may
be determined by rational analysis. However,
in lieu of such analysis, the following values
may be used:

(a) for members whose ends are restrained,
Cm = 0.85,

(b) for members whose ends are unrestrained,
Clll = 1.0.

2. Development of the LRFD Criteria. A total of 144 tests were used

in this calibration. The tested failure loads, P gt® were obtained from

te

References 118 through 122. The predicted values of P were computed

pred

according to the interaction formulas mentioned above. The tested and

predicted failure loads and their ratios, P /P were listed in

test’ "pred’

Tables 40 through 48 of Reference 34.

In view of the'fact that the modulus of elasticity is the dominant
material parameter for elastic buckling and the yield point of steel is
a dominant material parameter for inelastic buckling, it is assumed that

Mn = 1.05 and VH = 0.10. These values are based on Em = E, VE = 0.06,
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(6.) =110 F_ and V = 0.10, where o_ and F_ are thé‘actual and
y'm y y y
" specified yield points, respectively.

Based on all these values, the safety indexes were computed and
summarized in Table XIII.' Nine different cases have been studied ac-
cording to the types of sections (hat sections and lipped channel
sections), the stability conditions (locally stable and locally unsta-
ble), and the loading conditions. From these results, it can be seen that

based on ¢c = 0.85, the values of safety index vary from 2.7 to 3.34 which

are satisfactory when compared to the target B of 2.5.

F. STIFFENERS

For the design Af cold-formed steel beams, the maximum depth-to-
thickness ratio h/t for unreinforced web is limited to 200. For h/t ratios
beyond this limit, stiffeners are required. When transverse stiffeners
are provided only at supports and/or under concentrated loads, the maximum
depth-to-thickness ratio may be increased to 260. Whenv transverse
stiffeners and shear stiffeners are used simultaneously, the maximum h/t
ratio can be increased to 300. The following discussions deal with the
development of the LRFD criteria for transverse stiffeners and shear
stiffeners.

1. Transverse Stiffeners. For beams having large h/t ratios,
transverse stiffeners may be used at supports and/or under concentrated
loads. Two failure modes are considered in the LRFD criteria for cold-
formed steel:

(1) End crushing of the transverse stiffeners

(2) Column-type buckling of the transverse stiffeners
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Table XIII
Computed Safety Index B for Combined Axial Load and Bending

( Based on ¢c = 0.85 )

Case No. of Tests Mm VH Fm VF Pm VP B
1 18 1.05 0.10 1.0 0.05 1.0367 0.06619 2.70
2 13 1.05 0.10 1.0 0.05 1.0509 0.07792 2.72
3 33 1.05 0.10 1.0 0.05 1.1028 0.09182 2.86
4 18 1.05 0.10 1.0 0.05 1.1489 0.10478 2.96
5 6 ~1.05 0.10 1.0 0.05 1.1600 0.13000 2.87
6 17 1.05 0.10 1.0 0.05 1.1200 0.09000 2.92
7 10 1.05 0.10 1.0 0.05 1.2300 0.08000 3.34
8 17 1.05 0.10 1.0 0.05 1.0910 0.07950 2.86
9 12 1.05 0.10 1.0 0.05 1.1110 0.11450 2.79

Note: Case 1 = Locally stable beam-columns, hat sections of Pekoz
and Winter (1967)
Case 2 = Locally unstable beam-columns, lipped channel
sections of Thomasson (1978)
Case 3 = Locally unstable beam-columns, lipped channel
sections of Loughlan (1979)
Case 4 = Locally unstable beam-columns, lipped channel
sections of Mulligan and Pekoz (1983) v
Case 5 = Locally stable beam-columns, lipped channel sections
of Loh and Pekoz (1985) with e_ ¥ 0 and e_ = 0
Locally stable beam-columns, 1§pped channdl sections
of Loh and Pekoz (1985) with e_. = 0 and e_ % 0
Case 7 = Locally stable beam-columns, 1§pped chann¥l sections
of Loh and Pekoz (1985) with e_ # 0 and e_ # 0
Locally unstable beam-columns, lipped chafinel
sections of Loh and Pekoz (1985) with e_=0 and e_%*0
Locally unstable beam-columns, lipped channel
sections of Loh and Pekoz (1985) with ex#o and ey#o

Case 6

Case 8

o
n

Case
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The equations for determining nominal strengths of transverse stiffeners

used in the LRFD criteria for cold-formed steel members are the same as

those included in the 1986 AISI- Specificatiom.

a. Design Régui;ements. 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 di-

rectly 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. The nominal strength, Pn’ is the smaller value

given by (a) and (b) as follows:

(a)
(b)

where

P
n

P
n

]

FwyAc , (5.110)
nominal axial strength evaluated in accordance with strength
for axially loaded compression members with Ae replaced

by Ab

18t2+As, for transverse stiffeners at interior support and
under concentrated load (5.111)
10t2+As, for transverse stiffeners at end support (5.112)
lower value of beam web, Fy or stiffener section, Fys
b1t+As, for transverse stiffeners at interior support and
under concentrated load (5.113)
b2t+As, for transverse stiffeners at end support. (5.114)
cross sectional area of transverse stiffeners
25t[0.0024(Lst/t)+0.72] S 25t (5.115)
12t[0.0044(Lst/t)+0.83] s 12t (5.116)

length of transverse stiffener
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t = base thickness of beam web

The w/ts ratio for the stiffened and unstiffened elements of cold-
formed steel transverse stiffeners shall not exceed 1.28qf§7f;;3 and 0.37
Jff7f;;3 respectively, where Fys is the yield stress, and ts thg thickness
of the stiffener steel.

b. Development of the LRFD Criteria. A total of 61 tests were used
in the calibration. The tested failure loads, Ptest’ were obtained from
Reference 123. The predicted values, Ppred’ were computed according to
the design formulas mentioned above. The tested and predicted failure
loads were listed in Tables 68 and 69 of Reference 34. The mean values
and the coefficients of variation of the tested-to-predicted load ratios,
Ptest/Ppred’ were also included in these tables.

On the basis of -the statistical data summarized in Section II.E, the
values of Mm, VM’ Fm and VF are listed in Table XIV. Based on all these
values, the safety indices were computed and presented in the same table.
This calibration included 3 different cases : (1) transverse stiffeners
at interior support and under concentrated load, (2) transverse
stiffeners at end support and (3) sum of cases 1 and 2. From these re-

sults, it can be seen that the use of ¢c = 0.85 will provide the values

of B ranging from 3.32 to 3.41 which exceed considerably the target B of

2.5.

2. Shear Stiffeners. The design requirements for shear stiffeners
in the LRFD criteria for cold-formed steel members are the same as those
included in the 1986 AISI Specification. _ o

a. Design Requirements. Where shear stiffeners are required, the

spacing shall be such that the shear force shall not exceed the nominal
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- -

shear strength, Vn’ determined in accordance with Section V7C, and the
ratio a/h shall not exceed [260/(h/t)]2 nor 3.0.

The actual moment of inertia, Is, of a pair of attached shear
stiffeners, or of a single shear stiffener, with reference to an axis in
the plane of the web, shall have a minimum value of

I . = snt3(n/a-0.7(a/b)) 2 (b/50)" O (5.117)

smin

The gross area of shear stiffeners shall be not less than

A, = [(1-cv)/2]{a/h-(a/h)2/ [(a/h)+,f1+(a/h)2]}mht (5.118)
where

c, = 45,000kv/[Fy(h/t)3] when C_ < 0.8 " (5.119)

c, = [190/(11/1:)](,/1:_"/'15;) when C_ > 0.8 (5.120)

k, =%.00 + 5.34/(a/h)* when a/h < 1.0 (5.121)

k, = 5.34 + 4.00/(a/n)? when a/h > 1.0 ~ (5.122)

a = distance between transverse stiffeners

Y = yield point of web steel/yiéld point of stiffener steel

D = 1.0 for stiffeners furnished in pairs

D = 1.8 for single-angle stiffeners

D = 2.4 for single-platé stiffeners
b. Development of the LRFD Criteria. A total of 32 tests were used
in the calibration of shear strength of beams with shear stiffemers. The

tested failure shear forces, V , were obtained from Reference 123. The

test
predicted values of Vpred were computed according to the design formulas
listed in Section V.C. The tested and predicted failure shear forces were
listed in Table 70 of Reference 34. It should be noted that because of

large amount of postbuckling strength developed in some tests, only 22

tests were used in the statistical analysis. The mean value and the
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coefficient of variation of the tested-to-predicted load ratios,
Vtest/vpred’ were also included in this table (Pm = 1.5982, VP = 0.0915).

On the basis of the statistical data summarized in Section II.E, the
values of Mm, VH’

respectively. Based on all these values and ¢v = 0.90, the safety index

Fm and VF were taken as 1.00, 0.06, 1.00 and 0.05 ,
was found to be 4.10 which exceed considerably the target B.of 2.5.

G. WALL STUDS AND WALL STUD ASSEMBLIES
The load-carrying capacity of a stud may be computed on the basis
that sheathing furnishes adequate lateral and rotational support to the
stud in the plane of the wall. Three types of load-carrying capaéity are
considered in the LRFD criteria for cold-formed steel members:
(1) Wall studs in compression
(2) Wall studs in bending
(3) Wall studs with combined axial léad anq bending
The eéuations for detefmining nominal load-carrying capacities for wall
studs used in the LRFD criteria‘for cold-formed steel members are the same
as those included in the 1986 AISI Specification.
1. Design Requirements. For .studs having identical sheathing at-
tached to both flanges,‘and neglecting any rotational restraint provided

by the sheathing, the nominal axial strength, Pn’ shall be calculated as

follows:
P =AF . (5.123)
n en
where
Ae = effective area determined at Fn
F = the lowest value determined by the following three



Table XIV

Computed Safety Index B for Transverse Stiffeners

(¢c = 0.85 )

Case No. of Tests Mm VH Fm VF Pm VP B
1 33 1.10 ©0.10 1.0 0.05 1.1762 0.08658 3.32
2 28 1.10 0.10 1.0 0.05 1.2099 0.09073 3.41
3 61 1.10 0.16 1.0 0.05 1.1916 0.08897 3.36

Note: Case 1
concentrated load

Transverse stiffeners at end support
Sum of Cases 1 and 2

Case 2
Case 3

o

Transverse stiffeners at interior support and under

106
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conditions:

(a) To prevent column buckllng between fasteners in the plane of the
wall, F shall be calculated’ according to Section V.D with KL
equal to two times the distance between fasteners. ‘

(b) To prevent.flexural and/or torsional overall éolumn buckling, Fn
shall be calculated in accordance with Section V.D with Fe taken

as the smaller of the two O., values specified for the following

CR
section types, where OcRr is the theoretical elastic buckling stress

under concentric loading.

(1) Singly-symmetric channels and C-Sections

Ocr = %y | (5.124)
ocp = 1/(28) [(a, <oeQ)" J(oex+ctQ) -(4Bo, 0 Q)] (5.125)
(2) Z-Sections
GCR = ot+Qt ‘ . (5.126)
- N . = 2.41/2
Ocr * 1/2{(°ex+°ey+Qa) [(c *9, +Q ) 4(aexcey %exla cexy )] }
(5.127)
(3) I-Sections (doubly-symmetric)
OCR = Gey+Qa (5.128)
Ocr = Oex ' (5.129)
In the above formulas
Oy =T E/(KxLx/rx) (5.130)
= 2
oexy— (m EIxy)/(AL ) (5.131)
2 2 .
= ‘ 5.132
aey n E/(KyLy/ry) R ¢ )
_ 2 2. 2
o, = 1/(Ar ") (GI+m ECw./(KtLt) ) (5.133)
= 0, 5.134
%~ %t ( )
Q@ = 3B = design shear rigidity for sheathing on both sides of the
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wall assembly (5.135)
g = design shear rigidity for sheathing per inch of stud spacing

(see Table XV)

B = stud Spacing

q, =UA | (5.136)
A = area of full unreduced cross section

L = length of stud

g, = @a%)/ear®) | (5.137)

d = depth of section
I__ = product of inertia
xy P .
To prevent shear failure of the sheathing, a value of Fn shall be

used in the following equations so that the shear strain of the

sheathing, vy, does not exceed the permissible shear strain, Y.

.The shear strain, y, shall be determined as follows:

where

v = (n/L)(C,+(E,d/2)] (5.138)

C1 and El are the absolute values of C, and E, specified below for

1 1
each section type:

(1) Singly-Symmetric Channels

c, = (Fnco)/(oey-pn+68) (5.139)
. ) 2 )
E = Fn[(cex Fn)(ro Eo xoDo) ano(Do-ono)]
1 5 5 (5.140)
(oex-Fn)ro (GtQ-Fn)-(ano)
(2) Z-Sections
Cc. = Fn[co(oex-pn)-nooexy]
1 - T (5.141)
(oey n+Qa)(°ex-Fn)-°exy

El = (FnEo)/(otQ-Fn) (5.142)
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(3) I-Sections

C1 = (Fnco)/(cey-Fn+Qa) : (5.143)

E1 =0

X, = distance from shear center to centroid along principal
x-axis, in. (absolute_value)

co"Eo’ and D° are initial column imperfections which shall be as-

sumed to be at least

C° = L/350 in a direction parallel to the wall (5.144)
Do = L/700 in a direction perpendicular to the wall (5.145)
Eo = L/(dx10,000), rad., a measure of the initial twist of the
stud from the initial, ideal, unbuckled shape. (5.146)
If F, > 0.5F, then in the définitions for 6ey, Oox’ Toxy 20

LY the parameters E and G shall be replaced by E' and G', re-
spectively, as defined below
2
' = -
E' = 4EFn(Fy Fn)/Fy | (5.147)
G' = G(E'/E) _ (5.148)

Sheathing parameters q, and y may be determined from representative
full-scale tests, or from the small-scale-test values given in Ta-

ble XV.

For studs having identical sheathing attached to both flanges, and-

neglecting any rotational restraint provided by the sheathing, the nomi-

nal flexural strengths are ano and Hnyo’ where

and M = nominal flexural strengths about the centroidal
nxo nyo

axes determined in accordance with Section V.C,

excluding lateral buckling
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Table XV
(1)

Sheathing Parameters

3 (3) 7
Sheathing(z) ' k?ln in./in.
3/8 to 5/8 in. thick gypsum 2.0 0.008
Lignocellulosic board \ 1.0 0.009
Fiberboard (regular or impregnated) 0.6 0.007
Fiberboard (heavy impregnated) 1.2 0.010

(D

(2)
(3) q

The values given are subject to the following limitations:
All values are for sheathing on both sides of the wall assembly.
All fasteners are No. 6, type S-12, self-drilling drywall screws
with .pan or bugle head, or equivalent, at 6-to 12-inch spacing.-
A11 sheathlng is 1/2-inch thick except as noted

q (2-s/12) .
where s = fastener spacing, in.
For other types of sheathing, 9 and ¥ may be determined
conservatively from representatgve small-specimen tests
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For wall studs with combined axial load and bending, the axial load
and bending moment shall satisfy the interaction equations of Section V.E
with the following redefined terms:

Pn = nominal axial strength determined according to Section V.D

an and Hny in Equations (5.104), (5.105), and (5.106) shall be

replaced by nominal flexural strengths, M -and M respec-
nxo n

yo’
tively.
2. Development of the LRFD Criteria. (1) Due to the lack of suffi-

cient test data on wall studs in compression, only 7 tests were used in

the calibration. The tested faiiure loads, P were obtained from

test’
Reference 124. The predicted values, Ppred’ were computed according to
the design formulas mentioned above. The tested and predicted failure
loads were listed in Table 71 of Reference 34. The mean value and the

coefficient of variation of the tested-to-predicted 1load ratios,

Ptest/Ppred’ were also included in this table (Pm = 1.1363, VP = 0.095).

Based on Mm_= 1.10, Vv, = 0.10, Fm = 1.0, V., = 0.05, and ¢ = 0.85, the

M F
value of B was found to be 3.14 which is larger than the the target B of
2.5.

(2) The test data on wall studs in bending are very limited. Only
two tests with stiffened compression flanges were used in the calibration.

The tested ultimate moments, M st? were obtained from Reference 125. The

te
predicted values, Mpred’ were computed according to the design formulas
mentioned above. The tested and predicted ultimate moments were listed

in Table 72 of Reference 34. The mean value and the coefficient of var-

jiation of the tested-to-predicted moment ratios, M

test/upred’ were also

included in this table (P' = 1.266, VP = 0.0073). Based on M= 1.10,
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VM = 0.10, Fm = 1.0, VF = 0.05, and ¢ = 0.95, the value of B was found
to be 3.37 which is larger than the the target B of 2.5.

(3) For wall studs with combined axial load and bending, only 10
tests of wall studs Qith stiffened compression flanges were used in the
calibration. The tésted failure loads, Ptest’ were obtained from Refer-
ence 125. The predicted values, Ppred’ were computed according to the
design formulas mentioned above. The tested and predicted failure loads
were listed in Table 73 of Reference 34. The mean value and the coeffi-
cient of variation of the tested-to-predicted load ratios, Ptest/Ppred’
0.1338). Based on

were also included in this table (Pm = 1.1876, VP

M =1.05, vV, = 0.10, Fm = 1.0, VF = 0.05, and ¢c

M 0.85, the value of

B was found to be 2.94 which is larger than the the target B of 2.5.
H. WELDED CONNECTIONS
For the design of welded connections, six types of welds are con-

sidered in the LRFD criteria for cold-formed steel membérs:

(1) Groove welds in butt joints

(2) Arc spot welds

(3) Arc seam welds

(4) Fillet welds

(5) Flare groove welds

(6) Resistance welds
The equations for determining nominal strengtﬁ of welds used in the LRFD
criteria for cold-formed steel members are basically the same as those
included in the 1986 AISI Specification, except that the design equations

for the nominal strength, and the ¢ factors for groove welds in butt
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joints are adopted from the AISC LRFD criteria. The nominal shear
strengths of resistance welds are derived from the allowable values
specified in the 1986 AISI Specification by using a safety factor of 2.5.
1. Design Requirements. (1) The nominal strength, Pn’ of a groove
weld in a butt joint, welded from one or both sides, shall be determined
as follows:
(a) Tension or compression normal to the effective area or parallel to .
the axis of the weld
P =Lt F (5.149)

n ey

(b) Shear on the effective area

Pn = Lte(0.6Fxx); and (5.150)
P = Lte(Fyﬁlg) (5.151)
where
Fxx= strength level designation in AWS electrode classification
Fy = specified minimum yieid point of the lower strength base
steel

L = length of weld

t effective throat dimension for groove weld

e

(2) The nominal shear strength, Pn’ of each arc spot weld between

sheet or sheets and supporting member shall be determined by using the

smaller of either
2

(a) Pn = 0.589de FXX; or (5.152)
(b) For (da/t) < 0.815J(E/Fu):

= ' 5.153

P = 2.20td,F, ( )

For 0.815,[E/Fu) < (da/t) < 1.397J(E/Fu):

P = 0.280[1+5.59JE/Fu/(da/t)]tdaFu (5.154)
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For (d /t) 2 1.397,/(3/1-*“):

P
n

where

Fxx

(5.155)
1.40tdaFu |

viSiblé diameter of outer surface of arc spot weld

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

effective diameter of fused area

0.7d-1.5t but < 0.55d (5.156)
total combined base steel thickness (exclusive of coatings)
of sheets involved in shear transfer

stress level designation in AWS electrode classification

Fu = tensile strength

The distance measured in the line of force from the centerline of a

weld to the nearest edge of an adjacent weld or to the end of the connected

part toward which the force is directed shall not be less than the value

of e as given below:

e

where

F
sy

P/(FE) ~ (5.157)

force transmitted by weld
thickness of thinnest connected sheet

specified yield point

(3) The nominal tensile strength, P, on each arc spot weld between

sheet and supporting member, shall be determined as follows:

Pn = °'7tdaFu

(5.158)
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In using arc spot welds in tension, the following additional limi-
tations shall appiy for using Eq. (5.158): |
enin = minimum distance measured in the line of force from the
centeriine of a weld to the nearest edge of an adjacent weld

or to the end of the connected part toward which the force

is directed

> d
F < 60 ksi
u
F_ > 60 ksi
XX

t = Thickness of connected sheet 2 0.031 in.
(4) The nomigal shear strength, Pn’ of arc seam welds shall be de-

termined by using the smaller of either

(a) P_ = (nd ?/4+1d,)(0.75F_); or ' (5.159)
(b) Pn = Z.StFu(0.25L+0.96da) (5.160)
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)
d, = average width of seam weld
where
.da = (d-t) for a single sheet, and (5.161)
(d-2t) for a double sheet (5.162)
de = effective width of arc seam weld at fused surfaces
de = 0.7d-1.5t : (5.163)

(5) The nominal shear strength, Pn’ of a fillet weld shall be de-

termined as folldw;:
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For (d /t) =2 1.397,/(E/Fu):

where

P

n

F

XX

F

—-—
-

u

1.40td _F (5.155)
au ,

viSiblé diameter of outer surface of arc spot weld

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

effective diameter of fused area

0.7d-1.5t but < 0.55d (5.156)
total combined base steel thickness (exclusive ofvcoatings)
of sheets involved in shear transfer

stress level designation in AWS electrode classification

tensile strength

The distance measured in the line of force from the centerline of a

weld to the nearest edge of an adjacent weld or to the end of the connected

part toward which the force is directed shall not be less than the value

of e as given below:

where

e

P

t

F

sy

P/(F &) | ' (5.157)

force transmitted by weld
thickness of thinnest connected sheet

specified yield point

(3) The nominal tensile strength, Pn’ on each arc spot wéld between

sheet and supporting member, shall be determined as follows:

Pn = 0.7tdaF“ (5.158)
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In using arc spot welds in tension, the following additional limi-
tations shall appiy for using Eq. (5.158): |
€ in = minimum distance measured in the line of force from the
centeriine of a weld to the nearest edge»of an adjacent weld

or to the end of the connected part toward which the force

is directed

> d
F < 60 ksi
u

F > 60 ksi
XX

t = Thickness of connected sheet =2 0.031 in.
(4) The nominal shear strength, Pn’ of arc seam welds shall be de-

termined by using the smaller of either

(a) P_ = (nd %/4+1d )(0.75F _); or ' (5.159)
(b) Pn = 2.StFu(0.25L+0.96da) (5.160)
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)
d, = average width of seam weld
where
.da = (d-t) for a single sheet, and | (5.161)
(d-2t) for a double sheet (5.162)
de = effective width of arc seam weld at fused surfaces
de = 0.7d-1.5t : (5.163)

(5) The nominal shear strength, Pn’ of a fillet weld shall be de-

termined as folldws:
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(a) For longitudinal loading:
For L/t < 25:
P = (1-0.01L/t)tLF (5.164)
For L/t 2 25:
P_ = 0.75tLF (5.165)
n u
(b) For transverse loading:
P_ = tLF (5.166)
n u
where
t = least value of thickness of two plates

In addition, for t > 0.150 inch the nominal strength determined above

shall not exceed the following value of Pn:

P = 0.75t LF - (5.167)
n W XX
where
L = length of fillet weld
t = '

. effectivé throat = 0.707w1 or.0.707w2, whichever is smaller.

(6) The nominal shear strength, Pn’ of a flare groove weld shall be
determined as follows:
(a) For flare-bevel groove welds, transverse loading:

Pn = 0.833tLF“ (5.168)
(b) For flare groove welds, longitudinal loading:

For t < t, < 2t or if the lip height is less than weld length, L:
P

1]

n 0.75tLFu (5.169)
For t, 2 2t and the lip height is equal to or greater than L:

Pn = I.SOtLFu

(5.170)
In additiqn, if t > 0.15 inch, the nominal strength determined above

shall not exceed the following value of~Pn:
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Table XVI

Nominal Shear Strength of Spot Welding

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

0.060 2.275 0.250 15.000
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P_=0.75t LF (5.171)
n W XX

(7) The nominal shear strength, Pn, of spot welding shall be deter-
mined in accordance with Table XVI.

2. Development of the LRFD Criteria. (1) For shear strength of arc
spot welds, 32 tests were used in the calibration. The tested loads,
Ptest’ were obtained'from Reference 126 and the predicted values, Ppred’
were computed from the design formulas mentioned above. The tested and
predicted loads with the mean value and coefficient of variation of their
ratios, P

/P re listed in Table 49 of Reference 34 (Pm =1.173,

test’ “pred’ we

VP = 0.217). The mean value of the material factors, Mm, was taken as
1.10. The mean value of the fabrication factors, Fm’ was assumed to be
equal to unity. The coefficient of variation of the material properties,
VM’ was taken as 0.10 and the coefficient of variation of the fabrication
factors, VF’ was assumed to be 0.10. By using these values and ¢ = 0.60,
the value of B was found to be 3.55 which is larger than the target B of
3.5. |

(2) With regar& to the type of plate féilure considered in the design
criteria, the ¢ factors used, and the safety indices computed, are listed
in Table XVII. All the statistical data presented in Table XVII were
obtained from Reference 28. It can be seen that for all cases the B values
are larger than the target § of 3.5.

(3) For tensile strength of arc spot welds, 103 tests were used in
the calibration. The tested loads, Pteét’ were obtained from References

127 and 128, and the predicted values, Ppred’ were computed frbm the de-

sign formulas mentioned above. The tested and predicted loads with the

mean value and coefficient of variation of tﬂ i
eir ratios, Ptest/Ppred’ are
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listed in Table XVIII. The values of Pm’ M, F

m’ “m’ VP’ VM’ and VF are pre-

sented in Table XIX. Two cases were considered in the determination of
¢ factor: 1) 1.2Dn+1.6Ln with BO = 3.5, and 2) 1.17Wn-0.9Dn with Bo =
2.5 (counteracting loads with'a reduction factor of 0.9 applied to the
load factor for the nominal wind load). ¢ = 0.65 was selected for both
cases and the values of f corresponding to this valug of ¢ are given in
Table XIX. It can be seen that for both cases, the B values compare
satisfactorily to the target reliability indices.

(4) For plate tearing of arc seam welds, 23 tests were used in the
calibration. The tested loads, Ptest’ were obtained from Reférence 126.
The predict;d values, Ppred’ were computed from the design formulas men-
tioned above. The tested and predicted loads with the mean value and
coefficient of varitation of their ratios wére listed in Table 50 of Ref-

erence 34 (Pm = 1.004, V, = 0.095). Based on Mm = 1.10, VM =0.10, F =

P m

1.0 , V, = 0.10, and ¢ = 0.60, the value of B was found to be 3.81 which

F
is larger than the target B of 3.5.

(5) For fillet welds, the ¢ factors used in the calibration and the
safety indices computéd for longitudinal and transverse loading are
listed in Table XVII. All the statistical data presented in this table
were obtained from Reference 28. It can be seen that for all cases, the
B values are larger than the target B of 3.5.

(6) For plate tearing failure of transverse flare bevel welds, 42
tests were reported in Reference 126. They were used in the calibration.
The tested and ?redicted loads with the mean value and coefficient of

variation of their ratios were listed in Table 51 of Reference 34 (Pm =

1.04, V, = 0.165). Based on M, =1.10, V), = 0.10, F = 1.0, V5 = 0.10,

P
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and ¢ = 0.55, the value of B was found to be 3.81 which is larger than
the target B of 3.5.

(7) For plate tearing failure of longitudinal flare bevel welds, 10
tests were reported in Reference 126. They were used in the calibrationm.
The tested and predicted loads with the mean value and coefficient of
variation of their ratios were listed in Table 52 of Reference 34 (Pm =
= 0.16, F =1.0,V

P M m F
and ¢ = 0.55, the value of B was found to be 3;56 which is larger than

0.969, V, = 0.169). Based on Fm =1.10, V = 0.10,

the target B of 3.5. )

(8) For resistance welds, 13 tests were used in the calibration. The
test loads were obtained from References 129 and 130. The predicted loads
were based on Table XVI. The tested and predicted loads with the meén
value and coefficient of variation of their ratios were listed in Table
53 of Reference 34 (Pm = 0.999, Vp = 0.0266). Based on M = 1.10, Vy =

0.10, Fm = 1.00, VF = 0.10, and ¢ = 0.65, the value of B was found to

be 3.71 which is larger than the target B of 3.5.

I. BOLTED CONNECTIONS
For the design of bolted connectionms, fouf~design provisions are
included in the LRFD criteria for cold-formed steel members to consider
various failure modes:
(1) Spacing and edge distance
(2) Temsion in connected part
(3) Bearing

(4) Shear and tension in bolts
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Case Hm VH Fm VF PIn VP ¢
Arc Spot Welds
1 1.10 0.08 1,00 0.15 1.10 0.17 0.60 3.52
2 1.10 0.08 1.00 0.15 0.98 0.18 0.50 3.64
Fillet Welds
3 1.10 0.08 1.00 0.15 1.01 0.08 0.60 3.65
4 1.10 A 0.08 1.00 0.15 0.89 0.09 0.55  3.59
5 1.10 0.08 1.00 0.15 1.05 0.11 0.60 3.72
Note: Case' 1 = For‘da/t < 0.815J(E/Fu)
Case 2 = For da/t > 1.397J(E/Fu)
Case 3 = Longitudinal Loading, L/t < 25
Case 4 = Longitudinal Loading, L/t 2 25
Case 5 = Transverse Loading
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Comparison of Teéted and Predicted Tensile Strengths of Arc Spot Welds

Specimen t d Fu Ppred Ptest Ptest

(in.) (in.) (ksi) (1bs.) (1bs.) Ppred‘
2AT-107 0.059 0.69 52.0 1355 1620 1.1955
2AT-108 0.059 0.88 52.0 1763 2420 1.3725
2AT-109 0.059 0.69 52.0 1355 2560 1.8891
2AT-207 0.059 0.63 52.0 1226 2360 1.9245
2AT-208 0.059 0.63 52.0 1226 2080 1.6962
2AT-209 0.059 0.66 52.0 1291 2560 1.9834
2AT-314 0.059 0.72 52.0 1420 2920 2.0570
2AT-315 0.059 0.75 52.0 1484 1630 1.0984
2AT-316 0.059 0.75 52.0 1484 2140 1.4421
2AT-317 0.059 0.56 52.0 1076 1893 1.7594
2AT-318 0.059 0.56 52.0 1076 2586 2.4035
2AT-319 0.059 0.59 52.0 1140 ‘1864 1.6346
2AT-320 0.059 0.59 52.0 1140 2745 2.4071
2AT-101 0.031,  0.88 60.1 1105 740 0.6694
2AT-102 0.031 0.88 60.1 1105 630 0.5699
2AT-103 0.031 0.88 60.1 - 1105 870 0.7871
2AT-201 0.031 0.72 60.1 897 1260 1.4046
2AT-202 0.031 0.69 60.1 858 1160 1.3520
2AT-203 0.031 0.59 60.1 728 - 760 1.0442
2AT-301 0.031 0.75 60.1 936 1070 1.1430
2AT-302 0.031 0.72 60.1 897 1350 -1.5049
2AT-303 0.031 0.69 60.1 858 1110 1.2937
2AT-304 0.035 0.72 54.6 916 1380 1.5060
2AT-305 0.035 0.69 54.6 876 1310 1.4951
2AT-306 0.035 0.69 54.6 876 1210 1.3810
2AT-307 0.035 0.69 54.6 876 1425 1.6264
2AT-308 0.035 0.72 54.6 916 1164 1.2703
2AT-309 0.035 0.66 54.6 836 1429 1.7092
2AT-310 0.035 0.66 54.6 836 '1014 1.2128
2AT-104 0.049 0.81 51.0 1331 1400 1.0517
2AT-105 0.049 0.81 51.0 1331 1680 1.2620
2AT-106 0.049 0.75 51.0 1226 1620 1.3211
2AT-204 0.049 0.69 51.0 1121 1680 1.4983
2AT-205 0.049 0.66 51.0 1069 2140 2.0022
2AT-206 0.049 0.63 51.0 1620 1.5940

1016
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3DT-303

Table XVIII (Continued)

Specimen t d v Fu Ppred Ptest test
(in.) (in.) (ksi) (1bs.) (1bs.) Ppred

2AT-311 0.049 0.75 51.0 1226 1860 1.5168
2AT-312 .0.049 0.81 51.0 1331 1950 1.4648
2AT-313 0.049 0.75 51.0 1226 1930 1.5739
3BT-101 0.032 0.81 64.4 1046 1040 0.9946
3BT-102 0.032 0.75 64.4 965 910 0.9430
3BT-103 0.032 0.75 64.4 965 1170 1.2125
3BT-201 - 0.032 0.72 64.4 925 1340 1.4492
3BT-202 0.032 0.63 = 64.4 804 1060 1.3189
3BT-203 0.032 0.66 64.4 844 840 0.9952
3BT-104 0.047 0.81 50.0 1255 2120 1.6891
3BT-105 0.047 0.81 50.0 1255 1855 1.4779
3BT-106 0.047 0.94 50.0 1469 2130 1.4500
3BT-204 0.047 0.66 50.0 1008 1680 1.6660
_ 3BT-205 0.047 0.63 50.0 959 2140 2.2314
3BT-206 0.047 0.63 50.0 959 1620 1.6892
3BT-107 0.072 0.88 68.5 2443 2780 1.1378
3BT-108 0.072 0.81 - 68.5 2232 2680 1.2009
3BT-109 0.072 0.88 68.5 2443 2680 1.0968
3BT-207 0.072 0.66 68.5 1778 3380 1.9009
3BT-208 0.072 0.66 68.5 1778 2460 1.3835
3BT-209 0.072 0.72 68.5 1960 3140 1.6024
3CT-401 0.035 0.69 54.6 876 800 0.9130
3CT-402 0.035 0.56 54.6 702 980 1.3954
3CT-403 0.035 0.59 54.6 742 1570 2.1147
3CT-404 0.035 0.65 54.6 823 1000 1.2155
3CT-405 0.035 0.69 54.6 876 890 1.0158
3CT-406 0.035 0.63 54.6 796 970 1.2187
3CT-411 0.035 0.88 54.6 1130 1100 0.9731
3CT-412 0.035 0.81 54.6 1037 910 0.8778
3CT-413 0.035 0.75 54.6 956 1600 1.6728
3CT-414 0.035 0.94 54.6 1211 1470 1.2143
3CT-415 0.035 0.81 54.6 1037 1470 1.4179
3CT-416 0.035 0.88 54.6 1130 1270 1.1235
3CT-407 0.059 0.47 52.0 883 1778 2.0144
3CT-408 0.059 0.75 52.0 1484 1879 1.2662
3CT-409 0.059 0.59 52.0 1140 2866 2.5132
3CT-410 0.059 0.53 52.0 1012 1944 1.9219
3DT-301 0.035 0.50 54.6 622 1014 1.6302
3DT-302 0.035 0.66 54.6 836 981 1.1734
0.035 0.63 54.6 796 967 1.2149
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Table XVIII {Continued)

Specimen t d Fu Ppred Ptest Ptest
(in.)  (in.)  (ksi) (1bs.) (1bs.) Ppred
3DT-401 0.035 0.69 54.6 876 1025 1.1698
3DT-402 0.035 0.69 54.6 876 1291 1.4734
3DT-403 0.035 0.59 54.6 742 1118 1.5059
3DT-411 0.035 0.66 54.6 836 885 1.0585
3DT-412 0.035 0.63 54.6 796 1398 1.7564
3DT-413 0.035 0.59 54.6 742 1610 2.1686
3DT-414 0.035 0.59 54.6 7 742 2031 2.7356
3DT-415 0.035 0.63 54.6 796 937 1.1772
3DT-404 0.059 0.50 52.0 947 2014 2.1265
3DT-405 0.059 0.56 52.0 1076 2577 2.3951
3DT-406 0.059 0.65 52.0 1269 2435 1.9185
3DT-407 0.059 0.63 52.0 1226 2778 2.2654
3DT-408 .0.059 0.53 52.0 1012 2153 2.1285
3DT-409 0.059 0.69 52.0 1355 2033 1.5002
3DT-416 0.059 0.63 52.0 1226 2853 2.3266
3DT-417 0.059 0.59 52.0 1140 2839 2.4895
3DT-418 0.059 0.59 52.0 1140 2137 '1.8739
3DT-419 0.059 0.66 52.0 1291 2336 1.8099
3DT-420 0.059 0.59 52.0 1140 1775 1.5565
3DT-421 0.059 0.56 52.0 1076 3037 2.8226
3ET-401 0.035 0.66 54.6 836 1141 1.3647
3ET-402 0.035 0.63 54.6 796 1068 1.3418
3ET-403 0.035 0.66 54.6 836 864 1.0334
3ET-404  0.035 0.66 54.6 836 1129 1.3504
3ET-417 0.059 0.63 52.0 1226 1918 1.5641
3ET-418 0.059 0.53 52.0 1012 2122 2.0978
3ET-419 " 0.059 0.66 52.0. 1291 2241 1.7363
3ET-420 0.059 0.63 52.0 1226 1816 1.4809
Number of specimens N-= 103
Mean P = 1.5405
Coefficient of Variation Ve = 0.2949
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Table XIX

Computed Safety Index B for Tensile.Strength of Arc Spot Weld

(¢ = 0.65 )
Case No. of Tests Hm VM Fm VF Pm VP B
1 7 103 1.10 0.08 1.0 0.15 1.5405 0.2949 3.45
2 103 1.10 0.08 1.0 0.15 1.5405 0.2949 2.62

Note: Case 1 is for 1.2D +1.6L_ (B 3.5)
n n ‘"o

Case 2 is for 1.17W_-0.9D_ (B_ = 2.5)
n n "o
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The "equations for determining nominal strengths of bolted connections
used in the LRFD criteria for cold-formed steel members are basically the
same as those included in the 1986 AISI Specification except that the
nominal shear and tensile strengths, and the ¢ factors, for the high
strength bolts are adopted from the AISC LRFD criteria.

1. Design Requirements. (1) For the design of spacing and edge
distance of bolted connections, the nominal shear strength, Pn’ of the
connected part along two parallel lines in the direction oflapplied force

shall be determined as follows:

Pn = teFu 4 (5.172)
where

.e = the distance measured in the line of force from the center
of a standard hole to the nearest edge of an adjacent hole or
to the end of the connected part

t = thickness of thinnest connected part

Fu = tensile strength of the connected part

Fsy= yvield point of the connected part

(2) The nominal tensile strength, Pn’ on the net section of the
connected part shall be determined as follows:
(a) Washers are provided under both the bolt head and the nut

Pn = (1.0-0.9r+3rd/s)FuAn < FuAn (5.173)
(b) Either washers are not provided under the bolt head and nut, or omly

one washer is provided under either the bolt head or nut

P
n

(1.0'r+2.5rd/s)FuAn < F'uAn (5.174)

where

g
[

net area of the connected part
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r = force transmitted by the bolt or bolts at the section
eonsidered, 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 perpendicﬁlaf to line of stress. In the case
of a single bolt, s = Width of sheet

(3) The nominal bearing strength, Pn’ shall be determined by the
values given in Tables XX and XXI for the applicable- thickness and

ratio of the connected part and the type of joint used in the

Fu/Fsy

connection.
(4) The nominal shear or tensile strength, Pn’ of bolts shall be

determined as follows:

Pn = AbFn . (5.175)
where

Ab = gross cross-sectional area of bolt

Fn is given by an or Fnt in Table XXII

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

tension force shall not exceed the nominal tensile strength Pn = AbF'nt’

where F'n is given in Table XXIII, in which £, is the shear stress

t

produced by the same loads. The shear force shall not exceed the nominal

shear strength, Ab , determined in accordance with Table XXII.

F
nv
2. Development of the LRFD Criteria. (1) For the calibration of

minimum spacing and edge distance in the line of stress, the mean value

M computed by (Fu>test/(Fu)specified’ was 1.10. Fm was assumed to be 1.00
and Pm was determined according to Pt/Pp’ in which Pt is the tested
failure load, and Pp is the predicted failure load. The tested values

were obtained from References 131 through 137. The tested and predicted



128

Table XX
Nominal Bearing Stremgth for Bolted Connections

With .Washers Under Both Bolt Head and Nut

Thickness of Fu/Fsy ratio of Nominal
Connected Part Type of Joint : Resistance
in. - : Connected Part ’ P

Inside sheet of 21.15 3.33F dt
double shear u
2 0.024 connection < 1.15 3.00F dt
but u
< 3/16 Single shear
and outside
sheets of No limit 3.00F dt
double shear u
connection

2 3/16 . See AISC LRFD Specification




129

Table XXI
Nomiﬁal Bearing Strength for Bolted Connections
Without Washers Under Both Bolt Head and Nut,

or With Only One Washer

Thickness of : Fu/Fsy ratio of Nominal
‘Connected Part Type of Joint Resistance
in. Connected Part Pn

Inside sheet of
double shear 21.15 3.00Fudt
2 0.036 connection ]
but :
< 3/16 Single shear
and outside
sheets of 21.15 2.22Fudt
double shear :
connection

2 3/16 See AISC LRPD Specification
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Table XXII

Nominal Tensile and Shear Strengths for Bolts

Tensile Strength Shear Strength
Description of Bolts
Fn1: an
A307 Bolts, Grade A
(1/4 in. £ d < 1/2 in.) 40.5 24.0
A307 Bolts, Grade A :
(d 2 1/2 in.) 45.0 27.0

A325 bolts, when threads .
are not excluded 90.0 54.0
from shear planes

A325 bolts, when threads
are excluded - 90.0 72.0
from shear planes

A354 Grade B Bolts
(1/4 in. £ d < 172 in.), 101.0 59.0
when threads are not
excluded from shear planes

A354 Grade B Bolts (1/4 inm.

< d < 1/2 in.), when threads 101.0 90.0
are excluded from shear planes

A449 Bolts (1/4 in. < d < 1/2 ,
in.), when threads are not 81.0 47.0
excluded from shear planes

A449 Bolts (1/4 in. < d <
1/2 in.), when threads are 81.0 72.0
excluded from shear planes

A490 Bolts, when threads
are not excluded 112.5 67.5
from shear planes

A490 Bolts, when threads .
are excluded 112.5 90.0
from shear planes
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Table XXIII

Nominal Tension Stress, F'nt’ for Bolts

Subject to the Combination of Shear and Tension

Threads Not Excluded Threads Excluded from

Description of Bolts - from Shear Planes ' Shear Planes

A325 Bolts 113-2.4f < 90 113-1.9f < 90
A354 Grade BD Bolts 127-2.4fv < 101 127-1.9fv < 101

A449 Bolts 101-2.4fv s 81 101-1.9fv s 81
A490 Bolts 141-2.4fv < 112.5 141-1.9fv < 112.5

A307 Bolts, Grade A

when 1/4 in. s d < 1/2 ' 47-2.4fv < 40.5

in.
when d 2 1/2 in. 52-2.4fv < 45

Note: The general form for formulas listed in this table can be
written as 01 - lev < Zl' :
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failure loads were listed in Tables 54 through 59 of Reference 34 for six
different cases. The mean values and coefficients of variation of pro-
fessional factors, P, are summarized as follows:
Case 1. Single shear, with washers, Fu/Fy = 1.15 (49 testé)
Pm = 1.13, VP
Case 2. Double shear, with washers, Fu/F§ > 1.15 (39 tests)

= 0.12 (see Table 54 of Reference 34)

Pm = 1.18, VP

Case 3. Single shear, with washers, Fu/Fy < 1.15 (7 tests)

= 0.14 (see Table 55 of Reference 34)

Pn = 0.84, VP

Case 4. Double shear, with washers, Fu/Fy < 1.15 (10 tests)

= 0.05 (see Table 56 of Reference 34)

P =0.94, VP = 0.09 (see Table 57 of Reference 34)
Case 5. Single shear, without washers, Fu/Fy 2 1.15 (8 tests)
Pm = 1.06, VP = 0.11 (see Table 58 of Reference 34) .
Case 6. Single shear, without washers, F /Fy < 1.15 (8 tests)
Pm = 1.14, VP = 0,19 (see Table 59 of Reference 34)

Based on all these values, the safety indices were computed and
summarized in Table XXIV. By using different ¢ factors for different
cases, the values'of B vary from 3.61 to 3.90 which are larger than the
target B of 3.5.

(2) For the calibration of tension stress on net section, Mm = 1.10

and Fm = 1.00. The mean value Pm was determined from the ratios of

et)p is the

predicted value. The tested values were obtained from the experimental

(Gnet)t/(onet)p’ in which (Onet)t is the tested value and (on
data given in References 131, 132 and 136. The tested and predicted
values were listed in Tables 60 and 61 of Reference 34. The following

is a summary of Pm and VP for three different cases:
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Case 7. t < 3/16 in., double shear, with washers (51 tests)

P =1.14, V

m p = 0.20 (see Table 60 of Reference 34)

Case 8. t < 3/16'in., single shear, with washers (58 tests)

P =0.95,V

n p = 0.21 (see Table 61 of Reference 34)

~Case 9. t < 3/16 in., single shear, without washers (37 test

data préesented in Figure 10 of Reference 137)

Based on all these vglyes, the safety indices were computed and
summarized in Table XXIV. By using different ¢ factors for different
cases, the values of B vary from 3.41 to 3.63, whi;h are satisfactory when
compared to the target B of 3.5.

(3) For the calibration of bearing stress in bolted cpnnections, Mm
= 1.10 and Fm = 1.00. The mean value Pm was determined from the ratios
of Pt/Pp’ in which Pt is the tested failure load, and Pp is the predicted
failure load. The tested values were obtained from References 131 through
137. The tested and predicted failure loads were listed in Tables 62
through 67 of Reference 34 for six different cases. The mean values and
coefficients of variation of professional factor, P, are sumharized as
follows:

Case 10. 0.024 < t < 3/16 in., double shear, with washers,
Fu/Fy 2 1.15 (18 tests)

P =1.08, V, = 0.23 (see Table 62 of Reference 34)

m P
Case 11. 0.024 < t < 3/16 in., double shear, with washers,
Fu/Fy < 1.15 (5 tests)

Pu = 0.97, VP = 0.07 (see Table 63 of Reference 34)

Case 12. 0.024 € t < 3/16 in., single shear, with washers,



134

F /F_ 2 1.15 (24 tests)
u’’y . ,

Pm =1.02, VP = 0.20 (see Table 64 of Reference 34)

Case 13. 0.024 < t < 3/16 in., single shear, with washers,
F“/Fy < 1.15 (16 tests)

P =1.05, V, = 0.13 (see Table 65 of Reference 34)

m P
Case 14. 0.036 = t < 3/16 in., single shear, without washers,
‘Fu/Fy > 1.15 (13 tests)

P =1.01, V

n = 0.04 (see Table 66 of Reference 34)

P
Case 15. 0.036 < t < 3/16 in., double shear, without washers,
Fu/Fy 2 1.15 (8.tests)

Pm = 0.93, V, = 0.05 (see Table 67 of Reference 34)

P

Based on all these values, the safety indices were computed and
summarized in Table XXIV. By using different ¢ factors for different
cases, the values of B vary from 3.43 to 4.06, which are satisfactory when
compared to the target B of 3.5.

(4) For the calibration of shear stress on A307 bolts, the mean shear
resistance of a bolt can be written in the following form:

R, © (Tf/cf)m(cf/Fu)m(ASAFu) (5.176)
in which Te is the actual ultimate shear stress, a£ the actual ultimate
tensile stress and Fu the nomipal ultimate tensile stress of the bolt

material. The term ASA represents the stress area equal to the shank area

if the shear plane passes through the shank, and it is the root area if

the shear plane passes through the threads.

The coefficient of variation of the resistance, VR’ contains three

parameters, VH’ VF and VP as shown below:

= 2.2,y 2
VR =J +VF +VP (5.177)
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In view of the fact that a combination of the coefficient of variation

of the bolt material properties, V,,, and the design assumptions, VP’ can

M’

be considered to be

2, 2 2 2
\/V +V =V/V +V (5.178)
M P Tf/Of cf/Fu .
the value of VR can be computed as follows:
2 Z 2 '
v =JV +V +0.05 (5.179)
R - Tf/of -of/Fu

In the above eqpation, the value of VF is assumed to be 0.05 to reflect
the tolerance of the cross-~sectional area of the bolt.

The following statistical data were computed on the basis of the test
data provided in References 131, 132, 138 and 139 for bolted connection
tests.

Case 16. Dﬁuble shear, with washers, 3/8 in. diameter (11l tests)

(rg/a.), = 0.68, V =0.11

(af/Fu)m 1.28, Vv =0.08
Case 17. Double shear, with washers, 3/4 in. diameter (8 tests)

(1¢/0g), = 0.60, V = 0.10

(6g/F) = 1.13, V = 0.08

Case 18. Single shear, with washers, 3/8 in. diameter (19 tests)

(1¢/0.), = 0.75, V = 0.10

CP72 00

1.28, Vv = 0.08

Case 19. Single shear, with washers, 1/2 in. diameter (11 tests)

(Tf/Gf)m =0.63, V =10.06

1.36, V = 0.08

(0g/F),

Case 20. Single shear, with washers, 3/4 in. diameter (14 tests)

(1¢/0¢)q = 0.76, V = 0.06

(0g/F )

1.13, V.= 0.08
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Based on all these values, the safety indices were computed and
summarized in Table XXIV. By using ¢ = 0.65 for different cases, the
values of B vary from 3.85 to 5.23 which are larger than the target B of

3.5.
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Computed Safety Index B for Bolted Connections
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Case m: VM m VF Pm p ¢ B
Minimum Spacing and Edge Distance
1 1.10 0.08 1.00 0.05 1.13 .12 .70 .75
2 1.10 0.08 1.00 0f05 1.18 .14 .70 .84
3 1.10 0.08 1.00 0.05 0.84 .05 .60 .61
4 1.100 0.08 1.0Q 0.05 0.94 .09 .60 .90
5 1.10 0.08 1.00 0.05 1.06 .11 .70 .62
6 1.10 0.08 1.00 0.05 1.14 .19 .60 .87
Tension Stress on Net Section
7 1.10 0.08 1.00 0.05 1.14 .20 .65 .53
8 1.10 0.08 1.00 0.05 0.95 .21 .55 .41
9 1.10 0.08 1.00 0.05 1.04 .14 .65 .63
Bearing Stress on Bolted Connections
10 1.10 0.08 1.00 0.05 1.08 .23 .55 .65
11 1.10 0.08 1.00 0.05 0.97 .07 .65 .80
12 1.10 0.08 1.00 0.05 1.02 .20 .60 .43
13 1.10 0.08 1.00 0.05 1.05 .13 .60 .06
14 1.10 0.08 1.00 0.05 1.01 .04 .70 .71
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Table XXIV (Continued)
Case Mm VM Fm VF Pm VP 0 B
15 1.10 0.08 1.00 0.05 0.93 0.05 0.65 3.70
Shear Strength on A307 Bolts
16 1.28 0.08 1.00 0.05 0.68 .11 0.65 .73
17 1.13  0.08 1.00 0.05 0.60 .10 0.65 .85
18 1.28 0.08 1.00 0.05 0.75 .10 0.65 .23
19 1.36 0.08 1.00 0.05 0.63 .06 0.65 .49
20 1.13 0.08 1.00 0.05 0.76 0.06 0.65 5.09
Note: Case 1 = Single shear, with washers, Fu/Fy 2 1.15

Case 2 = Double shear, with washers, Fu/Fy 2 1.15

Case 3 = Single shear, with washers, F“/Fy < 1.15

Case 4 = Double shear, with washers, Fu/Fy < 1.15

Case 5 = Single shear, without washers, Fu/Fy 2 1.15

Case 6 = Single shear, without washers, Fu/Fy < 1.15

Case 7 = t < 3/16 in., double shear, with washers

Case 8 =t < 3/16 in., single shear, with washers

Case 9 =t < 3/16 in., single shear, without washers

Case 10 = 0.024 < t < 3/16 in., double shear, with washers,

Fu/Fy 2 1.15

Case 11 =

0.024 < t < 3/16 in., double shear, with washers,

Fu/Fy <1.15



Case

Case

Case

Case

Case

Case

Case

Case

Case

13

14

15

16

17

18

19

20

0.024 < t < 3/16 in.

Fu/Fy 2 1.15

0.024 < t < 3/16 in.

'Fu/Fy < 1.15

0.036 < t < 3/16 in.

Fu/Fy 2 1.15

0.036 < t < 3/16 in.

F /F_ 2 1.15
u 'y

Double shear,
Double shear,
Single shear,
Single shear,

Single shear,

b4

single shear,

single shear,

single shear,

double shear,

with washers, 3/8 in.

with washers, 3/4 in.

with washers, 3/8 in.

with washers, 1/2 in.

with washers, 3/4 in.
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with washers,
with washers,
without washers,
without washers,
diameter
diameter
diameter

diameter

diameter
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VI. EVALUATION PROCEDURE OF TESTS FOR DETERMINING

STRUCTURAL PERFORMANCE

A. GENERAL

The determination of design strengths for various structural compo-
nents has been discussed in great detail in Section V. However, it is
limited to those components that calculation of their load-carrying ca-
pacity can be made in accordance with the design provisions. For those
components that calculation of their load-carrying capacity can not be
made in accordance with the design provisions, their structural perform-
ance could be established from tests. In order to determine the design
strengths for those components from the test results, an evaluation pro-
cedure of tests compatible with the LRFD design criteria is needed. This
section presents the evaluation procedure of tests which is based on the
same approach as used to developed the LRFD design criteria, and is con-

sistent with the test procedure included in the 1986 AISI Specification.

B. [EUROPEAN CONVENTION FOR CONSTRUCTIONAL STEELWORK (ECCS) APPROACH
FOR TEST EVALUATION

The E.C.C.S. approach for test evaluation140 is probability based,

it can be summarized as follows:

(1) qu a series of tests involving different thicknesses, an
empirical curve is fitted through a plot of test results versus
thickness. This curve is determined by minimizing the errors
between the tested and the predicted load-carrying capacities.

This curve gives the predicted capacity, Pp, as a function of the
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thickness, t.

(2) The mean, Pm’ and the'coefficient of Qariation, VP’ of the
tested-to-predicted load ratios are then calculated for all the
tests.

(3) The characteristic load, Pk,.for a given thickness is determined
as follows:

P

= Pp(l-cV S (6.1)

K p)

where c is a statistical number that.depends on the number of tests con-
ducted, the probability distribution of the test results, and the confi-
dence level desired. A characteristic value obtained in this manner is
then compared with the factored design load.

The E.C.C.S. approach is based on characteristic values instead of
nominal values used in the LRFD approach, also, the tests involve dif-
ferent thicknesses instead of one thickness as considered in the test
procedure of the 1986 AISI Specification. Therefore, the E.C.C.S. ap-
proach can not be used in the AISI LRFD criteria for cold-formed steel

members.

C. LRFD APPROACH FOR THE EVALUATION OF TEST RESULTS

In the 1986 AISI Specification, the provisions on special tests for
determining structural performance are mainly used for test specimens
with identical nominal dimensions. The evaluation procedure of test re-
sults derived herein is for the same purpose, except that the evaluation

procedure is reliability-based, instead of engineering judgement and long

time experience.
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In order to develop an evaluation procedure on speciél tests for
determining structural performance that is compatible with the LRFD de-
sign criteria, Egs. (4.14) and (4.24) should be used. Due consideratioQ .
should.also be given to the following factors: |

(1) Target reliability indices, Bo
(i) Coefficient of variation of the load effect, VQ
(3) Statistical data for materials and sectioﬁal propérties, Mm, VM’
Fm’ and VF
(4) Modification of Pm and VP to account for the influence due to
the small number of tests
(5) Determination of the predicted capacity RP

Regarding to the target reliability indices Bo used in the evaluation
procedure for tests, it is believed that the same target reliability in-
dices Bo used in the development of the LRFD design criteria of cold-
formed steel should be used to achieve a consistent reliabilit? for both
components designed by calculation and tests.

For the coefficient of variation of the load effect, the same VQ
values should be used for the development of the LRFD design criteria,
and the development of evaluation procedure for special tests, because
the load factors and load combinations are the same for both cases.

Regarding to the statistical data for materials and sectional prop-
erties used for the evaluation procedure for test results, values of Mm,
VM’ Fm’ and VF used in the development of the LRFD design criteria for
cold-forned steel are appropriate for the evaluation procedure for spe-

cial tests because those statistical data are based on a large number of

test specimens and therefore are considered to be representative values.



143

For the purpose of modifying Pm and VP to account for the influence

due to the small number of tests, the following formulas are assumed:

P' =C,P | (6.2)

VP' = CZVP . (6.3)
where ‘

P'm = modified mean valuq of the tested-to-predicted load ratios

VP' = modified coefficient of vafiation of the tested-to-predicted

load ratios

C, = correction factor for Pm
C2 = correction factor for VP

In order to determine C1 and CZ’ it was recommended in Reference 141
that the probability distribution for 1n(P') could be assumed to be stu-
-dent t rather than normal. The student t distribution is shown in Figure
12. It can be seen that for degree of freedom v = o, the student t dis-
tribution is identical to the normal distribution. Also, the student t

distribution has the same mean value as the normal distribution, and its

variance is v/(v-2) times the variance of normal distributional. There-

fore,
P' =P, (6.4)
‘ Vpr = v/(v-2) VP (6.5)
where
v = degree of freedom
= n-1, and n is number of tests (6.6)

From Eqs. (6.4) and (6.5) it can be seen that the only modification
needed to account for the influence due to the small number of tests is

that V2 in Eqs. (4.14) and (4.26) be replaced by (n-1)V,%/(n-3). To study .

P



Probability Density Function fx(x)
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>

Mean Vélue,'f

Random Variable x

Figure 12 The Student €'Distribution
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the effect of the modification on the determination of ¢ factors, the
following values are considered:

M =1.10, V, =0.10

m M
Fm = 1.00, YF = 0.05
P =1.02, V,=0.23
m P
n =4, Bo = 2.5

By using Eq. (4.14), it was found that (1) without a correctiomn factor
(n = ©), & = 0.75; (2) with a correction factor (n = 4), ¢ = 0.55. It
can be seen that the larger the n value the larger the ¢ factor. This
result is reasonable and appropriate because when ﬁore test data are used
in the calibration the.more reliable result can be obtained as expected.
It should be noted that the number of tests, n, can not be less than four,
otherwise, Eq. (6.5) is not appiicable.

In the determination of tested-to-predicted load ratio, both tested
and predicted loads are needed. In view of the fact that for performance
tests, the average valﬁe of test data plays the same role as the nominal
resistanée equation given in the design criteria, such an average value

"of test data can be used as the predicted load in the determination of
Pm and VP'

Based on all these considerations, the following evaluation proce-
dure of test results for determining structural performance is recom-
mended in the LRFD criteria for cold-formed steel:

(a) Where practicable, evaluation of the test results shall be made on
the basis of the average value of test data resulting from tests of
not fewer than four identical specimens, provided the deviation of

any individual test result from the average value obtained from all
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tests does not exceed +10 percent. If such deviation from the average
value.exceeds 10 percent, at least three more tests of the same kind
shall be made. The average value of all tests made shall then be
regardéd as the predicted capacity, RP’ for the series of the tes?s.
The hean value, and the coefficient of variationm, of the tested-to-
predicted load ratios for all tests, Pm gnd VP’ shall be determined
for statistical analysis.
(b) The load-carrying capacity of thg{;ested elements, assemblies,

connections, or members shall satisfy Eq. (6.7)

PR, 2 ZviQi (6.7)
where
ZviQi = required resistance based on the most critical load
combination. Yy and Qi are load factors and load
effects, respectively.
RP = average valug of all test results
o)) = resistance factor |
= 1.504 F P )exp( -aoﬁHZWFZmPvPZWQZ) - (6.8)
Mm = mean value of the material factor listed in Table XXV for
the type of component involved
Fm = mean value of the fabrication factor listed in Table XXV
for the type of component involved
Pm = mean value of the tested-to-predicted load ratios
Bo = target reliability index
= 2.5 for structural members and 3.5 for connections
v =

M coefficient of variation of the material factor listed

in Table XXV for the type of component involved
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Statistical Data for the Determination of Resistance Factor
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Type of Component m M m VF

Transverse Stiffeners 1.10 .10 .00 .05
Shear Stiffeners 1.00 .06 .00 .05
Tension Members 1.10 .10 .00 .05
Flexural Members

Bending Strength 1.10 .10 .00 .05
Lateral Buckling Strength 1.00 .06 .00 .05
One Flange Through-Fastened to Deck or Sheathingl.l0 .10 .00 .05
Shear Strength 1.10 .10 .00 .05
Combined Bending and Shear 1.10 0.10 1.00 0.05
Web Crippling Strength 1.10 .10 .00 .05
Combined Bending and Web Crippling 1.10 .10 .00 .05
Concentrically Loaded Compression Members 1.10 .10 .00 .05
Combined Axial Load and Bending 1.05 .10 .00 .05
Cylindrical fubular Members

Bending Strength 1.10 .10 .00 .05
Axial Compression 1.10 .10 .00 .05
Wall Studs and Wall Stud Assemblies

Wall Studs in Compression 1.10 .10 .00 .05
Wall Studs in Bending 1.10 .10 .00 .05
Wall Studs with Combined Axial Load and Bending 1.05 .10 .00 .05
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(Continued)
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Type of Component n M m VF
Welded Connections
Arc Spot Welds
Shear Strength of Welds .10 .10 .00 .10
Plate Failure .10 .08 .00 .15
Tensile Strength .10 .08 .00 .15
Arc Seam Welds
Shear Strength of Welds .10 .10 .00 .10
Plate Tearing .10 .10 .00 .10
Fillet Welds
Shear Strength of Welds .10 0.10 1.00 0.10
Plate Failure .10 .08 .00 .15
Flare Groove Welds
Shear Strength of Welds .10 .10 .00 .10
Plate Failure .10 .10 .00 .10
Resistance Welds .10 .10 .00 .10
Bolted Connecéions
Minimum Spacing and Edge Distance .10 .08 .00 .05
Tension Strength on Net Section .10 .08 .00 .05
Bearing Strength ».10 .08 1.00 0.05
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V = coefficient of variation of the fabrication factor listed

in Table XXV for the type of component involved

CP = correction factor
= (n-1)/(n-3) | - (6.9)
VP = coefficient of variation of the tested-to-predicted load
ratios
n = number of tests
VQ = coefficient of variation of the load effect
=90.21

Exception: For beams having‘tension flange through-fastened to deck or
sheathing and with compression flange laterally unbraced, ¢ shall be

determined with a coefficient of 1.6 in lieu of 1.5 in Eq. (6.8); Bo =

Q

The listing in Table XXV does not exclude the use of other documented

1.5, and V, = 0.43.
statistical data if they are established from sufficient results on ma-
terial properties and fabrication.

When distortions interfere with the proper functioning of the spec-
imen, the load effects based on the critical load combination at the
occurence of the acceptable distortion shall also satisfy Eq. (6.7), ex-
cept that the resistance factor ¢ is taken as unity and that the load

factor for dead load may be taken as 1.0.

D. DETERMINATION OF SAFETY FACTOR FOR ASD CRITERIA

The evaluation procedure mentioned above can also be used for the
determination of the safety factor needed in the Allowable Stress Design

criteria. For a general case of dead and live load combination, Egs.
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(6.10) and (6.11) give the values of Rn according to LRFD and ASD crite-
ria, respectively.
LRFD criteria:
= ' = ) .10
Rn‘ c(l.ZDn+1.6Ln)/¢ 1.84an/¢ (6.10)
ASD criteria:
Rn-= c(Dn+Ln)(FS) = l.Zan(FS) (6.11)
From Eqs. (6.10) and (6.11), the safety factor needed for the ASD criteria
to achieve the same reliability index as the LRFD criteria is
FS = 1.8&an/[¢(1.2an)] = 1.84/(1.2¢) = 1.53/¢ (6.12)
For -counteracting loadé, the procedure used for determining the
safety factor is similar as the dead and live load combination as follows:
LRFD criteria:
Rn = c(1.17wn-0.90n)/¢ = 1.08cwn/¢ , : (6.13)

ASD criteria:

R, = c(W_-D)(0.75)(FS) = 0.675cW_(FS) (6.14)
Therefore,
FS = 1.08cwn/E¢(0.675cwn)] = 1.6/¢ (6.15)

Because the safety factqrs determined in Eqs. (6.12), and (6.15) are
reliability-based, these safety factors are more reliable than those

based on the engineering judgement and long time experience.
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VII. COMPARATIVE STUDY OF DESIGN METHODS FOR COLD-FORMED STEEL

A. GENERAL -

The primary purpose of this section is to study, and‘compare, the
Load and Resistance Factor Design (LRFD) criteria for <old-formed steel
membe¥s.with the existing Allowable Stress Design (ASD) criteria included
in the 1986 Specification for the design of cold-formed steel structural
members. This comparison involves studies of different variables used for
the design of varioﬁs types of structural members and discussions of
different load-carrying capacities determined by these two methods.

This study compares the existing Allowable Stress Design method,
with the Load and Resistance Factor Design method, for cold-formed steel
structural members generally used in building construction. These shapes
include channels with stiffened or unstiffened flanges, I-sections made
from channels, and hat sections with unreinforced webs. The yield points
of steel range from 33 to 50 ksi.

The AISI Specification and the LRFD criteria for cold-formed steel
can be used for the design of tension members, flexural members, com-
pression members, members subjected to a combination of bending and éxial
loads, bolted connections, welded connections, stiffeners, and wall
studs. Even though the allowable stress design provisions and the LRFD
criteria were prepared for any combinatioﬁs of different loads, only dead
and live loads are used in this comparison, for each type of structural

members, with the exception that wind and dead loads are used for members

subjected to6 uplift loading condition. Ratios of load-cafrying
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capacities are computed and evaluated for different shapes of structural

members which are used in typical design situationms.

o N et et e e s S O

B. AiLOWABLE LOAD DETERMINED FROM THE LRFD CRITEkIA

In the LRFD criteria, the‘design strength of any structural component
is ¢Rn. For the purpose of comparison, the unfactored load combination
(Dn+Ln), or allowable load, can be computed from the nominal resistance

Rn’ the resistance factor ¢, and a given Dn/Ln ratio as follows:

®R_ = c(1.2D +1.6L ) , (7-1)
¢R_ =2 c(1.2Dn/Lp+1.6)Ln . (7.2)
¢R 2 c(l.ZDn/Ln+1.6)[(Dn+Ln)/.(Dn/Ln+1)]_ (7.3)
Therefore,
.Rn
c(D L ) < (7.4)

(1.2D /L +1.6)/[$(D_/L _+1)]
where ¢ is the deterministic influence coefficient to transform the load
to load effect.
Froﬁ Eq. (7.4), the factor of safety against the nominal resistance
used in the LRFD is:
(F.S.)gppp = (1-2D /L +1.6)/[¢(D /L +1)) (7.5)
For the counteracting loads applied to individual purlins, girts,
wall panels and roof decks, the unfactored load combination (wn-Dn) or
allowable load can be computed from the nominal resistance Rn, the re-
sistance factor ¢, and a given Dn/wn ratio as follows:
¢Rn 2 c(1.17wn-0.9Dn) | (7.6)
¢Rn 2 c(1.17-0.9Dn/wn)Wn (7.7)

®R 2 c(1.17-0.9D /W )((¥_-D_}/(1-D /W )) (7.8)
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Therefore,

. - R
c(wn-Dn) < n (7.9)
(1.17-0.9D /W )/[®(1-D_/¥ )] |

From Eq. (7.9) with the consideration of 1/3 strength increase for
members subjected to wind load, the factor of safety against the nominal
resistance used in the LRFD is:

(F'S')LRFD = 0"75(1‘17-0'gDn/wn)/[¢(1-Dn/wn)] (7.i0)

Eqs. (7.4) and (7.9) are used in this study to.compare the AISI
Specification for allowable stress design and the Load and Resistance

Factor Design criteria.

C. COMPARATIVE STUDY OF TENSION MEMBERS

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:

PT = PDL+PLL (7.11)
where

PT = total unfactored load applied to the member

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

(P psp = AnFy/Qp = AjFy/1.67 (7.12)

For LRFD, the allowable load can be calculated by using Eq. (7.4), i.e.,

(P ) pgpp = pTn(D/L+1)/(1.2D/L+1.6) (7.13)

Because Tn = AnFy’ Eq. (7.13) can be rewritten as



1.184

I.IO?

Eq. (7.16)

1.0S 4

Allowable Load Ratio, (Pa)LRFDI(Pa)ASD

1.00

154

0.95 4

Y =T MM SIS AL R AL SE A e SEn S S B A |

0.0 0.2 . 0.4 0.6 0.8
Dead-To-Live Load Ratio, D/L

Figure 13 Allowable Load Ratjo vs. D/L Ratio for Tension Members
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(Pa)LRFD = ¢tAnFy(D/L+1)/(1.2D/L+1.6) (7.14)
where D/L is the.ratio of the nominal dead load to the nominal live load.
From Eq. (7.14) 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. (7.12) and (7.14), the allowable load ratio

for tension members is

(P) D/L+1 _
_a LRFD | 1.67¢, ————— (7.15)
(Pa)ASD 1.2D/L+1.6
For the value of ¢t = 0.95
'(P ) D/L+1
a IRFD - 1.58 (7.16)
(P)asp 1.2D/L+1.6

Figure 13 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.

D. COMPARATIVE STUDY OF FLEXURAL MEMBERS
1. Strength for Bending Only. The unfactored moment can be calcu-

lated by using Eq. (7.17) for both methods (ASD and LRFD).

MTL = MDL+HLL (7.17)
where

HTL = total unfactored moment

MDL = moment due to the nominal dead load

M = moment due to the nominal live load
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For allowable stress design, the allowable moment is determined from
 either nominal section strength, or lateral buckling strength, with a
faétor of safety of 1.67. Therefore, the allowable moment for beams is

= = | 7.18
(M) op = M_/Q, = M /1.67 ~(7.18)

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

equation developed from Eq. (7.4).

(Ma)LRFD = ¢an(D/L+1)/(1.2D/L+1.6) (7.19)

The ratio of the allowable moments for both nominal section strength
and lateral buckling strength is
D/L+1

= 1.67q>b » (7.20)
1.2D/L+1.6

(M, )LrFD

(M Jasp

For nominal section strength of sections with stiffened or partially
stiffened compression flanges, ¢b = 0.95

D/L+1

, (7.21)
a)ASD ' 1.2D/L+1.6

The solid curve in Figure 14 shows the allowable moment ratio versus
dead-to-live load rati; for beams with stiffened or partially stiffened
compression flanges based on the nominal section strength. For D/L = 1/25
both design methods will give the same value of allowable moment. How-~
ever, LRFD will be conservative for D/L < 1/25 and unconservative for D/L
> 1/25 as compared with the allowable stress design method.

For nominal section strength of sections with unstiffened com-

pression flanges and lateral buckling strength, ¢b = 0.90
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D/L+1
(7.22)

1.2D/L+1.6

The dotted curve in Figure 14 shows the allowable moment ratio versus
dead-to-live load ratio for this case. Both design methods will 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. ﬁhen the dead-to-live load ratio is iess than 1/3, the LRFD cri-
teriadgge found to be conservative for both nominal section strength of
sections with unstiffened compression flanges and lateral buckling, as
compared with the allowable stress design method.

For C- or Z-section with the tension flange attached to deck or
sheathing and with compression flange laterally unbraced, i.e., member
subjected_to‘counteracting loads,.a different approach for comparison is
used. The required nominal moment for ASD criteria,‘CHn)ASD, is determined
from the applied loads with a factor of safety of 1.67 and a strength
increase of 1/3. Therefor;, |

(M) pop = 0.75Q(W-D)c = 1.25cH(1-D/W) - (7.23)

For LRFD, the required nominal momert, (Mn)LRFD’ can be computed by
using the following equation:

(Mn)LRFD = (c/¢b)(1.17w-o.9n) = (c/¢b1(1.17-0.9D/W)w (7.24)

With ¢b = 0.90, the ratio of the required nominal moments is

M) 1-D/W 1-D/W
.ﬂ = 1.25¢b — 1,125 —— (7.25)
.17-0. .17-0.

(Mn)LRFD 1.17-0.9D/W 1.17-0.9D/W

If the allowable moment ratio is needed, Eq. (7.26) can be used:

M) M)
a’LRFD = B ASD (7.26)

Masp  (MplireD
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Eq. (7.25)

Required Nominal Moment Ratio, (Hn)ASD/(Hn)LRFD

Dead-To-Wind Load Ratio, D/W

Figure 15 Required Nominal Moment Ratio vs. D/W Ratio for C- or Z-
~ Section With the Tension Flange Attached to Deck or

Sheathing and With Compression Flange Laterally Unbraced
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Figure 15 shows the required nominal moment ratio versus dead-to-
wind load ratio for this case. As shown in the figure, the LRFD criteria
for C- or Z-section with the tension flange attached to deck or shea;hing
and with compression flange laterally unbraced are slightly conservative
for the values of D/W ratios generally used in cold-formed steel con-
struction. For D/W = 0.1, the required nominal moment based on ASD is
about 6.2% lower than the value obtained from LRFD criteria.

2. Strength for Shear Only. The unfactored shear force can be cal-
culated for both ASD and LRFD methods by using the following equation.

V., =V

T oLtV

L (7.27)

where

-3
]

T total unfactored shear force

VDL = shear force due’ to the nominal dead load-

<
[

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

(Va)ASD = Vn/Q (7.28)
For LRFD, the allowable shear 1oad equation was developed from Eq. (7.4)
and is v

(va)LRFD = ¢vVn(D/L+1)/(1.2D/L+1.6) (7.29)

The allowable shear force, Va, for allowable stress design is de-

termined from shear yielding with a factor. of sgfety of 1.44, from the
critical stress for elastic shear buckling with a factor of safety of
1.71, and from the critical stress for inelastic shear buckling with a

factor of safety of 1.67. The limits of the h/t ratio were obtained by
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equating the formulas for the three shear failure modes for both allowable
stress and LRFD criteria. Because each failure mode has a different factor
of safety, the h/t limits are slightly different for both design criteria.

The allowable shear ratios are:

For h/t < ,/Ekv/Fy and ¢v = 1.0,

(v.) D/L+1 D/L+1
__a’LRFD _ 1.443¢0, ————— = 1.4463 ———— (7.30)
(V) asp ]:.ZD/L+1.6 1.2D/L+1.6

For ,/Ekv/Fy‘ < h/t < 1.38./17:1:‘,/}'y and ¢ = 0.90
v.) D/L+1 D/L+1
__a LRFD _ 1.6740, = 1.507 ————ee—— (7.31)
(V) asp 1.2D/L+1.6 1.2D/L+1.6

For h/t > 1.415,/1~:1<v/1?y and ¢ = 0.90

(v)) D/L+1 D/L+1
__a’LRFD _ 1.7120, =1.541 —— (7.32)
(V) asp 1.2D/L+1.6 1.2D/L+1.6

It should be noted that for h/t greater than 1.38Jf§37§; and less than
1.41 kv/Fy’ inelastic shear buckling will govern for LRFD.

Figure 16 shows the allowable shear ratio versus dead-to-live load
ratio for the three failure modes. For D/L = 0.5, the allowable shear
determined according to LRFD may be up to- 52 higher than the value ob-
tained from alléwable stress design. For D/L < 0.17, LRFD is generally
conservative. When D/L > 0.65, LRFD gives larger values of the allowable
shear capacity. |

In Figure 17, the relationships of allowable shear ratio and h/t
ratio are shown graphically for dead-to-live load ratios equal to 1/5,

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

in this figure.
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3. Strength for Combined Bending and Shear. A typical design exgmple
was selected for comparigon 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 §hear would
occur at the interior supports.

M = Mpptipy, = Sp¥rt
Voo = VDL+VLL = cvaL ‘ (7.34)

where . and c, are the deterministic influence coefficients for applied

(7.33)

T

moment and shear based on support conditions and number of spans and W
is the unfactored applied uniform load.
The allowable load based on allowable stress design was calculated

as follows:

2
M M . 1.667¢c_w
L -
= = m (7.35)
M, 0.6M M
For h/t < 1.38,/Ekv/Fy,
v \'} 1.674c¢c wTL
N
—_= = v (7.36)
v, V. /1.674 A
By using Egqs. (7.35) and (7.36), the following interaction formula can
be obtained>2:
M ¥ v ¥ . 1;667cmL2 2 1;674ch,2
=) =] = | ) +[—)]|=1 (.31
M v, M v,
Therefore, *
B B
(wpysp = SRR A ' (7.38)

1.667¢ L
m

M v

. n n
For h/t > 1.415/Ekv/Fy,
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Vr

- - | (7.39)

EL _ 1.712cvaL
Va Vn/1'712 v

n

By using Eqs. (7.35) and (7.39), the following interaction formula can

be obtained:

M\ /v , 1.667cmL2 2 1.712¢ L 2
Ma Va MIl Vn
Therefore,
(wT)ASD = (7.41)

The allowable uniform load based on LRFD was calculated as follows:

- 2
M 1.2D/L+1.6 [ M 1.2D/L+1.6 [ c_w L)
= LY [ a1t (7.42)
oM D/I+1 [ oM S
v 1.2D/L+1.6 [ Vo Y 1.2D/L+1.6 [ c_w.L 3
u o T | . r v TL (7.43)
oV D/Let Lo v ] DL+l | o v,

By using Egs. (7.42) and (7.43), the following interaction formula can

be obtained:

AR 1.20/L+1.6\[fc 12 ¥ e, b\
s ) - + = 1 (7.44)
¢an : q>vvn D/L+1 q’bM ' ¢vvn
Therefore,
D/L+1 1
(w.) = (7.45)
T°LRFD ) op/i+1.6 Jf c LY [ ¢
L n + v
¢an ¢vvn

For the design example used in this comparison, the coefficients,
cq and c,» are equal to 0.10 and 0.60, respectively. Therefore, by using

¢b = 0.95 and 0.90 for sections with stiffened or partially stiffened
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compression flanges and unstiffened compression flanges, respectively,
for nominal section strength and ¢v = 0.90, the allowable uniform load

ratios are as follows:

For h/t < 1.38JEkV/Fy,

2
(W) D/L+1 2.803+0.07716(V_L/M )
T°LRFD _ n'"n - (7.46)
(wT)ASD 1.2D/L+1.6 1'235+0'°2778(vﬂL/¢an)
For h/t > 1.415J§kv/Fy,
2
(W) D/L+1 2.929+0.07716(V_L/M )
T'LRFD .1 > (7.47)
(wT)ASD 1.2D/L+1.6 1.235+0.02778(VnL/¢an)
Eqs. (7.46) and (7.47) can be expressed in the following form:
(W) D/L+1
T"LRFD = (Kw) ) (7.48)
(WT)ASD 1.2D/L+1.6

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

For combined bending and shear, the aliqwahle load ratio can be de-
termined by using Eq. (7.48) as given above. It is qot only a function
of dead-to-live load ratio but is also a function of.h/t, cross sectional
geometry, and material strength. Because of the complexity involved in
the comparison, several individual beam sections of different depths and
thicknesses were studied.

Figure 18 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 Manuall’?.
Different curves represent the relationships for different thicknesses
by using the same span length and material. Table XXVI shows the sectional

properties and calculated values used to obtain the curves which indicate
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that thinner members result in slightly lower values for the allowable
load ratio except t = 0.048 in. which is governed by Eq. (7.47) because
of the higher h/t ratio.

In Figure 19, the span length was varied for a 5 in. x 2 in. x 0.105
in. channel with stiffened flanges for D/L = 1/5 and Fy = 33 to 50 ksi.
Spah lengths and calculated values used to obtain the curves are included
in Table XXVII. It can be seen that the material strength has little
effect on the allowable uniformlload ratio. This figure also shows that
for the channel section used in this comparison, the allowable load per-
mitted by LRFD is larger than that determined by ASD for span length
larger than 20 in.

Figure 20 shows the allowable uniform load ratio versus h/t ratio -
for the 5 in. - deep channels used in'Figure 18 and Table XXVI for a
dead-to-live load ratio of 1/5 and a span length of 5 ft. Table XXVIII
shows the calculated values for Fy = 50 ksi. For Fy = 33 and 50 ksi, this
figure shows that the smallest allowable load ratio occurs at h/t = 75.

Figure_zi shows the relationship of allowable load ratio and dead-
to-live load ratio for channels with stiffened flanges. Cross sectional
properties and other related data are include& in Table XXIX. Deeper
sections with~1arger h/t ratios give smaller values of the allowable load
ratio as indicated in Figure 21.

Channels with unstiffened flanges were also studied. The'curves ob-
tained for channels with unstiffened flanges are similar to those curves
obtained for chaﬁnels with stiffened flanges..However, the allowable load
ratios computed for channels with unstiffened flanges are smaller, as

compared with the allowable load ratios computed for channels with
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Table XXVI

Channels With Stiffened Flanges, 5 in. Depths - Case A.

Secfion h/t Vn Hn i'¢bﬁn Kw
| (Kips) (R-in.) (K-in.)

5%2x0.135 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

* Fy = 33 ksi, L = 60 in.
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Table XXVII

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

for Various Lengths and Yield Points

Fy L v M oM K,
(ksi) (in.) (Kips) (K-in.) (K-in.)
33 ‘ 0 16.086 49.625 47.144 .5065
25 16.088 49.625 47.144 .5546
50 16.088 49.625 47.144 .5733
75 16.088 49.625 47.144 1.5785
100 16.088 49.625 47. 144 .5805
50 0 19.803 75.190 71.430 5065
25 19.803 75.190 71.430 .5469
50 19.803 75.190 71.430 .5691
75 19.803 75.190 71.430 .5763
100 19.803 75.190 71.430

.5792
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Table XXVIII

5 in. x 2 in. Channels With Stiffened Flanges for Fy = 50 ksi

Section h/t Vn Mn ¢an Kw
(Kips) (K~in.) (K-in.)

5x2x0.135  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.



Channels With Stiffened Flanges - Case B.

Table XXIX

Section h/t

vn Hn ¢an Kw

(Kips) (K~in.) (K-in.)
9%3.25x0.105 80.14 16.088 152.534 144,907 1.5453
7x2.75x0.105 61.10 16.088 99.487 94.512 1.5607
5x2x0.105 42.05 16.088 49.625 47.144 1.5761
3.5x2x0.105 27.76 16.088 30.531 -29.005 1.5804

* FY = 33 ksi, L = 60 in.
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stiffened flanges. This is because ¢b = 0.90 for sections with unstiffened
coméression flanges, while ¢b = 0.95 for sections with s#iffened com-
pression flanges. For hat sections (positive bending), the results of the
comparative study are similar to those obtained from the study of channels
with stiffened flanges. Detailed information can be found in Reference
36.

I-sections made of two channels baék-to-baék would result in the same
comparison and conclusions as the siqgle channel sections.

From Figurés 18 through 21, it can be seen that fpr dead-to-live load
ratios less than about 1/10, the LRFD criteria for combined bending and
shear are usually conservative when compared with the allowable stress
design method. For D/L = 0.5, the differences range from 2.7% to 7.8%.
For'large D/L rétios,'ASD method is always more conservative than LRFD.
Yield point of steel has little effect on the allowable load ratio. How-
ever, the lower the yield point, the larger the difference. Span length
has little effect on the allowable uniform load ratio as shown in Figure
{9. 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.

4. Web Crippling Strength. The unfactored concentrated load or re-
action can be calculated for both metﬁods by using Eq. (7.49):

PT = PDL + PLL _ . (7.49)

where

e
]

T total unfactored load

PDL = nominal dead load

o
1]

LL nominal live load
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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. (7.4) and
is as fﬁllows:
:CPa)LRFD = ¢an(D/L+1)/(1.2D/L+1.6) (7.50)
For shapes with. single webs, the allowable load is derived from the
ultimate value with a factor of safety of 1.85. For I-sections or similar
shapes, the allowable load is derived from the ultimate web crippling load

using a factor of safety of 2.0. Therefore, the allowable load ratio are

és follows:

For shapes with single webs and ¢w = 0.75,
(P.) D/L+1 D/L+1
a_LRFD 1.85¢, ——— = 1.39 ——— ‘ (7.51)
+
(Pa)ASD 1.2D/L+1.6 1.2D/L+1.6

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

(P_):; D/L+1 D/L+1

_a’LRFD _ 2.00¢, ——— = 1.60 (7.52)
) +1.

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

Figure 22 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
more conservative than LRFD. For D/L = 0.5, the allowable load permitted
by the allowable stress design method for I-sectiops is about 9% lower
than that permitted by the LRFD criteria.
s.-CON_mILa__;_mmwanLli_nng. A simply supported
beam with a concentrated load at midspan was selected as a typical design

example. This example has & maximum moment of PL/4 at midspan, under the
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concentrated load. The allowable load, PT’ was calculated for each design
method. Since each design procedure utilizes separate design variables, -
the allowable loads were determined using nominal resistances.

The allowable load based on alloﬁable stress design was.calculated

as follows:

M M P.L/4 0.4167P
R « T = T (7.53)
M 0.6M 0.6M M
a n n n
For beams with single webSLSJ
P P 1.85P
— = T . T (7.54)
Pa Pn/1.85 Pn

By using Eqs. (7.53) and (7.54), the interaction formula for beams with
single webs can be obtained as follow:

P M 2.22PT 0.4167PTL _

1.2= +=— = + 1.5 (7.55)
- Py ", P o
Therefore,
3.6Pn
(Py) = :
T7ASD (7.56)
5.328 + (PnL/Hn)
For I-sections,
P _ P.r _ 2.00PT .
;_ = - = _ (7.57)
a Pn/Z. 0 Pn

By using Eqs. (7.53) and (7.57), the interaction formula for I-sections

can be obtained as follow:

P M 2.20P 0.4167PTL
T
l.l— ¢+ == + = 1.5 ’ (7.58)
Pa Ha Pn Hn'

Therefore,
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3.6P
(P n (7.59)

) =
T7ASD
5.280 + (PnL/Hn)

‘The allowable load based on LRFD criteria was calculated as follows:

'n 1.2D/L+1.6 [ M 1.2D/L+1.6 [ P L/4
u / TLT - TL (7.60)
S D/L+L | oM, | D/L+1 | oM

P 1.2D/L+1.6 [ P )

LI T (7.61)
oP. D/L+L &P _

For beams with single webs, Eqs. (7.60) and (7.61) were ‘used to obtain

the following interaction formula:

P M 1.2D/L+1.6 1.07 0.25L
1.07 — + -2 = (Pp) + =1.42 (7.62)
¢an '¢an D/L+1 ' ¢an ¢an
Therefore,
D/L+1 5.6800 P_
(Pp)1prp = (7.63)
7 1.2D/L+1.6 | 4.280+(0 P L/dM )

For I-sections, Eqs. (7.60) and (7.61) were used to obtain the following

interaction formula:

Pu Mu 1.2D/L+1.6 0.82 0.25L
0.82 + = (Pyq) + = 1.32 (7.64)
¢an man D/L+1 ¢an ¢an
Therefore,
D/L+1 S.280¢an
(PT)LRFD = (7.65)
1.2D/L+1.6 3.280+(¢anL/¢an)

The allowable load ratios based on the design examples for combined
bending and web crippling are given in Eqs:. (7.66) and (7.67) for ¢b =
0.95 and 0.90 for nominal section strength of sections with stiffened or
partially stiffened compression flanges and unstiffened compression

" flanges, respectively.
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-For beams with single webs (¢w = 0.75),

(PT)LRFD ) D/L+1 [ 6.305+1.183(PnL/Hn) (7.66)
(P,T)ASD 1.2D/L+1.6 | 4.280+(0. 75/, ) (P L/M )

.For I-sections (¢w = 0.80),
(PT)LRFD i D/L+1 [ 6.195+1.173(P_L/M_) .67
(P.r)ASD 1.2D/L+1.6 3.280+(0.80/¢b)(PnL/Hn)

. Eqs. (7.66) and (7.67) can be expressed in the following form: "
(P..) D/L+1 '

TLRFD _ (k) (7.68)

(PT)ASD 1.2D/L+1.6 :

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

Because the-interaction combines moment and web crippling, the al-
lowable load ratio is rathér complex. It is not only a function of dead- -
to-live load ratio but is also a function of span length, cross sectional
geometry, and material strength. Several individual beam sections with
different conditions were studied due to the complexity involved in the
comparison.

Figures 23 and 24 show the relationships between allowable load ratio
and dead-to-live load ratio for various channel sections with stiffened
flanges using L = 5 ft and FY = 33 ksi. Tables XXX and XXXI present section
properties and calculated member strengths for several channel sections
with stiffened flanges selected from Table 1 of Part V of the AISI Design
Manual. In these two figures for D/L = 0.5, the allowable web crippling
loads determined by LRFD are from 1.1% to 1.5% larger than that permitted
by allowable stress design. The channel sections with the smaller h/t

" ratios resulted in largef values of allowable load ratio. Therefore, with
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increasing h/t ratio, the difference between the allowable loads obtained
from these two design methods decreases. '

Figure 25 shows how the span length and yield point of steel affect
the allowable load rati§ for channels with stiffehgd flanges. Table XXXII
presents calculated member strengths for different span lengths and &ield
‘'points. As shown in this figure, larger spén lengths will result in
slightly higher values of the allowable load ratio. Also from Figure 25,
it can be seen that yield point of steel has a negligible effect on the
allowable load ratio.

Similar tyﬁes of comparison were also studied for channels with un-
stiffened flangeé and I-sections with stiffened flanges. In general, the
-allowable load ratios computed for ghannels with stiffened flanges (¢b
= 0.95, ¢w = 0.75) are larger than those computed for channels with un-
stiffened flanges (¢b = 0.90, ¢w = 0.75) but smaller than those computed
for I-sections with stiffened flanges (¢b = 0.95, ¢w = 6.80). Detailed

information can be obtained from Reference 36.

E. COMPARATIVE STUDY OF CONCENTRICALLY LOADED COMPRESSION MEMBERS

The unfactored load applied to the member can be computed for both
design methods by using the following formula:

P, =P

T DL+PLL (7.69)

where

o
i

T unfactored compreséive load

pr = compressive load due to the nominal axial dead load

o
#

L = compressive load due to the nominal axial live load
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Channels With Stiffened Flanges
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Section h/t P M

n n 4>an Kw

(Kips) (K-in.) (K-in.)
8x3x0.105 70.62 7.144 124.769 118.531 1.4830
5%2x0.105 42.05 © 7.455 49.625 47.144 1.4890

*Fy=33ksi,L=60in.,N=6in.
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Figure 23 Allowable Load Ratio vs. D/L Ratio for Combined

Bending and Web Crippling - Case 1
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Table XXXI

Channels With Stiffened Flanges, 5 in. Depths

Section h/t Pn Mn ¢an Kw
(Kips) (K-in.) (K-in.)

5x2x0.075 62.17 4.443 36.917 35.071 1.4876

0.048 98.26 2.148 21.795 20.705 1.4863

* Fy = 33 ksi, L = 60 in., N = 6 in.
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Table XXXII
S5 in. x 2 in. x 0.105 in. Channels With Stiffened Flanges

for Various Lengths and Yield Points

FY | L Pn Mn ¢an Kw
(ksi) (in.) (Kips) (K-in.) (K-in.)
33 0 7.455 49.625 47.144 1.4731
25 - 7.455 49.625 47.164 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
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The total unfactored load should be‘less than or equal to the allowable
. loads computed from allowable stress design and LRFD. For allowable stress
design, the allowable load is ‘
=P /Q (7.70)
For LRFD, the allowable axial load can;be computed by using the following
equation developed from Eq. (7.4):
(Pa)LRFD = ¢an(D/L+1)/(1.2D/L+1.6) | (7.?1)

- Then, the allowable load ratio can be determined as follow:

(P.) ¢ P D/L+1 D/L+1
a’LRFD _ “c'n [ ]= o.ssnc[—] (7.72)
(P asp  Po/Q L1.2D/141.6 1.2D/L+1.6

For fully effective sections having wall thickness greater than 0.09 in.
and F, > Fy/z, |
Q_ = 5/3+(3/8)R-(1/8)R> | (7.73)

where

R = /(Fy/ZFe) (7.74)
Therefore, the allowable load ratio is ‘

5 3 1 D/L+1

(P)
a’LRFD _ o g5 —+ —R - —&° (7.75)
(P,) xsD 3 8 8 1.2D/L+1.6

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

is
(P) D/L+1 D/L+1
8 LRFD _  85(23/12) ———— = 1.629 ——— (7.76)
. +1. . +1.
(P,) asp 1.2D/L+1.6 1.2D/L+1.6

Figure 26 shows the allowable load ratio versus dead-to-live load
ratio for the columns used to develop Eq. (7.76). For this case, the LRFD

criteria always permit larger allowable loads than the allowable stress
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design. For D/L = 0.5, the LRFD criteria gives. an allowgble load about
11% greater thaﬁ the load obtained by using allowable stress design.

The allowable load ratio versus slenderness ratio, KL/r, for columns
having fully effective sections, t 2 0.09 in., and Fe > Fy/2 is shown
in Figure 27. For this case, the LRFD criteria were found to be conserv-
ative for short columns as compared with allowable stress design. As
shown in Figure 27, higher yield point materials give slightly higher

values of the allowable 1load ratio.

F. COMPARATIVE STUDY OF COMBINED AXTAL LOAD AND BENDING

Because of the complexity of the interaction formulas, this compar-
ison was studied by using two different kiﬁds of sections, namely,
doubly-symmetric sections and singly-symmetric sectiéns..

1. Doubly-Symmetric Sections. I-sections bending about the x-axis
were considered. A typical design example was selected, and the allowable
axial loads were calculated by using the three interaction equations for
each design method. The example used .a beam-column with equal moments
applied to each end so thqf the member is bent in single curvature. Since
the end moments are independent of the axial load, the ratio of the un-
factored applied moment to the nominal moment capacity based on section
strength, HT/MHO, was considered to be-a parameter in the equations for

determining the allowable loads.

For allowable stress design the allowable axial loads were computed

as follows:

P
- = (7.77)
P, B /R, P
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H MT = (MT/Mno)(Mno/Mn)

M 0.6!1n ' 0.6

(7.78)

P, = applied unfactored axial load

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

0
n

factor of safety of axially loaded compression members

The use of Eqs. (7.77) and (7.78) results in the following interaction-

formula:

QP C (M./M_ (M /M)
c T + m T "no no’ ‘n° _ 1.0 (7.79)
P_ 0.6(1-Q _P,/P_)

where
Pcr = Euler buckling load
By solving for PT in the first term of Eq. (7.79), the following equation

for allowable load is obtained :

mo 1|z (7.80)

Cm(MT/Hno)(H ™ )] Pn
Q
c

(P..) = [}-
T/ASD1
0'6(1-QCPT/Pcr)
Equation (7.80) is based on the failure at the midlength of the beam-
column and requires a solution by iteratioms.

The following expression was used to solve for the allowable load

based on the failure at the braced points:

P P QP
= LI C»T (7.81)
Pao Pno/Qc Pno
where
P = allowable axial load determined with F_ = F
- a0 n y

The use of Eqs. (7.78) and (7.81) results in the following interaction

formula:
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QP (M./M_ )M /M)
c T+ TI' "no” *"mno’ "n’ _ 1.0 (7.82)

P 0.6
no

By solving for P

T in Eq. (7.82), the following equation for allowable load

is obtained :

(7.83)

®.) ' - [1- (MT/Hno)(Mno/Mn)] Pro
T/ ASD2 | 0.6 Qc

Equation (7.83) is based on the failure at the braced points.
When P/Pa < 0.15, the following interaction formula can be written

by using Eqs. (7.77) and (7.78) :

QP M /M_O(M_ /M)
c T+ T/ "no no’ n” _ 1.0 (7.84)

P 0.6
n ,

By solving for PT in Eq. (7.84), the following equation for alléwable load

is obtained :

—_— (7.85)

(P.) = [}-
T/ASD3
Q

(HT/Hno)(Hno/Mn) Pn
0.6

Cc

Equation (7.85) is based on the flexural failure when the effect of the

secondary moment is neglected.

For LRFD, the allowable axial loads were computed in accordance with

Eq. (7.4) as follows :

P _ 1.2D/L+1.6 [ PT
= (7.86)
o P, D/L+1 Lo P
M, . 1.2D/L+1.6 (uT/nno)(nno/un)
= (7.87)
oM, D/Lfl L o,
P, ~‘1.2D/L+1.6 r Py
- = (7.88)
'¢c E D/L+1 .¢cPE
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The use of Eqs. (7.86), (7.87), and (7.88) results in the following

interaction formula:

1.20/L+1.6 ( P C (M. /M_)(M_/M )
LI m T 1o nom = 1.0 (7.89)

D/L+1 | &P q)b[l-(l.2D/L+1.6)PT/(D/L+1)¢CPE]

By solving for PT in the first term of Eq. (7.89), the following equation

for allowable load is obtained :

D/L+1 C (Mp/M_ (M /M )

- ¢ P

cn

(P,) = .
TLREDL | 1.20/L+1.6 @, [1-(1.2D/L+1.6)P/ (D/L+1)0_P)

(7.90)
Equation (7.90) is based on the flexural failure at the midlength of the
beam-cﬁlumn and requires a solution by iterationms.
The following expression was used to solve for the allowable load
based on the failure at the braced points:

P 1.2D/L+1.6 [ P
U [ T ] (7.91)
o

¢an° D/L+1 ¢an

The uﬁe of Eqs. (7.87) and (7.91) results in the following interaction

formula:
1.2D/L+1.6 [ Pr ("T/“no)("no/"n)]

¢ano ¢b
By solving for PT in Eq. (7.92), the following equation for allowable load

= 1.0 (7.92)

D/L+1 .

is obtained :

(7.93)

P _ D/L+1 i (HT/Hno)(Hno/Hn)] o
T'LREDZ | 1.2p/L+1.6 o ¢ no
Equation (7.93) is based on the failure at the braced points.

When Pu/(¢an) < 0.15, the following interaction formula can be

written by using Eqs. (7.86) and (7.87) :
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(7.94)

1.2D/L+1.6 [. Pr \ (MT/MHO)(MHO/Hn)] 1o
D/L+1 ¢an ¢b
By solving for PT in Eq. (7.94), the following equation for allowable load

is obtained :

(7.95)

(Pp) kD3 = [ . (MT/M”°)(H“°/H“)]¢an
1.2D/L+1.6 &y

Equation (7.95) is based on the flexural failure when the effect of the ’

secondary moment is neglected.

Equations (7.80), (7.83), and (7.85) for determining the allowable
axial load based on allowable stress design and Eqs. (7.90), (7.93), and
(7.95) for determining the allowable axial léad based on’LRFD are very
complex and utilize iterations with multiple variables. The allowable
load ratios, (PT)LRFD/(PT)ASD’ for various lengths combined with differ-
ent applied end moment ratios, MT/MnO, with respect to the beam strength-
of the member were studied. Typical I-sections and their section proper-
ties used in this study were obtained from Tables 5 and 6 of Part V of
the AISI Cold-Formed Steel Design Manual.

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 28 shows the allowable
load ratio versus dead-to-live load ratio for a & ft length with various
end moment ratios, MT/HnO. This figure is based on Eqs. (7.80) and (7.90)
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
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on the end moment ratio as shown in Figure 28. For D/L-> 0.35, the larger
the end moment ratio, the higher the allowable load ratio. For example,

for D/L = 0.5, the (P ratios are 1.137 and 1.117 for

P1rry/ P asp
MT/Mno_= 0.3 and 0.1, respectively.
Figure 29 shows the allowable load ratio based on Eqs. (7.83) and
(7.93) versus dead-to-live load ratio for the same I-section used in
Figure 28. Figure 29 is based on failure at the braced points which cor-
responds to Eqs. (7.83) and (7.93). For D/L = 0.5, the allow;ble loads
obtained from LRFD are from 11.6% to 13.6% greater than allowable loads
determined from allowable stress design for end moment ratios from 0.1
to 0.3.

Figures 30 and 31 show the relationships between allowable load ratio
and dead-to-live load ratio for end moment ratios of 0.2 and 0.3, re-
spectively. The different curves in each figure represent different
lengths of the‘é.S 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 relationships between the allowable load ratio and column length
are shown in Figures 30 and 31 for various D/L ratios. Figures 32 and 33
show the allowable load ratio versus slenderness ratio, KL/ry, for end
moment ratios of 0.2 and 0.3, respectively. Each curve in the figure re-

presents a different D/L ratio for the same I-section used in Figures 28

through 31. As shown in these two figures, the allowable load ratio
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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 LﬁFD metho& would permit a larger load than the ASD method.

" ‘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 34 shows the allowable load
ratio, based on Egs. (7.80) and (7.90), versus dead-to-live load ratio
for various end moment ratios. This figure is also based on flexural
failure at the midlength of the beam-column which governs the design for

this case. The curves without star symbols are for Cm = 1.0. They are the
same as those shown in Figure 28 for the 4 in. deep I-section. For this
case, the yield point of steel would not affect the allowable load ratio.
For D/L = 0.5 and HT/Mn° = 0.1, the allowable load compu?ed froﬁ LRFD is
11.6% greater than the value determined from allowable stress design.
However, for D/L = 0.5 and HT/Mno = 0.3, the allowable load computed from
LRFD is 13.6% higher than the value computed from allowable stress design.

The curves with star symbols in Figure 34 are for the same I-section
except that the coefficient, Ch’ is 0.85. The value of 0.85 is used for
unbraced beam-columns and beam~columns with restrained ends subject to
transverse loading between its supports. For small end moment ratios, the
Cm value has a negligible effect on the allowablexload ratio. The effect
of Cm on the allowable load ratio increases as the end moment ratio in-
creases as shown in Figure 34. It can be seen ;ﬁat for D/L < 1/3, the

allowable load ratios computed for Cn = 0.85 are larger than those for

Cm = 1.0.
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I-sections with unstiffened flanges were studied in a similar man-
ner. The results of the comparative study are similar to those obtained
from the study of I-sectioms with stiffened flanges. Detailed information
can be found in Rgfereuce 36.

2. Singly-Symmetric Sections. The allowable eccentric axial loads
were calculated for allowable stress design apd LRFD. The applied end
moments are a result of the eccentric axial loads, and can be calculated

using the following equation:

HT = eTPT (7.96)
where
ep = e - e
e = eccentricity of the axial load with respect to the
centroidal axis of the full section, negative when on the
shear center side of the centroid
e, =" distance between the centroid of the full section and the

centroid of the effective section, negative when on the shear
center side of the céntroid of the full section
Procedures similar to the ones>made to solve for the allowable loads
of beam-columns with doubly-symmetric shapes were used to solve for the
allowable loads for members with singly-symmeﬁric shapes.
For allowable stress design, the interactién formula for flexural
. failufe at thé midlength of the beam-column can be obtained by using Eqgs.
(7.77), (7.78), and (7.96) as follow:

QcP'l‘ cueTPT
+ = 1.0 (7.97)
P 0'6Hn(1-QcPI/Pcr)

n
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By solving for PT in Eq. (7.97), the following equation for allowable load

is obtained :

1.0
(P ) = . (7 . 98)
T7ASD1 a c er
c + m
P, 0.6M (1-Q Py/P )

Equation (7.98) requires a sqlution using iterations, since the allowable

axial load is a function of fhe actual axial load , PT‘

For flexural failure at the braced pointé, the interaction formula

used for the allowable stress design can be obtained by using Eqs. (7.81),

(7.78), and (7.96) as follow:

QP e
cT, TT | 1.0 (7.99)

P 0.6M
no n

By solving for P, in Eq. (7.99), the following equation for allowable load
T

is obtained :

(P (7.100)

1)asp2 =

Pno 0.6Hn

For allowable stress design, the interaction formula based on

flexural failure without the effect of secondary moment can be obtained

by using Egqs. (7.77), (7.78), and (7.96) as follow:

QP e

cT, T =1.0 (7.101)
P 0.6M

n n

The following equation for allowable load is obtained by solving for P.r

in Eq. (7.101):.
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1.0

(P (7.102)

1)asp3 = -

T
0.6M
n

Qc
—
P
n
For LRFD, the interaction formula for flexural failure at thg
midlength of the beam-column can be obtained by using Egs. (7.86), (7.88),

and (7.96) as follow:

1.20/L+1.6 [ P ‘ C e P
T, mTT ‘ = 1.0(7.103)

D/i+1 | o P &M (1-(1.2D/L+1.6)P1/(D/L+1)$ Pp]

By solving for PT in Eq. (7.103), the following equation for allowable
load is obtained :

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

T)LRFDI = (7.104)
1 C e
+ m7T

® P &M [1-(1.20/L+1.6)P./(D/L+1)o P;]

(P

Equation (7.104) requires a solution by using iterations, since the al-
lowable axial load is also a function of the actual axial load.

For flexural failure at the braced points, the interaction formula
used for the LRFD can be obtained by using Eqs. (7.91), (7.87), and (7.96)
as follow:

1.2D/L+1.6 P e, P
[ T + T ] = 1.0

D/L+1 ¢cpno ¢bun

(7.105)

By solving for PT in Eq. (7.105), the following equation for allowable

load is obtained :

(D/L+1)/(1.2D/L+1.6)
T)LRFD2 = (7.106)
1 e
. LT

q’<:Puo ¢an

(P
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For LRFD, the interaction formula based on flexural failure without
the effect of secondary moment can be obtained by using Eqs. (7.86),
(7.87), and (7.96) as follow:

e..P
T, TT] =1.0- . (7.107)
¢an ¢an

1.2D/L+1.6 P

D/L+1 [
The following equation for allowable load was obtained by solving for P
in Eq. (7.107):

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

(P (7.108)

T LRFD3 = 1

+ °T
¢an .¢an

The equations to be used for the allowable eccentric axial load for
allowable stress design and LRFD are very complex and utilize iterations
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.

A channel (4 in. x 2 in. x 0.105 in.) with stiffened flanges was
studied as a beam-column subjected to an eccenmtric load4app1ied at each
end. Figure 35 shows the allowable load ratio versus eccentricity for the
channel with an effective length of 5 ft, D/L = 0.5, and Cm = 1.0. From
this figure, it can be seen that the smaller the eccentricity the larger
the allowable load ratio and this relationship holds for both positive
and negative eccentricities.

The top line in Figure 35.represents the same channel section with

a yield point of 50 ksi. The allowable load ratios in this case are

slightly greater than that co-?uted with Fy =.33 ksi.

T
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Figure 36 shows the relationship between allowable 'load ratio and
dead-to-live load ratio for the 4 in. deep chagnel 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 p01nt steels result in slightly higher
values of the allowable load ratio as seen in Figures 35 and 36. From the
camputer output, the value gf Fy has a negligible‘effect on the allowable
load ratio for the same channel with - 0.25 in. < e < + 0.25 in. and ef-
fective length equals to 5 ft.

Figure 37 shows the allowable load ratio versus slendermess ratio,
KL/ry, for the channel (4 in. x 2 in. x 0.105 in.) with stiffened flanges
and D/L = 1/5. The curves represent yield points of 33 and 50 ksi for
the channel with e = + 1.29 in. For Fy = 33 ksi, the allowable load ratio
increases slightly as the slenderness ratio increases up to KL/ry = 160.
For KL/rY > 160, the allowable load ratio decreases as the slendermness
ratio increases. The slenderness ratio has a larger effect on the al-
lowable load ratio for the channel with Fy = 50 ksi as compared with Fy
= 33 ksi. For Fy = 50 ksi, the allowable load ratio increases as the
slenderness ratio increases up to KI./ry = 130. For KL/ry > 130, the al-
lowable load ratio decreases as the slenderness ratio increases.

A deeper channel (6 in. x 2.5 in. x 0.105 in.) with stiffened
flanges was alsorstudied. 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 38. The bottom line represents the curve for Cm = 1.0

which would be used for braced frames. For this case, the curve is similar

to that shown in Figure 35 for the 4 in. deep channel-
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The top line in Figure 38 represents the same channel with Cm = 0.85.
This value of Cm is used for unbraced frames and beam-columns with re-
strained ends subjected to transverse loading‘between its supports. The
curve for Cm = 0.85 is similar to the curve for C_ = 1.0 except that Cm
= 0.85 results in a higher allowable load ratio than Cm = 1.0. The effect
of the value of Cm on the allowable load ratio is neglegible for - 0.25
in. < e < + 0.25 in. as shown in Figure 38.

Figu£e 39 shows the allowable load ratio versus dead-to-live load
ratio for the channel used in Figure 38. The curves represent the allow-
able load ratios for various eccentriéities by using Fy = 33 ksi and Cm
= 1.0. It can be seen from this figure that the eccentricity does not
affect the shape .of the curve but does affect the value of the allowable
load ratio. |

Channels with unstiffened flanges were studied in a similar manner.
The curves obtained for channels with unstiffened flanges are similar to

these curves obtained for channels with stiffened flanges. Detailed in-

formation can be found in Reference 36.

G. COMPARATIVE STUDY OF STIFFENERS
1. Transverse Stiffeners. The unfactored load applied to the

stiffener can be computed for both design methods by using the following

formula:

Pp = P tPrL (7.109)
where |

P.. = unfactored compressive load
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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

(Pasp1 = Pn1/9%%¢ : (7.110)

(Padasp2 = Pna/Qc - (7.111)
Eq. (7.110) serves to prevent end crushing of the transverse stiffeners
while Eq. (7.111) is to prevent column-type buckling of the web-
stiffeners.

For LRFD, the allowable axial loads can be computed by using the

following equations developed from Eq. (7.4):

(Pa)LRFDl = ¢ani(D/L+1)/(1.2D/L+1.6) (7.112)
(Pa)LRFDZ = ¢an2(D/L+1)/(1.2D/L+1.6) (7.113)
where
Pnl = nominal coméression strength for Fhe preyention of end
crushing of the transverse stiffeners
Pn2 = nominal compression Strength for the prevention of

column-type buckling of the web-stiffeners

In order to study the allowable load ratios, three different cases

were considered:

(1) Case 1: Pn1 < th, then Eqs. (7.110) and (7.112) can be used to de-

termine the allowable load ratio as follows:

P D/L+1 D/L+1
Pz _ o 17— (7.114)
St C,.2D/L+1.6 1.2D/L+1.6

(Pa)asp
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1> Pha

can be ﬁsed to determine the allowable load ratio as follows:

: | . (7. d (7.113
(2)‘Case 2: Pn and Pn1/Qst > PnZ/Qc’ then Eqs. (7.111) and ( )

(P) D/L+1 D/L+1
a’LRFD _ Q_o, = 0.85Q_ (7.115)
: . +1.
(P,)xsp 1.2D/L+1.6 1.2D/L+1.6
where ‘
Q_ = 5/3+(3/8)R-(1/8)R> | (7.116)

R = ,/(Fy/zre) ‘ (7.117)

(3) Case 3: Pn > Pnz and PnI/QSt < PnZ/Qc’ then Eqs. (7.110) and (7.113)

1

can be used to determine the allowable load ratio as follows:

(P ). P D/L+1 P D/L+1
a’LRFD _ o o “2[ ]=1.7 "2[ ] (7.118)
6

st’c 1.2D/L+1.6 P . |1.2D/L+1.

(Pa)ASD Pn1 nl

Figure 40 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined
by Eq. (7.114). For this case, the LRFD criteria always'permit larger
allowable loads than the allowable stress Qesign. For D/L = 0.5, the LRFD
criteria give an allowable load about 16% greater than the load obtained
by using allowable stress design. | |

Figure 41 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined
by Eq. (7.115). Different curves represent different values of Qc. For
Qc values from 1.67 to 1.92 and D/L = 0.5, the allowable loads determined
by LRFD criteria are from 3.2% lower to 11.2% higher than the allowable
loads determined by the allowable stress design.

Figure 42 shows the allowable load ratio versus dead-to-live load
ratio for the compression strength of transverse stiffeners determined

by Eq. (7.118). Different curves represent different values of PnZ/Pnl'
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For P ,/P_, values from 0.835 to 1.0 and D/L = 0.5, the allowable loads
determined by LRFD criteria are from 3.2% lower to 16% higher than the
allowable loads determined by the allowable stress design.

2. Shear.Stiffgng;s. The unfactored shear force can be calculated

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

= Vo +V (7.119)

v otV

T

where

total unfactored shear force

<
L]

\'/ = shear force due to the nominal dead load

shear force due to the nominal live load

<3
]

This total unfactored shear force should be less than or equal to the
allowable shear capacity. For allowable stress design, the allowable

shear load is

(Va)ASD = Vn/Q (7.120)

For LRFD, the allowable shear load equation was developed from Eq. (7.4)
and is
(va)LRFD = ¢vVn(D/L+1)/(1.2D/L+1.6) (7.121)

The allowable shear force, Va, for allowable stress design is de-
termined from shear yielding with a factor of safety of 1.44, from the
critical stress for elastic shear buckling with a factor of safety of
1.71, and from the critical stress for inelastic shear buckling with a
factor of safety of 1.67. The limits of the h/t ratio were obtained by
.equating the formulas for the three shear failure modes for both allowable
stress and LRFD criteria. Because each failure mode has a different factor

of safety, the h/t limits are slightly different for both design criteria.

The allowable shear ratios are:
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For h/t < ,/Ekv/Fy and mv = 1.0,

(v.)) . D/L+1 D/L+1
a’LRFD _ 1.4430, = 1.443 —— (7.122)
+1. . +1.6
(V) asp 1.2D/L+1.6 L2014

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

(v.) D/L+1 D/L+1
a"LRFD _ 16740 = 1.507 ————— (7.123)
. .2D/L+1.
(V) asp 1.2D/L+1.6 1.2D/L+1.6

For h/t > l.lrl.‘SJEkv/Fy and ¢v = 0.90,

D/L+1 D/L+1
v = 1.541
1.2D/L+1.6 1.2D/L+1.6

V) LreD

= 1.712¢ (7.124)

(va)ASD
It should be noted that for h/t greater than 1.38Jfkv/Fy and less than

1.415J§E;7f;, inelastic shear buckling will govern for LRFD.

| Figure 43 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 ob-
tained from allowable stress design. For D/L < 0.17, LRSD is generally
conservative. When D/L > 0.65, LRFD gives larger values of the allowable
shear capacity. It can be seen that this figure is identigal to Figure

16 which was obtained for the shear strength of the beam webs.

H. COMP STUDY O STUDS A SSE

1. Wall Studs in Compression. The unfactored load applied to the
member can be coﬁputed for both design methods by using the following

formula:

T ~ DL "LL . (7.125)
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PDL = compressive load due to the nominal axial dead load

PrL

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

= compressive load due to the nominal axial live load

loads computed from allowable stress design and LRFD. For allowable stress

design, the allowable load is
(Pa)ASD = Pn/Qc (7.126)
For LRFD, the allowable axial load can be computed by using the following

equation developed from Eq. (7.4):

(Pa)LRFD = ¢an(D/L+1)/(1.2D/L+1.6) (7.127)
Then, the allowable load ratio can be determined as follows:
(P.) ¢ P D/L+1 D/L+1
a’LRFD _ cn [ ]= 0.85Q ———— (7.128)
. (Pa)ASD Pn/Qc 1.2D/L+1.6 1.2D/L+1.6

For fully effective sections having wall thickness greater than 0.09 in.
and F_ > Fy/;,
Q_ = 5/3+(3/8)R~(1/8)R’ (7.129)

Therefore, the allowable load ratio is

(P) s 31 D/L+1
2 IRFD _ 9.85( =+ =R - =R° | ———— (7.130)
3 8 8 J1.2p/L+16

(Pa)ASD
For all other cases, Qc =1.92 = 23/12, therefore the allowable load ratio

is
(P ) D/L+1 D/L+1
_8'LRFD _  85(23/12) ————— = 1.629 ——— (7.131)
(P) xsp 1.2D/L+1.6 1.2D/L+1.6

Figure 44 shows the allowable load ratio versus dead-to-live load
ratio for the wall studs used to develop Eq. (7.131). For this case, the

LRFD criteria always permit larger allowable loads than the allowable
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stress design. For D/L = 0.5, the LRFD criteria gives an allowable load
- about 11% greater than the load obtained by using allowable stress design.

Figure 45 shows the allowable load ratio versus dead-to-live load
ratio for the wa}l studs used to develop Eq. (7.130). Different curves
represent different values of R. For R varies from 0 to 1 and D/L = 0.5,
the allowable loads determined by LRFD criteria are from 3.2% lower to
16% higher than the allowable loads determined by the allowable stress
design.

2. Yall Studs in gend;ng. The unfactored moment can be calculated
by using Eq. (7.132) for both methods (ASD and LRFD).

Mpr = M

™ DL+MLL (7.132)

where

=
n

TL total unfactored moment

pr, = moment due to the nominal dead load

=
\

LL'- moment due to the nominal live load
For allowable stress design, the allowable moment is determined from
the nominal section strength with a factor of safety of 1.67. Therefore,
the allowable moment for beams is
(Ha)ASD = Hn/Qf = Hn/1.67 (7.133)
For LRFD, the allowable moment can be computed by using the following
equation developed from Eq. (7.4).
(Ha)LRFD = ¢an(D/L+1)/(1.2D/L+1.6) (7.134)

The ratio of the allowable moments is |

M) | D/L+1
a’LRFD _ ) 7
(M,),en 1.2D/L+1.6

(7.135)
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For sections with stiffened or partially stiffened compression flanges,

¢, = 0.95
M) D/L+1
a’LRFD _ ;55 : (7.136)
(Ma)ASD 1.2D/L+1.6

Figure 46 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. How-
ever, 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 coﬁpression flanges, ¢b = 0.90

M) D/L+1

(M) asp 1.2D/L+1.6

Figure 47 shows the allowable mqnent.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 com-
pression flanges as compared with the allowable stress design method.

3. Wall Studs With Combined Axial Load and Bending. 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 equatiqns for each design method. The example
uéed 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
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moment capacity based on section strength, HT/Mno’ was considered to be
a parameter in the equations for determining the allowable loads.
For allowable stress design the allowable axial loads were computed

as follows:

P
—=_1 -_cT (7.138)
Pa Pn/Qc Pn
M M M. /M
S S (7.139)
Hao O.6Hﬁ° 0.6
where
PT = applied unfactored axial load
MT = applied unfactored bending moment at each end of the member
Qc = factor of safety of axially loaded compression members

The use of Eqs. (7.138) and (7.139) results in the following interaction

formula:

QP C (M./M_ ) . .
cT , m T no = 1.0 (7.140)

Pn 0‘6(1-QCPT/Pcr)

By solving for PT in the first term of Eq. (7.140), the following equation
for allowable load is obtained : |

Cm(MT/Mno) Pn
0.6(1-QCPT/Pcr) Q

Cc

Equation (7.141) is based the failure at the midlength of the beam-column
and requires a solution by iterationms.
The following expression was used to solve for the allowable load

based on the failure at the braced points:

P By QR
= = (7.142)

P P _/Q'c Pno
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The use of Eqs. (7.142) and (7.139) results in the following interaction

formﬁla:
QP (M/M_ )
T
<+ "1/ Mo =1.0 ‘ : (7.143)
P 0.6
no

By solving for PT in Eq. (7.143), the following equation for allowable

load is obtained :

7(7.144)

0.6 Q

,(HT/Mno)] Pno
c

(Ppdaspz = [1'
Equation (7.144) is based on the failure at the braced points.
When P/Pa < 0.15, the following interaction formula can be written
by using Eqs. (7.138) and (7.139) :

QP /M :
cT, "1 10=1.0 (7.145)

P 0.6
n

By solving for PT in Eq. (7.145), the following equation for allowable

load is obtained :

M../M P
T "no| n
(P,) =|1- _ . (7.146)
T7ASD3 [ 0.6 ] Qc

Equation (7.146) is based on the flexural failure when the effect of the

secondary moment is neglected.

For LRFD, the allowable axial loads were computed in accordance with

Eq. (7.4) as follows :

P 1.2D/L+1.6 [ P
a o T (7.167)
oF, ML Lok,
1.2D/L+1.6 [ M./M
U #1/%n0 (7.148)

) ¢buno D/LA1 L %
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P 1.2D/L+1.6 PT ,

u , (7.149)
¢CPE D/L+1 ¢cPE

The use of Eqs. (7.147), (7.148), and (7.149) results in the following

interaction formula:

1.20/1+1.6 (P C_(M./M_)
T 4 m_ T no = 1.0(7.150)

D/L+1 | & P ¢b[;-(1.2D/L+1.6)PT/(D/L+1)¢CPE]

By solving for PT in the first term of Eq. (7.150), the following equation
for allowable load is obtained :

D/L+1 cm(HT/Mno)

) = - o P
TLREDL 1 3.20/L+1.6 o [1-(1.2D/L+1.6)P/(D/L+ D)o PY [ © ©

(P

(7.151)

Equation (7.151) is based on the flexural failure at the midlength of the °
beam-column and requires a solution by iteratioms. ‘

The following expression was used to solve for the allowable load

based on the failure at the braced points:

Pu . 1.2D/L+1.6 [ PT ]

¢cpno D/L+1 q’(:Pno

(7.152)

The use of Eqs. (7.152) and (7.148) results in the following interaction
formula:

1.2D/L+1.6 [ Py (nT/uno)]
b 0

D/L+l 9P &y

= 1.0 (7.153)

By solving for PT in Eq. (7.153), the following equation for allowable

load is obtained :

D/L+1 M/M_)
T’ “no
(P B ]¢cpno

) = '
T/LRFD (7.154)
2 1.2D/1L+1.6 ®,

Equation (7.154) is based on the failure at the braced points.



235

When Pu/(¢an) S 0.15, the following interaction formula can be
written by using Eqs. (7.147) and (7.148) :

1.2D/L+1.6 P M../M_ )
[ T + T/ “no ] = 1.0

D/L+1 ®.P )

(7.155)

By solving for PT in Eq. (7.155), the following equation for allowable

load is obtained :

(7.156)

e - [ DLt (H']_‘/Mno)] 02,
1.2D/L+1.6 . LN

Equation (7.156) is based on the-flexural failure when the effect of the
secondary moment is neglected. °

Equations (7.141), (7.144), and (7.146), for determining the allow-
able axial load based on allowable stress design, and Eqs. (7.151),
(7.154), and (7.156), for determining the allowable axial load ‘based on
LRFD, are very complex and utilize iterations with multiple variables.
The allowable load ratios, (PT)LRFD/(PT)ASD’ for various lengths combined
with different applied end moment ratios, MT/Mno’ with respect to the
bending stfength of the member were studied. The wall studs used in this
study use 1/2 in. gypsum board with No. 6 type S5-12 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 De-
sign 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 48 shows the

allowable load ratio versus dead-to-live load ratio for a 15 ft length

with various end moment ratios, M,/M . For a D/L ratio around 0.05, the



236

LRFD criteria give an allowable load that is about 3% 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 computedvby using these two methods depends on the
eﬁd moment ratio as shown in Figure 48. For D/L > 0.05, the larger the
end moment ratio, the higher the éllowable load ratio. For example, for
D/L = 0.5, the (PT)LRFD/(PT)ASD ratios are 1.202 and 1.131 forvHT/Hno =
0.3 and 0.1, respecfively.

Figure 49_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 éf 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 allow-
able 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 50 shows the allowable load ratio versus dead-to-live load ratio
for various end moment ratios. The curves without star symbols are for
Fy = 33 ksi and the curves with star symbols are for F_ = 50 ksi. They
are the same as those shown in Figure 48 for the 7 in. deep channel sec-
tion. For this case, the yield point of steel would not affect the al-
lowable load‘ratio. For D/L = 0.5 and HT/Mno = 0.1, the allowable load

computed from LRFD is 13.4% greater than the value determined from al-

lowable stress design. However, for D/L = 0.5 and HT/Hno = 0.3, the
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allowable load computed from LRFD is 20.7% higher thaﬁ the value computed
from allowable stress design.

The curves with and without star symbols'in Figure 51 are for Cm =
0.85 gnd 1.0, respectively, and for Fy = 33 ksi. The value of 0.85 is
used for unbraced wall studs and wall studs with restraiﬁed ends subject
to transverse loading between its suﬁports. For small end moment ratios,
the Gm value has a negligible effect on the allowable load ratio. The
effect of Cm on the ailowgble load ratio increases as the end moment ratio
increases as shown in Figure 51. It can be seen that for D/L < 0.05, the
allowable load ratios computed for Cm = 0.85 are larger than those for
Cm = 1.0.

Channel sections with unstiffened flanges were studied in a similar
manner. In general, the allowable load ratios computed for channels with
unstiffened flanges (¢b = 0.90) are smaller than those computed for

channels with étiffeped flanges (¢b = 0.95). Detailed information can

be found in Reference 36.

I. COMPARAT S QF WE 0 TIONS

The allowable load per weld for allowable stress design is (Pa)ASD

computed from the following equation:

(Pa)ASD = Pn/Qw (7.157)

where

Q = factor of safety for arc welded connections
W

= 2.50

For the LRFD criteria, the allowable load per weld can be calculated from

the following equation developed from Eq. (7.4):
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(P )gpp = ®P,(D/L+1)/(1.2D/L+1.6) (7.158)
1. Arc Spot Welds. For the determination of nominal shear strength
based on shearing of the welds, Eq. (5.152) is used in the LRFD criteria.
For allowable stress design, the nominél shear strength is determined with
a coefficient of 0.625, in lieu of 0.589, in Eq. (5.152). Therefore, the

allowable load ratio based on shearing of arc spot welds and ¢ = 0.60

is as follows:

(P.) 0.589 D/L+1 D/L+1
LRFD
a = (2:5¢) = = 1.4146 —— (7.159)
(Pa)ASD 0.625 1.2D/L+1.6 1.2D/L+1.6

Figure 52 shows the allowable load ratio versus dead-to-live load
ratio determined from Eq. (7.159) for weld shear failure of arc'spot
welds. For D/L = 0.5, the allowable load per spot determined from the
LRFD criteria is 3.6% less than the value obtained from allowable stress
design. As shown in the figure, LRFD is conservative for shear failure
in arc spot welds for D/L < 0.9.

Equations (5.153), (5.154), and (5.155) are based on failure in the
plate, and are used in both ASD and LRFD criteria. The allowable load

ratios for plate failure are as follows:

For (da/t) s 0.815,ﬁE/Fu) and ¢ = 0.60,

(P, ) 1prD D/L+1 D/L+1
= 2.5¢ 2 1.50 —— (7.160)
(P.)asp 1.2D/L+1.6 1.2D/L+1.6
For o.s1s.,fE/Fu) < (d/t) < 1.397f(E/F ) and ¢ = 0.50,
(P_)rprp D/L+1 D/L+1
= 2.5¢ = 1.25 — (7.161)
(P.) asD 1.2D/L+1.6 - 1.2D/L+1.6

For (da/t) 2 1.39?J(E/Fu) and ¢ = 0.50,
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D/L+1 D/L+1
= 1.25
1.2D/L+1.6 1.2D/L+1.6

(7.162)

(Py)asp
Equations (7.160), (7.161), and (7.162) are shown in Figure 33 and

are based on plate failure of arc spot welds. As seen from the figure,
for D/L = 0.5, the allowable load ratios computed from LRFD and ASD vary
from about 0.85 to 1.02 depend%ng upon the da/t ratio used'in the con-
nection. For the typical range‘of D/L ratios used in cold-formed steel
construction, LRFD is conservative for the design of arc spot welds when
compared with allowable stress design.

For the determination of nominal tensile strength of afc spot welds,
Eq. (5.158) is used for both ASD and LRFD criteria. In order to study the
comparison between LRFD and ASD criteria, -two types of load combination
.are considered: |

For dead and live load combination with ¢ = 0.65,

(P.) D/L+1 D/L+1
8 IRFD _ , 5o . = 1.625 — (7.163)
(P)asp 1.2D/L+1.6 © 1.2D/L+1.6

For counteracting loads (dead and wind loads) with ¢ = 0.65, the required
nominal load ratios can be computed by using the following equation de-

veloped from Eq. (7.25):

(P) © 1-D/W 1-D/W
ASD :
e = (0.75)(2.5) —— = 1.219— (7.164)
(P_)rFD 1.17-0.9D/W 1.17-0.9D/W
where

(Pn)ASD = required nominal load based on ASD criteria
(Pn)LRFD = required nominal load based on LRFD criteria
Figure 54 shows the allowable load ratio versus dead-to-live load

ratio for temsile strength of arc spot welds determined by Eq. (7.163).
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As shown in this figure, the LRFD criteria always result in higher values
of allowable load than ASD criteria. For D/L = 0.2, the difference between
the allowable loads is 6%. |

Figure 55 shows the required nominal load ratio versus dead-to-wind
load ratio for tensile ;trehgth of arc spot welds determined by Eq.
(7.164). It can be seen that for D/W < 0.15, LRFD criteria will result °
in lower values of required nominal load than‘ASD criﬁe;ia. For D/W >
0.15, LRFD is conservative as compared with ASD criteria.

2. Arc Seam Welds. For the detefnination of nominal shear strength
based on shearing of the welds, Eq. (5.159) is used in the LRFD criteria.
For allowable stress design, the nominal shear strength is determined with
a coefficient of 2.5 in lieu of 0.75n in Eq. (5.159). Therefore, the al-
lowable load ratio based §n shear failure of arc seam welds and ¢ = 0.60

is as follows:

D/L+1 D/L+1
= 0.75n = 1.414
1.2D/L+1.6 1.2D/L+1.6

P | «
Fa)rzrp (7.165)

(Py)asp
Equation (7.165) is idenmtical to Eq. (7.159) which is the allowable

load ratio for arc spot welds based on weld shearing. Figure 52 shows the
relationship between allowable load ratio and dead-to-live load ratio for
this type of failure. As shown in the figure, LRFD is conservative for
shear failure of arc seam welds compared with allowable stress design for
D/L < 0.90.

| Equation (5.160) is based on plate tearing and is used in both ASD

and LRFD criteria. The allowable load ratio for plate failure and ¢ =

0.60 is as follows:
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(P) D/L+1 D/L+1 .
8 LRFD _ ) 5¢ o = 1.50 (7.166)
(Pa)ASD 1.2D/L+1.6 1.2D/L+1.6

Figure 56 shows the allowable load ratio versus degd-to-live load
ratio determined from Eq. (7.166) for plate tearing failure. Both design
methods result in the same value of allowable load for a D/L fatio of 1/3.
The allowable load based on LRFD is 2.3% greater than 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.

3. Fillet Welds. Equations (5.164), (5.165), and (5.166) are based
on plate tearing and are used in both ASD and LRFD criteria. The allow-

able load ratio can be computed using the following formula:

(P_), D/L+1 .
8 LRFD _ 5 5¢p —0 o (7.167)
(Pa)ASD 1-2D/L+1‘.6 .

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

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

equation:
(Pa)LRFD _ D/L+1
= 1.50 (7.168)
(Pa)ASD 1.2D/L+1.6

For longitudinal loading with L/t 2 25, the resistance factor is 0.55.

Therefore, the following equation can be used to calculate the allowable

load ratio:

(P.) D/L+1
8 LRFD _ , 456 '
(Pa)ASD 1.2D/L+1.6

(7.169)

For transverse loading with ¢ = 0.6, Eq. (7.170) can be used to calculate

the allowable load ratio.



Allowable Load t
e ad Ratio, (Pa)LRFD,(Pa)Asn

1.104

1-05-

247

0.9S

0.30 4

0.85 4

0.30 4

0.7

Eq. (7.160)

.
-
o
-
oo
-

Lo Eq. (7.161) & Eq. (7.162)

g v | IR A Sin e S 4 A A g o

0.2 0.4 0.6 0.8 1.0
Dead-To-Live Load Ratio, D/L

Figure 53 Allowable Load Ratio vs. D/L Ratio for Plate

Tearing of Arc Spot Welds



Allowable Load Ratio, (P,)ipen/(P.),sp

© 1.0S 4

1.204

1.‘5-

1,101 Eq. (7.163)

1.00 4

B S UA S SE Aan AN s ae Any B Aun s s Py

0.0 0.2 0.4 0.6 0.8 1.

Dead-To-Live Load Ratio, D/L

Figure 54 Allowable Load Ratio vs. D/L Ratio for Tensile

Strength of Arc Spot Welds

248



Required
equired Nominal Load Ratio, (Pn)ASD/(Pa)LRFD

V.24

249

°o° 4

0.4

0.2+

1.0 ~‘\‘~“T~

Eq. (7.164)

L o - .2 T - p—— T YTy T —— —v—y

0.2 0.4 0.6 0.8 1.0

Dead-To-Wind Load Ratio, D/W

Figure 55 Required Nominal Load Ratio vs. D/W Ratio for

Tensile Strength of Arc Spot Welds



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

250

1.104
\-OS-
Eq. (7.166)
1.00
0.954
0.90 4
. T Ty Y DRIk Ju Jun Sun M Su St SN SN SNL UL NA S T LARA Sl SUb S Sun S A ama 2 T
0.0 0.2 0.4 0.6 0.8 .

Dead-To-Live Load Ratio, D/L

Figure 56 Allowable Load Ratio vs. D/L Ratio for Plate

Tearing of Arc Seam Welds



251

(P) D/L+1
a’LRFD
, = 1.50 — (7.170)
(P ssp 1.2D/L+1.6

The relationship between allowable load ;étio and dead-to-live load
ratio is shown in Figure 57 for plate fearing failure based on Egs.
(7.168), (7.169), and (7.170). For longitudinally loaded fillet welds,
with L/t < 25 and D/L = 0.5, the allowable load computed from LRFD is 2.3%
higher than the value computed from allowable stress design. For
longitudinally loaded fillet welds, with L/t 2 25 and D/L = 0.5, the
allowable load computed from LRFD is 6.1% lower than the value computed
from allowable stress design.

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

When the thickness of the plate is greater than 0.15 in., weld
shearing has to be checked. Equation (5.167) is used in both ASD and LRFD
criteria. Tﬁe allowable load ratio can be computed using the following

formula with ¢ = 0.60:

D/L+1 D/L+1
= 1.50
1.2D/L+1.6 1.2D/L+1.6

Za LRRD (7.171)

= 2.5¢

(Pa)asp

The relationship between allowable load ratio and dead-to-live load
ratio for weld failure of fillet welds is shown in Figure 58. From the
figure, for D/L = 0.5, LRFD criteria result in an allowable load 2.3%

larger than the value computed from allowable stress design.

4. Flare Groove Welds. Equations (5.168), (5.169), and (5.170) are
based on plate failure, and are used in both ASD and LRFD criteria. The

allowable load ratio can be computed using the following formula:



252

(P) D/L+1
aLRFD__,2_5¢ (7.172)
(P )asp 1.2D/L_+1.6

For flare-bevel groové welds loaded in the transverse directionm, and ¢

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

D/L+1

(7.173)
(Pa)ASD 1.2D/L+1.6

For flare groove welds loaded in the longitudinal directionm, and ¢ = 0.55,

the allowable load ratio can be computed as follows:

(P.) D/L+1
_2 LRFD _ ) .375 (7.174)
(Pa)ASD 1.2D/L+1.6

Figure 59 éhows the relationship between allowable load ratio and
.dead-to-live load ratio computed from Eqs. (7.173) and (7.174). For
transverse loading of flare-bevel groove welds and D/L = 0.5, the allow-
able 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 (5.171) is used in both ASD and LRFD

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

follows:
(Pa)LRFD D/L+1 D/L+1
=2.5¢ = 1.50 . (7.175)
(Pa)ASD 1.ZD/L+116 1.2D/L+1.6

Equation (7.175) is identical to Eq. (7.171) which is the allowable

load ratio for fillet welds based on the same type of failure. Figure 58
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shows the allowable load .ratio versus dead-to-live load ratio for weld
failure of fillet and flare groove welqs. The allowable load ratio based
on LRFD is 2.3% larger than the value based on allowable stress design
fof D/L = 0;5.

5. Resistance Welds. The allowable loads per spot weld for allowable
.stress design were derived from the nominal values listed in-Table XVI
"using a factgr of safety of 2.5. Therefore, the following equation for

allowable load ratio can be used for ¢ = 0.65:

(P) D/L+1 D/L+1
a LRFD _ 2.5¢ = 1.625 —— (7.176)
(P asD 1.2D/L+1.6 1.2D/L+1.6

The relationship between allowable load ratio and dead-to-live load
ratio is shown in Figure 60 for resistance welds. As shown from the fig--
ure, LRFD criteria always result in higher values of allowable load than

allbwable stress design. For D/L = 0.5, the difference between the al-

lowable loads is 10.8%.

J. COMPARAT STUDY OF BOLTED CONNECTIONS
The allowable load per bolt for allowable stress design can be de-
terﬁined as Pa = Pn/Q. For the LRFD criteria, the éllowable load per bolt
can be calculated fxou the following equation developed from Eq. (7.4):‘
(P,)pgpp = OB, (D/L+1)/(1.2D/L+1.6) (7.177)
1. Spacing and Edge Distance. For allowable stress design, the al-

lowable load can be computed for a given edge distance by using the fol-

lowing equations:
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For Fu/Fsy 2 1.15,

(P )gp = 0-5teF, ' (7.178)
For Fu/Fsy < 1.15, |

(P)pgp = 0-45teF, | (7.179)

The allowable load for LRFD can be computed‘using Eq. (7.177). The
allowable loads from Eqs. (7.178) and (7.179) were derived from the nom-
inal strength in Eq. (5.172) using a factor of 2.00 and 2.22, respec-
tively. Therefore, the allowable load ratios based on plate shearing

around the bolt can be computed from the following:

For Fu/FSy 2 1.15, ¢ = 0.70:

(P ) D/L+1
_a’LRFD _ , 4 (7.180)
(P )asp 1.2D/L+1.6

For Fu/Fsy <1.15, ¢ = 0.60:
(P.) D/L+1
_8 LRFD _ ; 33, (7.181)
(Pa)ASD 1.2D/L+1.6

Figure 61 shows the relationships between allowable load ratio and
\ dead-to-live load ratio for Eqs. (7.180) and (7.181). 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.

2. Tension in Connected Parts. For allowable stress design, the
allowable tension on the net section can be computed by Eq. (7.182).

(Pa)ASD = AnFt/Qt : (7.182)

For LRFDQ the allowable tension on the net section can be computed
using Eq. (7.177).

The allowable load for double shear conmnections with washers based

on allowable stress design was derived from the nominal tensile load, and
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a factor.of safety of 2.0. For single shear connections without washers,
a factor of safety of 2.22 was used for allowable stre;s design. The
yielding criteria for the net section was studied in Section VII.C. The
ailowable load rAtios can be computed as follows:

For double shear connections with washers and ¢ = 0.65,

(P) D/L+1 D/L+1
2 LRFD _ 5 09 = 1.30 j (7.183)
(Pa)ASD 1.2D/1+1.6 1.2D/L+1.6
For single shear connections with washers and ¢ = 0.55,
(P ) D/L+1 D/L+1
a IRFD _ 5.22¢ =1.221 ——— (7.184)
(Pa)ASD 1.2D/L+1.6 1.2D/L+1.6
For connections without washers and ¢ = 0.65,
(P) D/L+1 D/L+1
a IRFD _ 5.220 = 1.443 (7.185)
(Pa)ASD 1.2D/L+1.6 1.2D/1.+1.6

Figure 62 shows the allowable load ratio versus dead-to-live load
ratio for the three cases represented by Egs. (7.163), (7.184), and
(7.185). As shown in the figuré, the criteria for tension on the net
section result in a wide range.of allowable load ratios. For D/L = 0.5,
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 diffefence
depends on the use of washers gnd the type of conngctions. Figure 62 also
shows that LRFD is very conservative for connections with washers under
the bolt head and nut, compared with allowable stress design.

3. Bearing. The allowable load based on allowable stress design can
be computed using the following equétion:

= Fptd/Qb (7.186)

(Padasp ) ‘
For LRFD, Eq. (7.177) can be used to calculate the allowable load.
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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:

(1)

(2)

Connections with washers:
For inside sheets of double shear connections with
Fu/Fsy 2 1115 and ¢ = Q.SS,

D/L+1

(Pa)ASD 1.2D/L+1.6

For inside sheets of double shear connections with

F /Fgy < 1.15 and ¢ = 0.65,

(P) D/L+1
a'LRFD _ ) 443
(P ) psp 1.2D/L+1.6

For single shear and outside sheets of double shear

connections with ¢ = 0.60,

(P.) D/L+1
a’LRFD _ ) 33,

(P)asp 1.2D/L+1.6

Connections without washer or with only one washer:

For inside sheets of double shear comnections with

Fy/Fgy 2 1.15 and ¢ = 0.70,

(P.) D/L+1
_a’LRFD _ ;.554

(P)xsp 1.2D/L+1.6

For single shear and outside sheets of double shear

connections with Fu/F 2 1.15 and ¢ = 0.65,

sy
(P) D/L+1
2 LR - 13
1.2D/L+1.6

(Pa)asp

(7.187)

(7.188)

(7.189)

(7.190)

(7.191)
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The relationships between allowable load ratio and dead-to-live load
ratio for Eqs. (7.187) through (7.191) are shown in Figure 63. As shown
in the figure, the criteria for bearing strength of bolted connections
result in a wide range of vqlues for allowable load ratio. For D/L = 0.5,
the allowable loads based on LRFD are from 6% higher to 16.7% lower than
the values obtained from allowable stress design. The difference between
the allowable loads will depend upon the use of the washers, the shear
conditions, and the Fu/Fsy ratio. Inside sheets of double shear bolted
connection with washers designed using LRFD are very conservative as
compared with allowable stress design. .

4. Shear and Tension in Bglts. The allowable load based on allowable

stress design can be computed as follows: -

(Pasp = &%F | (7.192)

where

F is allowable stress given by Fv, Fe, or'Ft' in Tables XXXIII and

XXXIV

For LRFD, Eq. (7.177) can be used to calculate the allowable load.

Therefore, the allowable load ratio for shear or tension of bolts

is:

. +1. F .2D/L+1.6
(Pa)ASD AbF 1.2D/L+1.6 /

Equation (7.193) can be expressed in the following form:

P A F D/L+1 oF D/L+1
(P rrrp _ P4pn [ ] - [ ] (7.193)
1

D/L+1

1.2D/L+1.6

Padrrep _ (K,) (7.194)

(P2)asp
where

= (7.195)
Kb ¢Fn/F
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Table XXXV lists the valués of Kb calculated from the values of F,
and Fn’ provided in Tables XXXIII and XXII, and values of ¢ determined
in Sectiomn V.I.2.

Figure 64 shows the allowable 1§ad 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 de-
sign 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 thgn'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 alﬁays result in a larger allowable shear
load than allowable stress design when threads are included in the shear
plane.

All other cases listed in Table XXXV were also studied. In general,
the curves obtaingd for all cases are similar to those shown in Figure
64 except that the curves will be shifted up or down depend on the values

of K Detailed information can be found in Reference 36.

b’
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:

. (7.196)
Ve = VoL * VL

where

total unfactored shear force

<3
1]

= ghear force due to the nominal dead load
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VLL = shear force due to the nominal live load
The factored shear force for LRFD design can be expressed as Eq.
(7.197) by using Eq. (7.4):
1.2D/L+1.6
v =yv,, —m— ' (7.197)
D/L+1
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. (7.193):

1.2D/L+1.6
Cl-lev

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

? = (7.198)
(Pa)ASD C - va ‘ 1.2D/L+1.6

where

¢ =0.75
fv = VT/Ab (7.199)

C and D are tabulated in Table XXXIV
C1 and D1 are tabulated in Table XXIII
Figure 116 shows the allowable load ratio versus dead-to-live load
ratio for A325 bolts when threads are included in shear plane. The dif-
ferent curves in this figure represent different unfactored shear
stresses fv’ For D/L ratio around 0.i8, both design methods would result
in the same allowable tensile load for the unfactored shear stresses fv
shown in the figure. For D/L > 0.18, the larger the unfactored shear
stress, the highér the allowable load ratio. For example, for D/L = 0.5,

the (Pa)LRFD((Pa)ASD ratios are 1.162 and 1.066 for fv = 21 ksi and 7 ksi,

| respectively.
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All other cases included in Tables XXXIV and XXIII were studied in
similar manner. The results are similar to those obtained for A325 bolts
when threads are included in shear plane. Detailed information can be

found in Reference 36.



Table XXXIII

Allowable Shear and Tension Stresses for Bolts
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Allowablé shear
Stress, Fv’ ksi

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




Table XXXIV
Allowable Tension Stress, F_', for Bolts

Subject to the Combination of Shear and Tension
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Threads Not Excluded Threads Excluded from

Description of Bolts from Shear Planes Shear Planes

A325 Bolts 55 - 1.8fv S 44 55 - 1.4fv S 44
A354 Grade BD Bolts 61 - 1'8fv < 49 61 - 1.4fv S 49
A449 Bolts 50 - 1.8fv < 40 50 - 1.4fv S 40
A490 Bolts 68 - 1'8fv < 54 68 - 1.4fv S 54

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

When d=21/2in. ' 26 - ]..8.fv s 20

Note: The general form for formulas listed in this table can be
written as C - va S 2
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Table XXXV
Kb Values for Standard Bolts -
Shear Strength
Descriptioh Threads not V Threads Ex- Tension Strength
of Bolts Excluded ‘from cluded from
. : Shear Plane Shear Plane -

A325 Bolts 1.671 1.560 1.534
A354 Grade B Bolts ‘
(1/4 in. = d 1.598 1.463 - 1.546

< 1/2 in.)
A449 Bolts
(1/4 in. s d 1.697 1.560 ' 1.519
< 1/2 in.) '
A490 Bolts 1.567 1.463 1.563
A307 Bolts, Grade A

(1/4 in. £ d : 1.733 1.688
< 1/2 in.) : ~

A307 Bolts, Grade A o . '
(d 2 1/2 in.) 1.755 1.688
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VIII. CONCLUSIONS

A. GENERAL

The Allowable Stress Design (ASD) method has long been used for the
design of cold-formed steel structural neuberé in the United States, and
other countries. Recently, the Load and Resistance Factor Design (LRFD)
method has been succéssfully applied to the design of steel buildings
using hot-rolled shapes, and built-up members fabricated from steel-
plates.

In order to develop the reliability-based design criteria for cold-
formed steel members, a jéint research project entitled "Load and Re-
sistance Factor Design (LRFD) of Cold-Formed Steel" was conducted at the
University of Missouri-Rolla, Washington Uni;ersity, and the University
of Minnesota. This study included the selection of a reliability analysis
model; the evaluation of load factors; the calibration of the design
proviéions;.the deterninationAof resistance factors; and the comparative
study of design methods for cold-formed steel structural members. Based
on'the.results of this study, the new LRFD Specification for the design

of cold-formed steel structural members and connections has been devel-

oped.

B. SUMMARY OF STUD

The LRFD criteria for cold-formed steel structural members were
based on the limit states of strength and serviceability of thin-walled

steel structural members. The néan-value first-order second-moment
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reliability analysis and the advanced reliability analysis were used as
basic methods in the development of the LRFD criteria. |

As the first step of the investigation, numerous technical papers
and research reports relatiQe to the theoretical concepts of the struc-
tural reliability were reviewed in Section II. This sectionm also contains
the statistical data on na;erial properties and cross sectional proper-
ties, determination of target reliability indices, and recommended for-
mulas for the determinatioﬁ of structural reliability.

The selection of load factors and load combinations to be used in
the LRFD cri@eria for cold-formed steel members is included in Section
III. Load factors and load.combinationsArecomnended in the 1982 ANSI code
were adopted and modified on the basis of the special circumstances in-
herent in cold-formed steel structures.

For the purpose of facilitating the steps used in the calibration
of various provisions of the AISI Specification, the calibration proce-
dures were formulated and summarized in Section IV. All the resistance
factors, as well as, reliability indices used for various design pro-
visions were based on the formulas derived in Section IV. |

The development of the LRFD criteria for cold-formed steel members
and connections is presented in Section V. This section contains the de-
termination of nominal strengths and corresponding resistance f;ctors for
tension nemberS) flexu:al members, concentrically loade& compression
members, beam-column members, stiffeners, wall studs, welded connections,
and bolted connectionms.

Due to the small number of test data, the calibration procedure de-

rived in Section IV can not be applied directly to the evaluation
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procedure of tests for determining structural performance. In Section VI,
the LRFD procedure for determining structural performﬁnce on the basis
of special tests was devéloped by using a reduction factor appligd to the
coefficient of variation of the professional fac?or VP.

Finally, comparativé studies of both ASD and LRFD methods for cold-
formed steel members were conducted and presented in' Section VII. This
comparison involved studies of different variables used for the design

of various types of structural members and discussions of different

load-carrying capacities determined by these two methods.

C. CONCLUSIONS

The following conclusions can be drawn from the development of the
LRFD criteria, and the comparative study of design methods for cold-formed
steel structural members and connectionms.

1. Development of the LRFD Criteria. In the developn;nt of. the LRFD
criteria for cold-formed steel members and connections, the load factors
and load combinations were based on the 1982 ANSI Code, while the nominal
strengths used for various design provisions were based on the 1986 AISI
Specification. The resistance factors were determined on the basis of the
target reliability indices using a calibration procedure. By using the
LRFD criteria, designs can achieve a more consistent reliability than the
ASD criteria.

2. Comparative Study of Design Methods. In the comparative study,
' it was found that the D/L and D/W ratios have a significant effect on the

allowable load ratio, (Pa)LRFD/(Pa)ASD‘ In general, the allowable load

ratio increases as the D/L ratio increases or D/W ratio decreases. Because
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cold-formed steel is usually used for light-weight members, the D/ﬁ and
D/W ratios of such members are expected to be lower than the ratios used
for other building materials. In this study, D/L = 0.2 and D/W = 0.1 are
used as the répresentative values fbr cold-formed steel structures.

In addition to the effect of D/L and D/W ratios on the allowable load
ratio, the fesistance factors used in the LRFD criteria, and the factors
of safety used in the allowable stress design, also contribute to the
differences between these two different methods. For members.subjected
to a combination of loads, or load effects, the differences between the
ASD and LRFD nefhods are affected by the cross-sectional geometry, loading
conditipn, material strength, and member length.

The LRFD method is a more rational approach for structural design
as compared with the ASD method. Therefore, the research findings obtained
from the comparative study of these two methods can provide a useful

reference for future improvement of the current AISI ASD Specification.
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