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AtsST'RACT

current specifications for the design of cold-formed steel structural members'

such as the American Iron and steel Institute (AISÐ Specification (1989) and the

Canadian Standard Association (CSA) Standard 5136 (1989), consider the web of

cold-formed steel Z-sections as a fuily stiffened element- This, however, may not

be true if the flanges of such sections do not have sufficient stiffness to provide the

restraint necessary for the web to reach its buckling load before the flanges reach

their buckling load. In this case, distortional failure of the flange-edge stiffener

component vdll cause premature failure of the web and thus limit the load-carrying

capaciry of the section with very little post-buckling strength being realized'

In the current design guidelines it is also assumed that once the web of a

cold-form edZ-section faiis by local buckling it wiü continue to carry additional load

until the member fails by lateral buckling or torsionai buckling' This is known as

post-buckling capacity. If the flanges, howevef, have insufficient stiffness' they may

fa' by distortionar buckling before the web reaches its post-buckling strength. Thus,

the interaction between the web and the flange-edge stiffener component must be

considered in the design Process'

In this study, the effect of web buckling on the load-carrying capacifi of' Z-

sections is examined both theoretically and experimentaily. The investigation was

carried out in three phases: The first phase involved the testing of 85 Z-sections

loaded under directed compression; the second involved the testing of 20 z-sections



loaded under pure bending; and the third involved the testing of L8 Z-sections

subjected to an eccentrically applied axial load'

The main parametric variations were the lengths of specimens, which varied

from L8 to 54 inches, the width-to-thickness ratio of the web, which varied from 68

to I32, the width-to-thickness ratio of the flanges, which varied from 25 to 49' and

the width-to-thickness ratio of the edge stiffeners, which varied from 0 to 33'

The theoretical models were developed from the governing differential

equations of combined torsion and flexure of an undistorted section supported by

a continuous elastic foundation. The sorution of these simurtaneous differential

equations yielded the distortional buckling stress of the section'

Based on the results of this investigation, methods for predicting the load-

carrying capacity of cold-formed steei Z-sections are lecommended' These methods

account for the interactions between the web and the flanges - a behavioral

phenomenonwhichismissinginthedesignspecifications.

Key Words: cold-Formed, steel, Distortional buckling, Edge stiffeners, z-sections'

Web buckling
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d = gross cross sectional area of the member (in.2);

A\c = cross sectional area of the flange-edge stiffener component or
the equivalent column (in.2);

A" : effective cross sectional area of member (in.z);

B - flat width-to-thickness ratio of stiffened element;

b - flat width of plate or flange element (in.);

b,, bz = effective widths illustrated in Figure 2.4 (in-);

b" : effective width of plate (in.);

br : flat width of flange element (in.);

c : flat width of straight edge stiffeners (in.);

C1, C2 = coefficients defined in Figure 2.3;

C; : bending coefficient (Cr = 1.0);

C*o C*y : coefficient of moment gradient (C,o C,o, : L.0);

Cr : axial compressive load in the member due to factored loads

(kN),(csA, 1989);

C, = the compressive resistance for member in compression (kN),
(csA, 1989);

Ç - torsional wa¡ping constant of the flange-edge stiffener
component or the equivalent column or torsional warping
consiant of the cross secti onal Z-section (in.6);

D, D. : overall width of edge stiffener (in.);

d - flat width of straight edge stiffeners or distance from neutral axis

of beam to the centroid of the equivalent column (in');



d" : distance from neutral axis of beam to the extreme compressive

fibre of the section (in.);

d" : effective width of stiffener (CSA' 1989);

d. : reduced etfective width of stiffener illustrated in Figure 2.6,

(CSA, 1989), to be used in calculating overall effective section
properties (mm);

d, : reduced effective width of the stiffener (in'), (AISI'1989);

d,' : effective width of the stiffener (in.), (AISI, 1989);

d*in : minimum required overall width of the edge stiffener (in.);

E - elastic modulus of the cold-formed steel (ksi);

€*, êy : x- and y-coordinates of the eccentric loading on the equivalent- 
column with respect to the centroid (in-);

(F) : the forcing function;

(F"') : the elastic load vector;

(F''),-, : the elastic force vector based on displacement for iteration (i-1);

f : the critical stress of member according to the AISI Specification
(1e8e) (ksi);

fi, fz = stresses shown in Figure 2.4 (AISI, 1989), calculated on the basis

of effective section (ksi), or calculated stresses shown in Figure
2.7 (MPa), (CSA, 1989);

Fn : inelastic critical stress of member caused by its instability lksi);

Fo : critical elastic buckling stress, being the least of the stresses for' Euler-flexural elastic buckling, multiplied by the coefficient 0.833

(MPa), (CSA, 1989);

F, : yield strength of the cold-formed steel (ksi);

G - elastic shear modulus of the cold-formed steel (ksi), 11.,346 ksi;

f{ : overall width of web element (in.);



h*,I! :

I.=

I* I"" =

I*:

f*in :

I"o --

T:

ru:

x- and y-coordinates of the supported edge as defined in Figure
3.3 (in.);

required stiffness of the edge stiffener (in.+);

moment of inertia of the full, unreduced cross section about the
axis of bending (in.+);

moment of inertia of the full stiffener about its own centroidal
axis parallel to the element to be stiffened 1in.+);

moments of inertia of the flange-edge stiffener component or
the equivalent column with respect to the geometric x- and y-

axes, respectively 1in.1);

product moment of inertia of the flange-edge stiffener
component or the equivalent column with respect to the
geometric x- and y-centroidal axes 1in.4);

minimum allowable moment of inertia of stiffeners (of any

shape) with respect to its own centroidal axis parallel to the stiff-
ened element (in.+);

polar second moment of area of the flange-edge stiffener
component or the equivalent column with respect to the shear

centre 1in.+);

moments of inertia of the cross sectional Z-sections with respect
to the x-, y- and z-axes, respectively (in.a);

product moment of inertia of the cross sectional Z-section with
i"sp..t to the geometric x- and y-centroidal axes 1in.4);

moment of inertia of the cross sectional Z-sections with respect
to the principal x- and y-axes, respectivety (in.{);

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 1in.1);

St. Venant torsional constant of the flange-edge stiffener
component or the equivalent column 1in.{);

lo, I.o, ru =

I*, =

I*, Ln :

L"=

Jr=

xv1¡-



J = St. Venant torsional constant of the cross sectional Z-sections

1in.4);

k - local buckling coefficient;

[K],., : the stiffness matrix based on deformed geometry from the (i-1)
iteration;

[Kr] : the tangent stiffness matrix;

[K] : normal stiffness matrix;

K : effective length factor in the plane of bending;

Ç Kr, K, : effective length factors for bending about the x- and y-axes, and

for twisting;

Ç lg, ko : stiffnesses of lateral and rotational restraints (kips/in., kips-

in./rads);

| - length of test sPecimens (in.);

Lb: actual unbraced length (in.);

Lo Io, L, : unbraced length of member for bending about the x- and y-axes,

and for nvisting (in.);

Mersr : predicted bending capacity obtained through the AISI
Specification (1989) (kiPs-in.);

M" : inelastic critical moment of Z-section beam (kips-in.);

M", = critical moment with respect to the major principal axis of cold-

formed steel cross section or bending capacity of Z-section
members caused by distortional buckling stress (kips-in.);

M"o : critical moment with respect to the geometric x-axis (kips-in.);

Mcsa = predicted bending capacity obtained through the CSA Standard

(1e8e) (kiPs-in.);

M" : elastic critical moment of Z-section beam (kips-in.);

xvaaa



Mo = smaller of the moment strength calculated according to the AISI
Specification (1989) (kips-in.);

M, : moment resistance of mernber in bending (kN-m), (CS& 1989);

Mru., : bending capacity obtained from testing (kips-in.);

Mrh.o,y : predicted bending capacity obtained through the simplified
theoretical model (kips-in.);

M*, I\{, : applied moment with respect to the geometric x- and y-
centroidal axes, respectively (kips-in.);

M,o M"y = allowed moments about the centroidal axes determined
according to AISI Specification (1989) (kips-in.);

Mo : moment resistance according to CSA Standard 11989);

M¡* : maximum calculated moment due to axial compression load in
accordance with CSA Standard (L989);

fuL : yielding moment of Z-section member lkips-in.);

P = applied axial load lkips);

P, : maximum axial load, considering lateral buckling (kips);

Po : critical compressive resistance determined according to AISI
Specification (1989) lkips);

Persr = predicted axial load obtained through the AISI Specification
(1e8e) (kips);

P"o : maximum axial load based on yielding failure (kips);

P" : applied compressive force on the flange-edge stiffener
component (kips);

P. : Euler axial buckling load with respect to the geometric x-axis

lkips);

P", : load-carrying capacity of Z-section which is caused by the
distortional buckling stress (kips);

xl_x



D¡csA -

Pr"r, :

Dr Theory

o-

l-

fi :

r:
'x

fy=

fo=

lsl :
S"=

S"f :

S". =

sr:

S,=

S,n :

predicted axial load obtained through the CSA Standard (1989)

(kips);

load-carrying capacity obtained from testing (kips);

predicted axial load obtained through the simplified theoretical
model (kips);

a function of stress (termed the plastic potential) determining
the direction of plastic strain;

centerline bend radius of flange-edge stiffener junction or
flange-web junction (in.) or radius of gyration of the fully
effective cross sectional area according to CSA Standard (1989)

1mm);

inside bend radius of flange-edge stiffener junction (in');

radius of gyration of the principal x-axis (in.);

radius of gyration of the principal y-axis (in.);

polar radius of gyration of the cross section about the shear

center (in.);

stiffening stiffness matrix;

elastic section modulus of the effective section calculated at a
critical stress in the extreme compression fibre 1in-3);

compressive section modulus based on the moment of inertia of
the fully effective cross sectional area, (CSA, 1989), 1mm3);

compressive section modulus of the effective cross sectional area

with respect to the major axis (in.3);

elastic section modulus of the full unreduced section for the

extreme compression fibre 1in.3);

tensile section modulus based on the moment of inertia of the

effective gross cross sectional area, (CSA, 1989), 1mm3);

tensile section modulus based on the moment of inertia of the

effective net cross sectional area, (CSA, 1989), 1mm3);



S* : elastic section modulus of the gross section with respect to the
geometric x-axis 1in.3);

S*" : compressive section modulus of the fully effective cross sectional
area with respect to the geometric x-axis, I* divided by the
distance from the neutral axis to the extreme compressive fibre

1in.3);

t - thickness of the cold-formed section (in.);

tJ, v, z, þ : deflections in the x-, y- and z-coordinates of the shear centre axis

and angle of rotation of section with respect to those axes (in.);

(u)i : the displacement vector at the current iteration;

w : flat width of web element (in.);

'\tr/ = flat width ratio of element (flt);

x, y = x- and y-coordinates of flange-edge stiffener component or
equivalent column (in.);

x", y" : x- and y-coordinates of flange-web junction of Z-section column
with respect to the centroid (in.);

xo, yo : distance from the shear centre to the centroid of section along

the principal x- and y-axes (in.);

x"o, y* : x- and y-coordinates of the flange-edge stiffener component or
the equivalent column with respect to the shear centre (in');

V",7" : x- and y-coordinates of the flange-edge stiffener component or
the equivalent column with respect to the centroid (in');

& = angle of rotation of principal axis (degrees);

dp üy : amPlification factors;

ô*: coefficient=1.0;

p : parameter used to determine effective width;

0 - angle between edge stiffener and flange element (degrees);

xxL



\ - the multiplier determining the amount of plastic strain or a

slenderness factor used to determine effective width;

€Pl = plastic strain;

v : poisson's ratio;

f)., l)¡ : factor of safety for compression and bending, respectively, (AISI,
1e8e);

^ 
- deflection as defined in Figure 3.4 (in.);

â - axial deformation of column and beam-column specimens or
vertical deflection of beam specimens (in.);

o",: inelastic critical stress of the compressive fibre flange which is
caused by the distortional buckling stress of the flange-edge
stiffener or the equivalent column (ksi);

o. : inelastic distortional buckling stress of the equivalent column
(ksi);

od", : elastic critical stress of the compressive fibre flange which is
caused by the distortional buckling stress of the flange-edge
stiffener componetrt or the equivalent column (ksi);

F"o r"* : critical elastic flexural buckling stress with respect to the
principal x-ocis of Z-section member lksi);

F"r, o", : critical elastic flerural buckling stress with respect to the
principal y-axis of Z-section member (ksi);

F,, o, : torsional buckling stress of Z-section member lksi);

0"q equivalent stress (ksi);

o¡e o2t o3 - the principal stresses which are calculated from the stress
components by the cubic equation;

IJ1, lJ¡, IJ¡, IJ¡ : u-displacement (in x-direction) of nodes I, J, K, and L;

S, t : element coordinates;

(o) : stress vector;

911



(.) : strain vector;

[D] : elasticitY matrix;

(t) = nodal displacements vector

[B] = the strain-displacement matrix, which is based on the element
shape function, must be evaluated at each integration point;

oi = assumed stress variations;

(Au) : the nodal displacement increment vector;

(At)t : the incremental displacement vector,
(u)¡=(r),.,+(Au)'.

rrr1I-r-



CÍ{APT'ER. 1.

INTR.OÐ{JCT'{ON

In steel construction, there are two main families of structural members' one

is the famiüar group of hot-rolled shapes. The other, which is less familiar, but of

growing importance, is sections that are cold-formed from steel sheet' plates' or flat

bars. Their width-to-thickness ratios are usually much larger than those of hot-

rolied sections and thus, they are also referred to as "thin-waried" steel sections.

Common types of cold-formed sections used in the construction of metal

buildings, especially as girts and purlins' are Z-shaped' sections which are produced

with either unstiffened flange, as shown in Figure 1.1(a), or with stiffened flange' as

shown in Figure 1.1(b). Their cross sectional configuration, however' gives rise to

behavioral phenomena, such as local and distortional buckling, which could affect

the overall load-carrying capacity of the member. Edge stiffeners are added to the

flanges to enhance the post-buckling strength of the section. Local and distortional

buckling are functions of the rigidity of the edge stiffeners. If the rigidity of the

edge stiffeners is adequate, local buckling of the individual plate eiements will take

place, as shown in Figure 1.2(a). In this case, the post-buckling capacity of the

elements can be developed. On the other hand, if the rigidity of the edge stiffeners

is inadequate, distortional buckling of the flange-edge stiffener components will take

place, as shown in Figure L.z(b). The post-buckling capacity of the elements' in this

case, may not be developed and the overall capacity of the member may be
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(a) Local Buckling

(b) Distortional Buckling

Figure L.2 Buckling Behaviour of Cold-Formed Steel Z-Sections
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drastically reduced. In the North American Specifications for the design of cold-

formed steel members, the concept of partially stiffened flanges is used. This

recognizes the fact that an edge stiffener may not provide adequate rotational

restraint to a compression flange. Expressions are given for computing the buckling

coefÊicient of compression flanges, which ranges from 0.43 for unstiffened flanges,

to 4.0 for fu|ly stiffened flanges. It is not clear, however, what the buckling

coefficient of the web element should be. The practice has been to consider the

web as a fully stiffened element. A buckling coefficient of 4.0 is used if the web is

under direct compression, while 24.0 isused if the web is under pure bending. This,

however, may not be true if the flanges of the sections cannot provide sufficient

restraint to the web. A premature failure of the compression flanges, such as

distortional buckling, will cause bucküng of the web at a stress well below the local

buckling stress. Also if the web element becomes unstable first, distortional failure

of the flange-edge stiffener may take place. These phenomena will limit the load-

carrying capacity of the section with little post-buckling strength being realized.

A¡ experimental and analytical study was carried out to determine the effect

of web buckling on the load-carrying capacity of cold-form ed Z-sections with

partially stiffened flanges. The objectives of the study were:

a) to determine the effect of local buckiing of a web element on the load-

carrying capacity of cold-formed steel Z-sections with partially stiffened

flanges,



b)

c)

5

to evaluate the design specifications, specifically the American

Specification (AISI, 1939) and Canadian Standard (CSA Sl-36, L989), and

to develop appropriate design procedures.



CX{APT'ER. 2

DESIGN SPtrCTF' C,ATTONS

Cold-formed steel members have been used as major members of metal

buildings. The perforinance of thin cold-formed structural members under load

differs in several significant respects from that of hot-rolled steel members. The

structural forrrs, shapes, connections, and fabrication practices which have been

developed in cold-formed steel construction, also differ in many ways from those

used in conventional steel structures. The need to continuously update the design

specification for coid-formed steel structural members is significant. The North

American design specifications, the American Specification (AISI, 1980-L989) and

the Canadian Standard (CSA, 1980-1989), are reviewed and discussed in the

following sections.

2.L ÄISI SPECIFICATIOT"{

Realizing the need for special design specifications and in the absence of a

factual background and research information, the AISI committee on Buiiding

Research and Technology (originally called the Committee on Building Codes)

sponsored several research projects, starting in 1939, at several universities, including

Cornell University and The University of Missouri-Rolla. As a result of these

projects, the various editions of the American Iron and Steel Institute (AISI)

Specification were published to promote the use and the development of thin-walled
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cold-formed steel construction in the United States. In addition, AISI published the

first Edition of the "Light Gage Steel Design Manual" in 1949. It was subsequently

revised in L956 and most recently in L989.

The discussion in this section will be limited to the provisions of the AISI

Specification related to the behaviour of compression flanges of cold-formed sections

which are stiffened by straight edge stiffeners. According to the 1980 Edition of the

AISI Specification, an element was deemed stiffened if it had an adequate stiffener

on both of its edges. In order for a compression flange to be considered stiffened,

the edge stiffener, that was bent at right angles to the stiffened element, had to

satisfy a minimum overall width requirement of d," (in.), where,

dd,,_r,,1 (+)" TY (2.1)

where,

t - thickness of section (in.);

br : flat width of the flanges of section (in.); and

Fy : yield strength of the steel sheet used to form a section (ksi).

This requirement was considered sufficient to ensure yielding at the edges of the

stiffened compression flanges.

Desmond (1978) carried out an extensive experimental investigation to

determine the behaviour of cold-formed sections with stiffened and partially

stiffened compression flanges. As shown in Figure 2.1, Desmond's experimental

investigation involved cold-formed sections whose web was stiffened to prevent local
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(c/ Edge sÍiffened besm

HI
(b I Hof ltons

¡.t

ed secap

w-

sh

l*
Drl ¿L

diop hrogm

Figure 2.1 Specimens Used in Ðesmond's Experimental Investigation
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buckling. The local buckling interaction between web and flange elements was

therefore excluded. The design guidelines for cold-formed sections in the 1986 and

1-989 Edition of the AISI Specification were based on Desmond's work.

Cohen (1986) extended Desmond's work (1978) by studying the local buckling

behaviour of cold-formed members subject to bending and compression. Cohen's

results were used to support and clarify the AISI Specification (1986) criteria. Also,

for locally unstable beam webs, effective width equations were developed from

calibrations to the experimental data. The results of this investigation were

proposed for the 1989 Edition of the AISI Specification.

The effect of residual stresses, produced in the forming process on the

behaviour of cold-formed columns was investigated by Weng (1990). His results

showed that the higher the level of residual stresses and geometric imperfections,

the worse the agreement between experimental results and the AISI (1986)

predictions.

The current design philosophy is to treat compression flanges as stiffened or

partially stiffened elements and to compute the ultimate strength using the effective

width approach. Basically, there is one effective width equation for all types of

element and the post-buckling capacity of these elements depends on the plate

buckling coefficient, k, which can be obtained from expressions provided by the

code. In the following discussion relevant to the design specifications, the equation

numbers shown are those used in the design specifications.
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According to the effective width approach, the non-uniform stress after locai

buckling, is approximated by a uniform stress equal to the maximum stress with a

part of the area being ineffective. The distribution and size of the effective area

depend on the distribution and magnitude of the stress.

In the AISI Specification (1989), the effective width (b) of an uniformly

compressed stiffened element is given as follows:

b - w when )'" < 0'673 (Eq" B2'1-1)

b - Pw when )' > 0.673 (Bq' 82'1-2)

where,

w : flat width as shown in Figure 2.2 (in.);

p : parâÍìeter determined as follows:

p-(I-0.221)")l)"

where,

)u : a slenderness factor determined as follows:

(Eq. 82.1-3)

(Eq. 82.1-4)

where,

E - modulus of elasticitY (ksi);

f : the critical stress of members (ksi); and

k : buckling coefficient defined as follows:
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k - Í4.82 - s(Dlw)l]"l I")n + A.43 < 5.25 - s(Dlw)

L2

(Eq" 84.2-e)

for 0.8 > Dlw > 0.25

k : 3.57 (I,lI")" + 0.43 < 4.0 (Eq' E4'2-10)

Íor Dlw < 0.25

where,

I" : the adequate moment of inertia of the stiffener which depends on the

flat width-to-thickness ratio (w/t) of the flange (ksi) and is obtained as foilows:

Case I: v/t < S

Io : o (no edge stiffencr needed) (F,q" B4'2-2)

Case II: S/3 < øt < S

Iolt4 : 3gsl((wlt)ts) - 0.3313 (Eq" Ea'2-6)

Case III: øt > S

Iol t4 - [115 (wlt)ls] + 5 (Eq. Ba.2-13)

where,

s - t.28 (E I Ð'o

n : 112 for Case II and L/3 for Case III;

I, : the moment of inertia of the edge stiffener about its own centroidal axis

parallel to the flange (ksi) is defined as,

I, - (d3tst*Ðltz (Eq. Ba-2)
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\¡/here,

d - the flat width of the stiffener as shown in Figure 2.3 (in.).

Due to the non-uniform stress distribution in the flange and the edge stiffener,

the effective widths of the flange and the edge stiffener are located as shown in

Figure 2.3. The variables used in this figure are:

c^* L- <I (F;q-F.4-2-7)
' Io

CL:2-C2 (Eq'Ba'2-8)

d, : d, for Case 7 (Eq' ß4'2'4)

d, - d,Q,lI") s d, for case II , ilI (Eq'B.4'2-Lz)

where,

d, : the effective width of the edge stiffener (in'); and

d, : â reduced effective width used for computing the overall effective

section ProPerties (in.).

For elements under a stress gradient, such as a web or any other adequately

stiffened element, the k value is obtained as follows:

k-4+2(l -,þ)3 +2(1 - ü) (Eq"E2'3-4)

where,

rlt - f.rlft;

fÞ f, : stresses shown in Figure 2.4 calculated on the basis of effective section

(ksi).



The effective

from the following

widths, b, and b" (in.), as shown in Figure

formulas:

2.4,

1'4

are determined

(Eq. 82.3-1)

(Eq. 82.3-2)

br:b"l(3-tlt)

bz - b,lz For '{ < -0.236

where,

b" : effective width , b (in.), determined with f, substituted for f and with k

determined from F,q. B2-3-4.

b, + b, shail not exceed the compression portion of the web calculated on the basis

of effective section

b2-b,-b| For V > -0.236 (Eq. 82.3-3)

The effective width, b , of unstiffened compression eiements with uniform

compression is determined from Eqs. 82.L-I toB2.L-4 with the exception that k shail

be taken as 0.43 and w as defined in Figure 2.5.

The effective width, b, of unstiffened compression eiements and edge stiffeners

with stress gradient is deterrrined using the same equations but with f : fr, as

defined in Figure 2.3, and k = 0-43.

There is no provision pertaining to a partially stiffened flange with a stress

gradient since the Specification (AISI, 1989) assumes Z-sections are not subject to

twisting when subjected to bending about the strong axis. Thus, it is assumed that

the stress in the flanges is uniform. However, if the principal axes are used as

reference, the flanges and the ecige stiffeners have a stress gradient.
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In the AISI Specification (1989), the maximum ratio of overall width of edge

stiffener to flat width of the flange, D/b¡, and the maximum ratio of the flat width

of the flange to the thickness of the section, dlt, are timited to 0.8 and L4,

respectiveiy. It is not clear in the Specification how the radius at the corners affects

the behaviour of the section. Cohen and Pekoz (1986) have shown that the

predicted values for the ultimate strength using the AISI Specification (L989) are

unconservative if the maximum ratio, D/b¡, is greater than 1.0 or if the inside radius-

to-thickness ratio, r,/t, is greater than 1.5.

A summary of the AISI (1989) provisions governing the design of flexural

members, compression members, and beam-columns is given below:

Flexural Members (Strengfh for bending only)

In flexural members, the applied moment must not exceed the allowable M"

calculated as foilows:

Mo : M,l Qr (Eq. 43.1-1)

where,

Mn: smaller of the moment strength caiculated according to yielding and

lateral buckling given below, or the moment strength of unstiffened

flanges section that was caused by the local buckling of unstiffened

flange elements (kiPs-in.);

factor of safety for bending.or:
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The effective yield moment based on section strength, Mn, is deterrrined as

follows:

M,: S"Fy (Eq. C3.1.1-1)

where,

S" : elastic section modulus of the effective section based on the extreme

compression fibre (io.').

For the laterally unbraced segments of singly-, doubly-, and point-symmetric

sections subject to lateral buckling, Mo, is determined as foliows:

Mn - s,+ (Eq. 43.1.2-1)
ù.r

where,

Si : elastic section modulus of the full unreduced section for the extreme

compression fibre (in.3);

S" : elastic section modulus of the effective section calculated at a stress

M/S, in the extreme compression fibre 1in.3);

M" : critical moment (kips-in.).

For Z-sections bent about the centroidal axis perpendicular to the web (x-

axis) the critical moment, M", is determined as follows:

For M" 2 2.78My M, - M, (Eq. C3'1'2'I2)

For 2.7BMy, M" > o.s6My M" - ! u,(t - Yl ,un. c3.1.2'13)
' 9 t[- 36M")
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For M" < O.56My M" : M, (Eq. C3.1.2-L4)

where,

Nt : moment causing initial yield at the extreme compression fibre of the

tull section (kips-in.),

My: SfFy (Eq. C3.1.2-a)

M" : elastic critical moment (kips-in.),

M - n2 E Cud Ir" (Eq. C3.1.2-t6)
' 2L2

where,

| : unbraced length of the member (in.);

L" : moment of inertia of the compression portion of a section about the

gravity axis of the entire section parallel to the web, using the fuil

unreduced section (io.*).

d - total depth of the member (in.);

C;:coefficient:1.0.

Concentrically Loaded Compression Members

The axial load must not exceed P" (kips) calculated as follows:

Po - P,l Q, (Eq' ca-l)

where,

P, - A,Fn @q. Ca'z)

^ - ^ff^^¿i-,^ ^-^^ ^+ +L^ -+-ooo E f :^ 2.r-
f).ê çrtçuLlvç ílçd 4L Ll¡ç ðLr lJJ r n \ru. ,/t
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F,' (ksi) is determined as follows:

For F" > Fylz F, - Fr(l - Fyl4F")

For F, < Fylz F, - F"

F" : the least of the elastic flexural, torsional and

buckling stress (ksi);

l). : factor of safety for axial compression.

(Eq. C4-3)

(Eq" aa-a)

torsional-flexural

For Z-shapes, Po should not be less than:

Pn

An2E (Eq. C4-s)
25.7 (wlt)2

where,

A : area of the full cross section 1in.2);

w = flat width of the unstiffened element (in.).

The AISI Specification (1989) is not clear as to how the critical stress, F",

should be computed for Z-sections. This Specification governs sections not subject

to torsional or torsional flexural buckling, sections which are doubly- or singly-

symmetric sections subject to torsional or torsional-flexural buckling and non-

symmetric sections. Z-Sections are point symmetric and they are subject to either

lateral buckling or torsional buckling. Thus, F" is the least of the foilowing buckling

stresses:

18. L
c.i

çK,L,l r,)z
(Eq. C3.1.2-7)
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(Eq. C3.1.2-8)

(Eq. C3.1-.2-9)

A13

where,

o"* :

o"y

rorv:

K* q,

Lo It, L, :

or=

ro:

critical elastic lateral buckling sfiess with respect to the principal x-axis

of the sections lksi);

critical elastic lateral buckling stress with respect to the principal y-axis

of the sections lksi);

critical eiastic torsional buckling stress (ksi);

polar radius of gyration of the cross section about the shear centre

(in.),

radius of gyration of the cross section

axes (in.);

(Eq. C3.1.2-10)

about the centroidal principal

shear modulus (ksi);

effective length factors for bending about the

twistingi

unbraced length of member for bending about

for twisting (in.);

distance from the shear centre to the centroid

axis, taken as negative (in.);

x- and y-axes, and for

the x- and y-axes, and

o

G_

K:

aaa

rx+ry+xo 7

xo: along the principal x-
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J - St. Venant torsion constant of the cross section (in.a);

Q : torsional warping constant of the cross section (in.6).

Combined Axial Load and Bending

The axial force and bending moments must satisfy the following equations:

P C--M-

- 
+ 

vmxt'Lr 
< 1.0 (Eq. C5-1)

Po M*o,

P * *, , ,.0 (Eq. C5-Z)

.P-M*
where,

P - applied axial load (kiPS);

M= : applied moments with respect to the centroidal axes of the effective

section determined for the axial load alone (kips-in');

P" : allowable axial load determined from Eq. C4-1 (kips);

P"o : allowable axial load determined from Eq. C4-L, with F" = f'r (kips);

M,* : allowable moments about the centroidai axes determined from Eq.

C3.1-1 (kiPs-in.),

e*-L-(O"PlP",)

,c2 EL
P-ocr (KbL)z

(Eq. Cs-a)

(Eq" Cs-s)

where,

p", : Euler buckling load with respect to the plane of bending (kips);
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Io : moment of inertia of the full cross section about the axis of bending

1in.4);

Lb : actual unbraced length in the plane of bending (in.);

Iq : effective length factor in the plane of bending;

C*:coefficient:1.0.

2.2 CS,A. STAI.{D.A.RD

In Canada, the Standard for the design of cold-formed steel members is the

responsibility of Committee SL36 of the Canadian Standard Association (CSA). The

most recent edition of the Standard was published in 1989 and is designated CSA-

s136-M8e (1e8e).

The L984 Edition of the CSA Standard (1984) stated that, in order for a

compression element to be treated as a stiffened element, it had to be stiffened

along each longitudinal edge by the web, or edge, or other stiffeners, which had to

provide sufficient rigidiry for the compression element to reach yield. The edge

stiffeners had to provide the following minimum moment of inertia:

.r.io - QB - r3)t4 >9ta (2.2)

where,

I-io : minimum allowable moment of inertia of stiffeners (of any shape) with

respect to its own centroidal axis and parallel to the stiffened element

lmma);

B : bft, flat widih-to-thickness ratio of the stiffened element;
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flat width of the stiffened element (mm);

base steel nominal thickness (-*).

For edge stiffener bent at right angles to the stiffened element, the minimum

overall width of the edge stiffener, d,n,o (--), was given as:

b-

t-

I
: t(248 - 156)3 >4.8t

(2.3)
d.mln

These requirements were sufficient to ensure yielding at the edges of the flanges

being stiffened.

In the 1989 Edition of the Standard (CSA, 1989), the minimum moment of

inertia and the minimum overall width of edge stiffeners were eliminated and an

unified approach (Pekoz, 1986) was adopted. According to this approach elements

were classified as stiffened or partially stiffened. A series of empirical equations

similar to those in the AISI Specification (1989), were adopted for computing the

buckling coefficient of fully and partially stiffened compression flanges.

In the following sections the CSA Standard (1939) requirements for the

effective width design of elements, the strength of members in bending,

compression, and combined axial load and bending, are discussed.

According to the effective design width of elements in compression, when W

(w7t) exceeds W¡¡*, the flat width, w, shall be replaced by an effective width. The

effective width is determined as follows:
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Case I: When'W < \M¡-,

B:W

Case II: When W ) W¡-,

B-o.e5,t,Tul t-ry@T¡

where,

ryj^ - 0.644,@Tr

k : buckling coefficient defined in Table 2.L;thevariables used in Table2'L

are as follows:

d, w, dr : calculated stress in compression element'

I, - I"l Io

f, : rnoment of inertia of fully effective cross sectional area of stiffener about

its own centroidal axis parallel to the element to be stiffened (rrm4),

I, - td3 s*g I tz

I" : tequired moment of inertia for an adequate stiffener that allows the

adjacent compressive element to behave as a futly stiffened element (mm4)' It is

obtained as follows:

Case I: When W ( W¡.1,

Io - 0 (no edge snfferær needcd)

Case II:'When Wu., ( W ( W¡-2,

Io - 3gg f (w I wo^, - 0.33)3
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Table 2.L Buckling Coefficient for Elements in Compression Under Uniform Stress

with a Simple Edge Stiffener (as shown in Figure 2'6)

dilw < 0.25 0.25<dilws0.8

Ir> 1 k=5.25-S(d¡/w)

Ir. 1 k*3.57(Ir)1/2+0.4Íì k = [4.82 - 5(dilw)](I ,)1t2 + 0.43

k=4
Case ll

Ir>1 k*4 k-5.2s-5(d¡lw)
Case lll

Ir<1 lç-3.57(Ir)1Æ+0.43 k * [4.82 - 5(dilw)](I,)1/3 + 0.43

Note: /n Table 1, d/t< 14

Figure 2.6 Example of Edge-Stiffened Flange Element Subjected to Uniforrt
Compressive Stress

f (compression)
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Case III: When W ) W¡¡-2,

Io : tn il1s (w I w,nr) + 5)

where for Cases I, II, and III,

w^, - 0.6M,/Wf with k : 0.43

W,,^, - 0.6ÁArpniT with k * 4

Due to the non-uniforrr stress distribution in the flange and the edge

stiffener, the effective widths of the flange and the edge stiffener are located as

shown in Figure 2.7. The variables used in this figure are:

br:I,Btl2<Btlz

br.: Bt - b,

d, - d" for Case I

d, - d"I, = d" for Case II, Iil
where,

b1, bz : effective widths illustrated in Figure 2.7 (mm);

d" : effective width of stiffener illustrated in Figure 2.7 detennined with

W = dit and f : f, (mm);

d, : reduced effective width of stiffener illustrated in Figure2.7 to be used

in caiculating overall effective properties (*m)'

For elements under a stress gradient, such as a web or any other adequately

stiffened element, the k value is obtained as follows:
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k-4+2(1 *q)3+2(l+q) when 0<q<I

k-6(!*q)2 when I<q<3
where,

q = ftl ft;

f' f, = calculated stresses shown in Figure 2'7 (MPa)'

The effective widths, b1, ând b2, âS shown in Figure 7.7, are determined from

the following formulas;

bL - Btl(3 * q)

b"'Btl(l + q) - b,

where,

b1, bz : effective widths illustrated in Figure 2'7 (mm);

B - b/t, calculated with f : fi.

The effective width, b : Bt, of unstiffened compression elements with

uniform compression is determined with k : 0.43 and W : wlt, as shown in Figure

2.8, whereas the effective width, d = Bt, of unstiffened compression elements and

edge stiffeners gradient is determined with k = 0.43, f = f3, and W : dlt, as shown

in Figure 2.6.

A summary of the CSA Standard (1989) governing the design of flexural

members, compression members, and beam-columns is given below:
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Centroidal Axis

f2 (tension)

Figure 2.7 Example of Stiffened Web Element Subjected to Stress Gradient
(Compression and Tension)

Figure 2.8 Example of Unstiffened Flange
Compression Stress

f (compression)

r[lTIltTiilTI: _ _]
l¡l
l*-tl I

Element Subjected to Uniform



Members in Bending (Strength for bending only)

The moment resistance of member in bending is detennined as follows:

M, - S,F,

M *.Í Ffmu

M, - StFy

where,

F" : compressive limit stress calculated in accordance with either the

yielding or the iateral buckling criteria (MPa);

S" : compressive section modulus based on the moment of inertia of the

effective cross sectional area divided by the distance from the centroidal

axis to the extreme compressive fibre 1mm3);

S, : tensile section modulus based on the moment of inertia of the effective

gross cross sectional area divided by the distance from the centroidal

axis to the extreme tensile fibre (mm3);

S,o : tensile section modulus based on the moment of inertia of the effective

net cross sectional area divided by the distance from the centroidal axis

to the extreme tensile fibre (mm3).

Laterally Supported Members

F" is calculated based on initiation of lelding lMPa);

F":F
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Laterally Unsupported Members

For Z-shaped members, F. is calculated as follows:

(a) when Fb > Fl ¡2 F" - F' - (F\2 - < F.
4Fu - -Y

(b) when Fb < Ft 12 F,: Fu

where Fo (MPa) is calculated as follows:

Frt -

F
ey

(KrL,l rr)2

Tc- E

lKrlrlrr)2

GJ + T,ECN

(K,L),

: 1.11Fy

where,

F"* : critical elastic lateral buckling stress with respect to the principal x-axis

of the sections (ksi);

F", critical elastic lateral buckling stress with respect to the principal y-axis

of the section lksi);

F, : critical elastic torsional buckling stress lksi);

,r- 
æcuroAFn

)-
rr- L

e,- 1,
Arl

Ft
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S*" = compressive section modulus of the fully effective cross sectional area

about the centroidal x-axis perpendicular to the web, I" divided by the

distance from the centroidal axis to the extreme compressive fibre

(o'*').

For Z-shaped members with unstiffened flanges and F" a F' the moment

resistance is limited to:

kn2ES^,
!., 

I
t2 (I - v\W

where,

k : 0.43;

S"r : compressive section modulus based on the moment of inertia of the

fully effective cross sectional area divided by the distance from the

centroidal axis to the extreme compressive fibre (*-').

Nlembers in Compression (Concentrically Loaded)

The compressive resistance, C. (kN), is determined by:

C, - ArFo

where, the compressive limit stress, F" (MPa), is determined as follows:

(F \2
(a) when Fp > Fyl2 Fo - F, - #

P

(b) when Fe < Frl2 Fo' Fo



a')

where,

4 : effective cross sectional area at the stress F" 1mm2);

Fo : critical elastic buckiing stress, being the least of the stresses for Euler-

flerural, torsional, or torsional-flexural elastic buckling, multiplied by

the coefficient 0.833 (MPa).

For any sections that can be shown to be not critical in torsional buckling or

not subject to torsional-flexural buckling, Fo is given by:

Fe : 0.833 F,

F,- ntEl(KLlr)2
where,

I{Llr -- the greater of the effective slenderness ratios about the principal axes;

K - effective length factor;

r : radius of gyration of the fully effective cross sectional area (*-).

For Z-shapes, C, is not less than:

C
kw2 EA

tz(I - p\W
where,

k : 0.43.

For point-symmetric open sections, such as Z-sections that may be subject to

torsional buckling and that are not braced against twisting, Fo equal to the lesser of

0.833F" or 0.833F,.
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Combined Axial X-oad and ßending

When subject to both axial compression and bending, members must be

proportioned to meet the following requirements:

(a) 2.Yr-'¡gC, Mo

where,

Cr : axial compressive load in the member due to factored loads (kN);

C. = A"\ (kN);

A" : effective cross sectional area at the stress F, (tN);

Mo : moment resistance with Co = 1 (kN-m);

M* = maximum moments due to axial compression load (kN-m).

(b) 3 - +Y" < 1.0
C, Moo,

where,

ô*= coefficient:1.0;

d* = amplification factor, equal to [ 1 - CtlC" ];

C" : AF" (kN).
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Differential equations for the lateral-torsional buckling of beams were

originally developed by Goodier (19a1). These equations were extended to cover

lateral-torsional buckling of undistorted sections by Masov (1961) and further to

include continuous elastic supports by Timoshenko and Gere (1961). Haussier

(i964) used the equations to develop an iterative procedure for determining the

elastic criticai stress of thin-walled steei beams. In his theoretical model, Haussler

assumed that the elastic critical stress was equal to the critical stress of an equivalent

compression component. This equivalent compression component consisted of the

compressive flange, the edge stiffener, and one-sixth of the overall width of the web

element. Wikstrom (197L) developed a simplified method for the design of panel-

braced thin-walled steel beams by analyzing the beams as though the compression

side of the member was supported by an elastic foundation. He assumed that the

elastic foundation was provided by the panel, the adjacent flange, and part of the

web. The theory of elastically stabilized beams (Haussler, 1964) was extended by

Pekoz (1983) to cover cold-formed steel channel and Z-section used as roof

members braced by sheathing attached along the tension flange. Lars (L986) using

a similar model showed a satisfactory agreement with experirnental results involving

Z and C profiles under both gravity and uplift loads. Marsh (1985), and Lau and

Hancock (1987) solved the simultaneous differential equations presented by
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Timoshenko and Gere (i961) and proposed a number of analytical procedures. The

procedures developed by Lau and Hancock (L987) were used to obtain the

distortional buckling stress on the flange-edge component of thin-walled channel

section columns, shown in Figure 3.L. Their model is based on the principle of a

column on an elastic foundation, where the column consists of an edge stiffened

flange and the elastic foundation is provided by the web.

In the present study, the model suggested by Lau and Hancock (L987) was

modified and used for the analysis of the column Z-sections. The model developed

by Pekoz (1933) and Lars (1936) was modified and used in the analysis of the beam

Z-sections. Therefore, the flange-edge stiffener component of Z-section columns

and the equivalent coiumn of Z-section beams investigated in this research project,

are assumed to fail by distortional buckling. In the following sections, the

assumptions made in the development of the theoretical models are discussed. The

governing diffe¡ential equations are presented, along with the general closed form

solutions, and followed by the specific simplified expressions for computing the

strength of typical column, beam, and beam-column sections.

3.1. ASSUMPTIONS

The assumptions regarding the behaviour of the cold-forrned steel Z-section

with straight edge stiffeners, shown in Figures 3.2 and 3.3, f.or column and beam,

respectively, are as follows:



JO

br#
s-c

'F
Uco

J.-

g'c*Hco----l

Figure 3.L Flange-Edge Stiffener Component on a Continuous Elastic Foundation
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For columns, the elastic critical stress of the whole section is equal to the

distortional buckling stress of an undistorted flange-edge stiffener

component. This component consists of the edge stiffener and the flange

element, as shown in Figure 3.2. The web of sections is assumed to be

partially destabilized by the uniform longitudinal compressive stress. The

web can provide only vertical support to the flange-edge stiffener

component.

For beams, the elastic critical stress is equal to the distortional buckling

stress of an undistorted equivalent column. This column consists of the

edge stiffener, top flange, and one-sixth of the overall width of the web, as

shown in Figure 3.3. The web of sections is assumed to be partially

destabilized by the linear longitudinal stress gradient. The continuous

foundation v/as assumed to be located at the web-flange junction on the

tension side of the beam. It was also assumed that once the web becomes

locally unstable, it was no longer able to contribute to the bending capacity

of the member. Five-sixths of the overall width of the web were therefore

assumed to be ineffective in this theoretical model.

The lateral restraint in the transverse plane to the web is assumed to be

smail and ignored in the analysis.

The corners at the flange-edge stiffener junction and the flange-web junction

are assumed to be curved, as this is the case in cold-formed sections, and

fha., oto i-^lttrlo.l in fhp ar¡alrrrfinn nf fhe nrnce cecfi.rnqì rrr¡rncrfiec!¡¡vJ 4¡ V ¡UVrUuvu

2)

3)

4)
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Figure 3.2 Theoretical Model of a Flange-Edge Stiffener Component for Cold-

Formed Steel Z-Section Column
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Figure 3.3 Theoretical Model of an Equivalent Column for Cold-Formed Steel

Z-Section Beam
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5) The inelastic distortional buckling stress is taken into account using CRC

(Canadian Research Council) curve (Jhonston, 1976)'

3.2 TIIE GO\rER.NING ÐIFFERENT',IAL EQ{JATIONS

By considering equilibrium of forces in the plane of the cross section and the

equiübrium of moments about the shear centre, the resulting three simultaneous

differential equations were obtained as follows:

EI, + + EI*
øz' fu. ,(# - Q* - ",) #).

#. r(#,- (,".- ù#).

k,lu - (t* - h,) d] - o

krlu - (r* - h,) d] - 0

(3.1)

(3.2)

(3.s)

(3.6)

EIo EI*dav

-+dza

EC doÓ -\| ¡Adz'

+ k,lu

where,

.d4
-e\--Xl - .'dz-

ól(", -' n'¡

n*onco

. . dau\
(Y,, - ")æ)

+krö-0

+)l# - r 
[{'""

- krlu - (r* - h,)

lot-"('
+ (1"" - hr)

* 
[nx2tdA

1

Iu

1

I, ([ 
^* 

oo * Ï 
^* 

v'dl) '

Iu*Ir*eo(xzr".y:")

,Þ1 + e,92 +

ól(Y", - hr)

pl -

þ2*

I"o -

cross sectional area of the

equivalent column 1in.2);

(3.3)

( [ v'¿e\ ¿¿ ) - t'""
(3.4)

where,

Aa: flange-edge stiffener component or the
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E = elastic modulus of the cold-formed steel (ksi);

G : elastic shear modulus of the cold-formed steel (ksi);

p = applied compressive force on the flange-edge stiffener (kips);

J" = St. Venant torsional constant of the flange-edge stiffener or the

equivalent column 1in.4);

C" : warping constant of the flange-edge stiffener or the equivalent

column lin.a);

I"o I* = second moments of area of the flange-edge stiffener or the

equivaient column with respect to the geometric x- and y-axes (in.a);

: product second moment of area of the flange-edge stiffener or the

equivalent column with respect to the geometric x- and y-axes 1in.a);

Io - polar second moment of area of the flange-edge stiffener or the

equivaient column with respect to the shear centre (in.a);

x, y = x- and y-coordinates of the flange-edge stiffener or the equivalent

column (in.);

X"o, y* : x- and y-coordinates of the shear centre (in.);

h*, lly : x- and y-coordinates of the supported edge (in');

€*, ey : x- and y-coordinates of the eccentric load on the equivalent column

with resPect to the centroid (in.);

k- Ç, k, : stiffnesses of lateral and rotational restraints (kips/in., kips-in./rads);

tJ, v, z, þ : deflections in the x-, y- and z-coordinates of the shear centre axis

I."

and angle of rotation of section with respect to this axis (in.)'
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In Equations 3.1 and 3.2, the first two terms present the bending of the

section with respect to the geometric x- and y-axes, the third term presents the

intensities of lateral forces acting on the slightly rotated cross section caused by the

applied compressive force P, and the last term indicates the intensities of lateral

reaction forces acting along the elastic supports. In Equation 3.3, the first three

terms are derived from non-uniform torsion of a thin-walled open cross section,

whereas the last three terms are the torque caused by the two lateral reactions and

the torsional restraint at the elastic supports, respectively.

3.3 TIIE GENERAL THEOR.ETICAL BXPR.BSSIONS

The general closed form solutions \¡/ere obtained from solving the

simultaneous differential equations (Equations 3.L to 3.6) by applying the

assumptions discussed in Section 3.1. Thus, the general theoretical expressions

involving the distortional buckling stress can be expressed as foilows:

O úO
cf acr

F
iÍ o*,, 

ì

if Q d",

Q.7)

(3.8)

(3.e)

and,

where,

a",-",(t +)
F

v

)

Po*r- 
4

and,

P:^- (3.10)
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(3"11_)

(3"L2)

(3.13)

(3.14)

(3.1s)

(3.16)

(3.L7)

(3.18)

(3.1e)

(3.20)

(s.2L)

where,

)yy -
a,

A

dt - gt - 2Qz^ty * tr(v'n - 2^(,yo * E) *

2ac - EQz\ *GJ"*- ,r(rrr, +)

^l -V +e
'Y rco Y

Y, - X * X.n co c

'{o-lro*l

9r-C**Iu^Ío

Q2-I*T¡

9¡-Qr +\,(IrI"-2çr) (s"22)



,'_Iro-,A, erÞ, - er\,

44

(s"2s)

(s.24)

Et3 (s"2s)

feld strength of the cold-formed steel (ksi);

elastic distortional buckling stress of the flange-edge stiffener (ksi);

inelastic distortional buckling stress of the flange-edge stiffener (ksi);

x- and y-coordinates of the flange-edge stiffener or the equivalent column

with respect to the centroid (in.);

thickness of the cold-formed section (in.);

flat width of the web element (in.);

stiffness of the rotational restraint (kips-in./rads).

n-

k4

kþ

Eet

4w

where,

F,

od",

o",

X", Y"

t

w

kd

The rotationai stiffness of the restraint is due to the bending resistance of

the web only. It can be obtained from the load-deflection relationship of a

cantilever consisting of a unit width of the section flxed on one flange and loaded

along the other flange, as shown in Figure 3.4. The test result of a single specimen

loaded in this fashion is shown in this figure. The shape of the line in Figure 3.4

then represents a measure of the stiffness rotational restraint.
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Figure 3.4 Set-Up to Detennine Load-Deflection Relationship for Obtaining
Rotational Restraint
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3"4 T}TE SXMPLIFIEÐ THEORETTCAT, EXPRESSTONS

The primary objective in developing the theoretical models was to provide

simplified design procedures for cold-formed sections subjected to distortional

buckling. Two theoretical models were developed: one for members subjected to

direct compression, and the second for members subjected to bending. By

combining these two models in the form of an interaction equation, a simplified

expression for beam-columns was also obtained. Each of these theoretical models

is discussed separately in the following sections.

3"4"1 Column Model

The strength of a Z-section under direct compression is computed in

accordance with its failure behaviour. First type of failure, distortionai buckling of

the flange-edge stiffener component takes place first foilowed by buckling of the

web, as shown in Figure 3.5(a). The maximum capacity of the section is the product

of the distortional buckling stress of the flange-edge stiffener and the gross cross

sectional area of the section. Second type of failure, local buckling of the web takes

place first followed by distortional buckling of the flange-edge stiffener component,

as shown in Figure 3.5(b). The post-buckling strength of the web may be taken into

consideration by using the distortional buckling stress of the flange-edge stiffener as

the critical stress of the section. In this study, in order to develop a simplified

expression it was assumed that the locally unstable web element causes instability

of the flange-edge stiffener- The nost-bucklins strensth of the web was not
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(a) Distortional Buckling of the Flange Precedes Locai Buckling of the Web

(b) Local Buckling of the Web Precedes Distortional Buckling of the Flange

Figure 3.5 Distortional Buckling Behaviour of Cold-Formed Z-Section
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developed. By ignoring this post-buckling strength, a conservative estimate of the

load-carrying capacity of the section is then computed as follows: i.e.,

Pr, ' orrA (3.26)

where,

: load-carrying capacity of. Z-section coiumn (kips);

: gross cross sectional area of the Z-section (io.').

: inelastic distortional buckling stress of the flange-edge stiffener

using the CRC curve (Jhonston, L976), Equations 3.7 and 3.8 (ksi);

The distortional buckling stress of the flange-edge stiffener component was

computed as follows:

o : E(r -aÊr | 5NAd (s.27)

P.,

A

o",

- fu x"o * Zy,I* + 0.9 + - '*

it-v(I I -f-\*"t'*f ' \-d-dy -caYl 
X"o

I +Icx cy

Ad

(3.28)

(3.2e)

(3.30)I I w\o'sN*Vl * 
|lr')

4.2,$)

V-\'* (3.31)
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where,

xc,

I"o

ad", :

"co

br:

l-

g-

A\d :

T:
r*:

elastic critical stress in the compressive flange at the extreme fibre

which is caused by the distortional buckling stress of the flange-

edge stiffener (ksi);

x-coordinate of the shear centre of the flange-edge stiffener (in.);

0.5 br for flanges without edge stiffeners,

b, + r for flanges with edge stiffeners bent at right angle,

b, + r tan (02) for flanges with sloping edge stiffeners.

flat width of the flanges (in.);

centerline bend radius of the flange-edge stiffener junction (in.);

angle between flange and edge stiffener element (degrees);

gross cross sectional area of the flange-edge stiffener 1in.2);

as shown in Figure 3.2 (in.);

moments of inertia of the flange-edge stiffener with respect to the

geometric x- and y-axes, respectivety (in.1);

product moment of inertia of the flange-edge stiffener with

respect to the geometric x- and y-centroidal axes, respectively

(io.n);

r.*v:

J" : St. Venant torsional constant of the flange-edge stiffener (itr.*).

In evaluating the load-carrying capacity of Z-sections, failure by lateral

buckling about the weak principal axis or failure by torsional buckling, must be

checked. Thus, od", in Equations 3.7 and 3.8 is either the critical stress
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corresponding to member instability (lateral or torsional buckling) or the distortional

bucKing stress (Equation 3.27), whichever is smaller.

3.4"2 Beam Model

The bending capacity of the beam was limited by the distortional buckling

capacity with no post-buckling strength taken into account; i.e,

M", - S"a r, 6'32)

where,

M", = bending capacity of Z-section beams (kips-in.);

s" : elastic section moduius of the gloss cross sectional area with

respect to the geometric x-axis (in'3);

o",:criticalstressofthecompressivefibreflangewhichiscausedby

the distortional buckling stress of the equivaient coiumn and is

taken the inelastic stress using the CRC cuwe (Jhonston,I976),

Equations 3.7 and 3.8 (ksi).

The distortional buckling stress of the equivalent column was taken as the

critical stress at its geometric centroid. The critical Stress, at the outer compressive

fibre of the beam, was then computed as the product of this distortional buckling

stress and the distance from the neutral axis of the beam to its outer compressive

fibre, divided by the distance from the neutral axis to the centroid of the equivalent

column. The simplified expressions, therefore, lead to the following:
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(3.33)

(3.34)

(3.3s)

(3.36)

(s.37)

where,

and,

where,

od., : elastic critical stress at the outer compressive fibre of the section

lksi);

d": distance from the neutral axis of the section to its extreme

compressive fibre (in.);

d : distance from the neutral axis of the section to the centroid of the

equivalent column (in.).

u" : elastic distortional buckling stress of the equivalent column

defined as:

L t.o, - + L(o,* uz) -
Lrtc

dl :

üz-

L(*".
Ir\

n[" -

d¡-Tì [",rr +)

cJ. I Éô

E, )- xrrrl

Zlroxs I rYL\
x, - *r)

(or*o")'-4o,



Xz: Cn+ Iu(x"o-hr)'

X3 - Iro(xro-hr)

xq - Xz * (!,o-hr)(Ir(t"o- hr) -Zxs)

Xt- k,
I +IcÍ cv+-

A"
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(3.38)

(3.3e)

(3"40)

(3.41)

Q.42)

Et3 (3.43)

4w

Q.44)

gross cross sectional area of the equivalent column 1in.2);

moments of inertia of the component with respect to the

geometric x- and y-axes (in.n), respectiveiy;

product moment of inertia of the component with respect to the

geometric x- and y-centroidal axes 1in'1);

St. Venant torsional constant of the equivalent column 1in.4);

torsional warping constant of the equivalent column 1in.ó);

). - n(!L\+
T.kr,/

k4

' 
:(+)'

where,

4:
I"', I" =

I"*v :

J":

Ç=



53

x.o, y"o : x- and y-coordinates of the shear centre of the equivalent column

(in.), respectivelY;

h=, \ : as shown in Figure 3'3;

3.4.3 Eeam-Column Model

To obtain the load-carrying capacity of Z-section beam-columns, the

simplified expressions developed for columns and beams r¡/ere used in a strength

interaction equation as follows:

PIA * M,IS, 
< 1.0 (3.45)

P,,lA M,,ls,

P * *' , ,., (3.46)
P", M",

whele,

D_r : applied axial load lkips);

P., : distortional compressive ioad in the absence of any bending

computed according to Equation 3.26 lkips);

M" : applied moment with respect to the geometric x-axis (kips-in.);

M", : critical moment with respect to the geometric x-axis, in the

absence of any axial loads, computed according to Equation 3-32

(kips-in.).

Of'
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In the experimental study, the bending moment was created by the eccentric

application of the axial load. This load was applied along the web at a distance e,

from the centroid of the section. Thus,

M, ^ Pe, (3.47)

where,

ey : distance of the eccentrically loading location u¡ith respect to the

centroid (in.).

substituting Equation 3.41into Equation 3.46 and rearranging the terms by

considering the load level at which a structure becomes unstable, the eccentric load

(P) of the beam-columns can be obtained as follow:

P",
P=

| * €'P"
M",

alternative inte¡action equation would

the linear function rePresented bY

equation would then be expressed as:

be to use a quadratic function,

Equation 3.45. The strength

(3.4e)

(3.48)

An

instead of

interaction

PIA
PrrlAI.(

(ål .(hl

< 1.0

0ft

< 1.0
(3.s0)
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Substituting Equation 3.41 into Equation 3.50 and rearranging the terms by

considering the load levei at which a structure becomes unstable, the eccentric load

of the beam-columns (P) can be computed as follow:

(3.s1)

As in the case of columns and beams, the load-carrying capacity of beam-

columns obtained from Equations 3.48 and 3.49, does not take into account the

post-buckling capacity of the sections.

Pcf
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F''ãN{T'E ET.EMENT',ENALYSTS

The ANSYS finite element analysis program developed by Swanson Analysis

system, Inc., (L979) is based on classical engineering concepts. Through proven

numerical techniques, these concepts can be formulated into matrix equations that

are suitable for analysis using the conventional finite element method.

The system to be analyzed is presented by a mathematical model consisting

of discrete regions (elements) connected at a finite number of points (nodes). The

primary unknowns in an analysis are the degrees of freedom for each node in the

finite element model. Degrees of freedom may include displacements, rotations, and

are defined by the elements attached to the node. Corresponding to the degrees of

freedom, a stiffness matrix is generated, as appropriate, for each element in the

model. The element matrices are then assembled to form a set of simultaneous

equations that can be processed in the solution phase.

The program's solution phase uses the frontal method to solve this set of

equations. The frontai solution procedure simultaneously assembles and solves an

overall stiffness matrix from the individual element matrices. This procedure

progressively moves through the model, element by eiement, introducing the

equations corresponding to the particular element degrees of freedom. At the same

time, degrees of freedom are solved and deleted (using Gaussian elimination) from

the matrix as soon as possible. The degree of freedom set present in the assembled
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ofmatrix is known as the wavefront, which expands and contracts as degrees

freedom are introduced to and deleted from the matrix.

The ANSYS finite element analysis program is based on a governing equation

constructed by using an appropriate mathematicai reiation of stiffness matrix. The

following sections discuss the applicability of the ANSYS finite element analysis

program to the case of cold-forrred steel Z-section members. The general

corresponding finite eiement formulations are also presented in the discussion. The

primary objective of using the finite element analysis in this study was to determine

how the ANSYS finite element analysis program would predict the failure mode and

the buckling capacity of various Z-sections tested.

4.L QUADRILATERAL SHELL ELEMENT

The analysis is based on the four-node quadrilateral shell finite eiement

depicted in Figure 4.1. The element has six degrees of freedom at each node:

translations in the nodal x, y, and z directions and rotations about the nodal x, y,

and z axes. The nodal displacements are shown in Figure 4.L as u, v, and vr. This

element has both bending and membrane capabilities. Therefore, there are stiffness

matrices for membrane action and bending in the analysis. For the mernbrane

analysis, 2 x 2 integration points are used and shape functions are expressed as:

" - +lu,(L-s)(1-r) * ar(1+s)(1-r) + us(l+s)(l+t) + ur(l-s)(1+r)]
4L

(4.1)
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Figure 4.1 Relative Four-Node Quadrilateral Shell Element



59

where,

IJp fJ¡, IJs, ând Ur : u-displacement (in x-direction) of nodes I, J, K and L;

s, t : element coordinates.

For the bending analysis, four triangles are used for shape functions. These

triangles are overlaid as shown in Figure 4.1 Nodes I, J, and K are connected to

from a triangle. The remaining triangles connect nodes r, J, L, nodes K, L, I, and

nodes K, L, J. Three integration points are used for each triangle.

The four-node quadrilateral shell finite element of an orthotropic material

the stress is related to the strains by:

,', - [D](e) @.2)

where,

(o) = stress vector;

tD] : elasticitY matrix;

(t) = strain vector.

In evaluating the nodal and centroidal stresses, the element integration point

stress equation is expressed as:

(") - lolfal@) (4.3)

where,

tB] : the strain-displacement matrix, which is based on the element

shape functions, must be evaluated at each integration point;

(") : nodal displacements vector.
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The stresses are calculated using interpolation of the integration point

stresses in the element natural coordinate system. Triangles type of geometries with

three integration points are used to determine the stresses where the assumed stress

variation is expressed as:

o¡:&+bs+ct (4.4)

where,

ai = assumed stress variation;

a,b,c= coefËicients.

In the current configuration of the quadriiateral element, a least squares fitting

procedure for the bending stresses was applied by using data from all three

integration points of each of the four triangles.

4.2 NOT{LINE,A.R EUCKLIh{G ANALYSIS

The analysis type is important for determining the stability of any load-

carrying structure. Stability analysis is used to determine either the load level at

which a structure becomes unstable or a structure is stable at a particular load level.

Two types of stability anaiyses are available in the ANSYS finite element analysis

program: linear (eigenvalue) buckling and nonlinear buckling. The nonlinear

buckling is the one that was used in the study of the behaviour and capacity of Z-

section members.
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To determine buckling loads more accurately, nonlinear buckling analysis

should be used. Nonlinear buckling analysis is essentiaily an application of large

deflection which will be described in the following section of "Nonlinearities". This

nonlinear buckling analysis also includes a snap-through analysis where the structure

reaches a second stable state after buckling if the load continues to inc¡ease.

4.3 NONLINEARITIES

Nonlinearlities cause the response of a structure or component to vary

disproportionately with the applied forces. Realistically, all structures are nonlinear

in nature, but not always to a degree that the nonlinearities have a significant effect

on an analysis. However, if the analyst determines that nonlinearities affect the

behaviour of a structure to the extent that they cannot be ignored, a nonlinear

analysis is required.

The ANSYS finite element analysis program carries out nonlinear buckling

analyses by performing a series of successive linear approximations. Each linear

approximation requires one pass, or iteration, through the equation solver. In a

nonlinear buckling analysis, the structure's stiffness matrix and/or load vector varies

with the applied load and is therefore unknown. To solve the problem, the ANSYS

finite element analysis program uses an incremental procedure based on the

Newton-Raphson method, in which a series of linear iterations converges to the

actual nonlinear solution.



62

The number of iterations in the solution process can be specified by either

the user or default. Because the number of iterations needed to approach

convergence is usually not known, a convergence checking feature is available in the

program. Convergence checking compares the results of each iteration with the

previous iteration. If the change from one iteration to the next is judged to be

insignificant, the ANSYS finite element anaiysis program considers the solution to

be converged and stops the iterative process.

In this nonlinea¡ buckling analysis, two types of nonlinearities are used.

These nonlinearities are classified into two categories: material and geometric which

are discussed in the following sections.

4.3.L Material Nonlinearities

A material nonlinearity exist when stress is not proportional to strain. The

ANSYS finite element analysis program can simulate both nonlinear stress/strain

reiationships (plasticity and nonlinear elasticity). This is accomplished by using the

Newton-Raphson method, in which the stiffness matrix is updated each iteration to

form the tangent stiffness matrix.

The Newton-Raphson equation is as follows:

[rr](rø) - (Ð-(¡") (4.s)

lKt] : the tangent stiffness matrix;

(4") : the nodal displacement increment vector;

where,
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(F) the forcing function;

the elastic load vector.(F"')

To fully account for piastic material behaviour in an analysis, three important

concepts have been considered: the yield criterion, the flow rule, and the hardening

law. The yield criterion describes the three-dimensional stress state by computing

a single-valued equivalent stress, which is compared against the uniaxial yield

strength to determine when the material will yield. The flow rule predicts the

direction in which yielding will occur. The hardening law, which is applicable to

materials that strain-harden, describes how the yield surface expands or changes as

yielding progresses

The ANSYS finite element analysis program uses the von Mises yield

criterion to predict when yielding will begin. For equivalent stress this criterion is

as follows:

(4.6)

where,

o1e o2t and ø, : the principal stresses which are calculated from the stress

components by the cubic equation.

Yielding begins when o.q: F' the uniaxial yield strength.

The flow rule used in the ANSYS finite element analysis program is

associated with the von Mises yield criterion so that the increment in plastic strain

tl -o,o 
,l ått 

o, - or)' * (o, - or)' * (o, - or)'l
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is normal to the yield surface. This associated flow rule is based on the Prandtl-

Reuss flow equation:

(4.7)

where,

)¡ : the multiplier determining the amount of plastic strain;

Q : a function of stress (termed the plastic potential) determining the

direction of plastic strain.

The flow rule is associative (that is, Q is the yield function) for all yield criteria in

the ANSYS finite element analysis program.

Hardening laws determine how a material's yield surface is changed once the

material has been loaded into its plastic range. In strain hardening materials,

subsequent reloading will cause the material to leld again oniy if the load exceeds

the previous stress level. Two kinds of hardening laws are presented in the ANSYS

finite element analysis program: isotropic hardening and kinematic hardening.

Isotropic hardening describes a yield surface which expands the same in all

directions, and implies that an increase in tensile yield stress results in an equal

increase in compressive yield stress. Kinematic hardening, which is more realistic,

predicts an increase in tensile yield stress, and produces a corresponding decrease

in compressive yield strength. Therefore, a rnaterial that was initially isotropic will

become anisotropic after yielding. This is known as the Bauschinger effect.

A particular combination of yield criterion, flow rule, and hardening law

describe a unique material behaviour. To use the ANSYS finite element program

(auo'.: rf+l
\dol
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for the analysis of cold-formed steel members, the Classical Bitinear Kinematic

Hardening procedure was used. Classical Bilinear Kinematic Hardening describes

general metallic materials that are considered to be bilinear, having one eiastic and

one plastic slope. This option is applicable to most common, initially isotropic,

engineering meterials. The von Mises yield criterion was also used, as well as the

Prandtl-Reuss flow equations. Kinematic hardening accounts for the Bauschinger

effect. In the present study, this kinematic hardening (Plastic material behaviour)

was applied to the cold-formed steel Z-sections through the explicit use of

established nonlinear stress/strain relationships. Two stress/strain relationships were

used, one for the corner portions and the other for the flat portions of members.

These stress/strain relationships, shown as curves A and B of Figure 4.2, provide the

yield strength of the material at the corners and the flat portions of members,'75

and 50 ksi, respectively.

4.3.2 Geometric f{onlinearities

Geometric nonlinearities occur when the displacements of a structure

significantly change its stiffness. The ANSYS finite element analysis program can

account for these types of geometric nonlinear effects using large deflection and

stress stiffening concepts.

Large deflection presents a change in stiffness resulting from a change in

element spatial orientation as the structure deflects. In general, the ANSYS finite

element analysis program solves large deflection problems by updating the element
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orientations as the structure deflects. Since the stiffness is affected by the

displacements, an iterative solution is required to solve for changes in stiffness at

each iteration. The ANSYS finite element analysis program uses an incremental

Newton-Raphson procedure based on an updated tangent stiffness matrix:

[K],_,(Lu), * (r) - (F"),_, (4.8)

where,

[K],-t : the stiffness matrix based on deformed geometry from the (i-1)

iteration;

(Ar), : the incremental displacement vector,

(u)i:(u),.,+(Au),;

(r), = the displacement vector at the current iteration;

(F) = the applied force vector;

(F''),., : the elastic force vector based on displacement for iteration (i-1).

With each iteration, Au becomes smaller and smaller as the successive

iterations converge to the solution. The ANSYS finite element analysis program's

optional convergence checking feature can be used to stop the iterative process

when Au becomes smaller than the user-specified or the default criterion.

Stress stiffening, also known as geometric stiffening, accounts for an increase

or decrease in structural stiffness based on the stress state. This analysis option is

also applied to the case of cold-formed steel members since this type of structures

is weak in bending resistance.



68

The ANSYS finite element analysis program uses the stress state of a

structure to calculate a stiffness matrix, [S], which is added to the normal stiffness

matrix, [K], to solve for the new displacements. Accordingly, the governing equation

for a static analysis using stress stiffening is:

I lK] * lsl l(u) : (F)
where,

I tK]+[S] ] : the tangent stiffness matrix based on deformed geometry.

In summary, the governing equation for a nonlinear buckling analysis of cold-

forrred steel Z-section in the present study is:

[ [Kr] * [sr] l,_,(^ u), - (F) - (F"),_,

(4.e)

(4.10)

where,

[ [Kr]+[Sr] ],_, : the tangent stiffness matrix based on deformed

geometry from the (i-L) iterations.

4.4 MODELLING OF SECTIO¡{S

The analysis of three cold-formed Z-sections was carried out using an

educational version of the ANSYS program operated by using the VAWMS system

computer station at the Interactive Graphic Computer Facility of The University of

Manitoba. Three types of section were analyzed: a column, a beam, and a beam-

column section. The residual stresses of the sections were not taken into

consideration in the analysis of these sections. To prevent local distortion at point
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of concentrated nodal loads at the end supports of these sections, the thickness of

the elements at each end, was increased from 0.059 to 0.59 inches. A-lso, to prevent

a rigid body rotation of the sections about their longitudinal axes, a roller support

was used at each flange-web junction of the end supports, as shown in Figure 4.3.

The loading factor obtained from the ANSYS analysis was used to compute the

failure load of these sections. The modelling of the sections and their results are

discussed in the following sections.

4.4.L Column Section

An 18 inch specimen with 0.25 inch flat width of edge stiffeners, 1.5 inch flat

width of flanges, and 4.0 inch flat width of web element, was chosen for the analysis.

To simulate the pin-ended condition, where shortening of the member is permitted

only in the longitudinal direction, a roller at one end and a simple support at the

other end, located at the centroid of the cross section, were assumed. A unit axial

Ioad was applied on the roller end support at the centroid of the cross section. The

finite element mesh of the section, for an input data batch file, is shown in Figure

7.3. The modelling of the same section produced by the ANSYS program prior to

the analysis is shown in Figure 4.4.

The deformed configuration of the section produced by the ANSYS program

is shown in Figure 4.5. The failure mode of the cross section was by distortional

buckling of the flange-edge stiffener componenq as shown in Figure 4.6. The

predicted load of this section was 14.3 kips, compared to the experimentai value of
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17.5 kips. The difference in the results could be attributed to the fact that the

ANSYS analysis does not take into account the post-buckling strength of the section.

The stress distribution in this member is shown in Figure 4.7. The level of

the distributed stresses is presented by the tone of colours. The darker the colours,

the higher the stress level. As shown in this figure, the highest stress level appears

to be at the corners or the junctions of the section which is in good agreement with

the basic elastic theory described by Winter (1959).

4.4.2 Beam Section

A 54 inch specimen with 0.75 inch flat width of edge stiffeners, 2.7 inch flat

width of flanges and 7 .7 inch flat width of web element, was chosen for this analysis.

To simulate the pin-ended condition used in the actual test set-up of the

experimental investigation, a simple support at the centroid of the cross section was

assumed to act at one end and a roller support was assumed to act at the other end.

These supports were used to allow for shortening of the member in the longitudinal

direction. AIso, to simulate the lateral supports used in the test set-up to brace the

Z-section against twisting, three roller supports were applied on the plane of the

web, at midspan and at a distance of 14.25 inches from each end of the member, as

shown in Figure 4.8. The loads were applied at the third points, located 74.25

inches from each end of the member. The finite element mesh of section, for an

input data batch file, is shown in Figure 4.8, while the modelling of section produced

by the ANSYS program prior to the analysis is shown in Figure 4.9. The deformed
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Figure 4.8 The Finite Element Mesh of Beam Section
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cross sectional configuration of the member, shown in Figure 4.10, indicates that

distortional buckling of the flange-edge stiffener component took place. The

computed bending capacig of the member was 58.7 kips-in., compared to 58.8 kips-

in. measured during testing. The ANSYS result in remarkably close to the

experimental result.

4.4.3 Beam-Column Section

A 24 inch specimen was used in this case. This section had 0.75 inch flat

width of edge stiffeners, 2.7 inch flat width of flanges and 1.7 inch flat width of web

element. To simulate the pin-ended condition, where shortening of the member is

permitted only in the longitudinal direction, a roller at one end and a simple support

at the other end, located at the centroid of the cross section were used, as shown

in Figure 4.11. Also shown in this figure, A unit axial load was applied on the roller

end support, at one of the web-flange junctions, while the modelling of section

produced by the ANSYS program is shown in Figure 4.72. The deformed

configuration of the cross section, shown in Figure 4.13, indicates that in the beam-

column section, as in the case of the column and the beam members, distortional

buckling of the flange-edge stiffener component took place. The predicted capacity

was 5.9 kips, compared to 9.2 kips measured during testing.
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An experimental investigation of the effect of partially stiffened flanges on

the behaviour of cold-formed sections was carried out by Mulligan (1983). Using

channel sections, Mulligan pointed out that the flange-edge stiffener component of

the sections collapsed suddenly due to distortional buckling. In these cases, the

sections showed little post-buckling strength.

Sudharmapal (1988) conducted on experimental investigation involving cold-

formed Z-sections loaded in direct compression. An important parameter in the

tests was the angle between the edge stiffener and the flange. The specimens were

designed in such a way as to preclude web buckling prior to flange buckling. The

experimental results were in good agreement with the results predicted by the AISI

Specification (L986).

Purnadi (1990) extended Sudharmapal's work and investigated cold-formed

Z-section steel members subjected to combined axial load and bending. Purnadi's

research showed that the edge stiffener angle had a direct influence on the

behaviour of the Z-sections. The experimental results showed that for Z-sections

whose web was not subject to local buckling, edge stiffener angles greater than 30

degrees ensured adequate stiffening against distortional buckling.

The distortional buckling of cold-formed steel Z-section columns was also

studied by Rosner et al (1989) who carried out an experimental investigation on Z-
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sections with edge stiffeners transverse to the flanges. That investigation was

extended by Martens et al (i989) to cover sloping edge stiffeners and angled edge

stiffeners. Le et al (1990) extended Rosner's work to cover sections susceptible to

local buckling of the web element.

An extensive review of the literature has shown that there is limited

experimental information on the distortional buckling behaviour of cold-formed steel

Z-sections. The behaviour of such sections with the web-flange buckling interaction

has not been adequately addressed in the design specifications (4ISI,7989 and CSA

1989). The need to study this interaction. a behavioral phenomenor which is

missing in the design specifications, is significant. The present experimental

investigation thus is designed to study the distortional buckling of cold-formed steel

Z-sections susceptible to local buckling of the web element.

5.1- T'EST SPECIMENS

The test specimens were made from a cold-formed steel sheet with a nominal

thickness of 0.059 inches. The specimens rù/ere manufactured in a commercial

fabrication shop by shearing the flat sheet to the correct width and length and then

forming it to the desired Z-section configuration, using a press-break. The

dimensions of specimens were specified within the tolerance of.'1.7o. The imperial

unit was used throughout the experimental program.

A typical Z-section specimen is shown in Figure 5.1. A three-part specimen

designation system was used. For example, specimen 1.5-1.0-1 has a nominal flat
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Figure 5.1 Typical Cross Section
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width of flange, b¡, of 1.5 inches, and a nominal flat width of edge stiffener, c, of L.0

inch. The last term, L, identifies the specimen within its category.

A complete list of the parameters used, along with the number of specimens

tested in each category, is given in Table 5.1. In the table, column (8) shows a

group of specimens with unstiffened flanges. In these specimens there was no

curved portion of edge stiffeners. Column (9) shows a group of specimens where

the edge stiffeners had only a curved portion and no flat width. The sections tested

are typical of those used in practice, except that the dimensions of the edge

stiffeners were purposely varied to determine the effect of distortional buckling on

the behaviour of the section.

Of the 123 specimens, 85 were tested as columns under concentric loading,

20 were tested as beams under pure bending, and L8 were tested as beam-columns

under eccentric axial loading. The column specimens were grouped into three

categories with lengths, of 18, 24, and 48 inches. For the L8 inch specimens, the

total number of specimens considered was: (3 different flanges) x (5 different edge

stiffeners) x (3 specimens) : 45 specimens. For the 24 and 48 inch specimens, the

totai number of specimens was: (L flange) x (10 different edge stiffeners) x (2

specimens) : 20 specimens. The beam specimens were 54 inches long and the total

number was: (1 different flange) x (10 different edge stiffeners) x (2 specimens) :

20 specimens. The beam-column specimens had lengths of.24 and 48 inches. For

each length, the total number of specimens was: (1 different flange) x (9 different

edge stiffeners) x (1 specimen) : 9 specimens.
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The specimen lengths were chosen to permit various interactive modes of

failure. The short specimens were chosen so that yielding would be reached before

Iateral buckling, thus allowing locai or distortional buckling after yielding had

commenced. The longer specimens were designed so that local and distortional

buckling of the cross section and its interaction with the overall buckling of the

members could be studied.

5.1.1 Ðimensions and Froperties of Specimens

To measure the actual dimensions of the specimens and to determine their

properties, a technique was used which utilized spray paint impressions taken from

the ends of each specimen. Each specimen was placed upright on a white sheet of

paper and paint was sprayed around the specimen on the paper so that an outline

of the cross sectional shape was left on the paper. Figure 5.2 shows a typical

outline. Measurements were performed using a vernier calliper to an accuracy of

0.0004 inch. The lengths of the specimens were measured using a tape measure to

an accuracy of 0.004 inch. The paint was removed f¡om the ends of each specimen

before determining the plate thickness at two locations from each element

component. To account for any distortion of the edge caused by the shearing

process of the steel sheet before forming, the thickness of the section \¡/as measured

at approximately 1.0 inch away from the edge and at several locations around the

cross section.



85

Figure 5.2 Typical Spray Paint Outline
(Not to Scale)
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The average values of the cross sectional dimensions taken from both ends

of each specimen were determined and the cross sectional properties were

calculated. The average cross sectional dimensions, and the corresponding

computed cross sectional properties such as area, moments of inertia, and torsional

and warping constants, are presented in Tables B.l- to 8.8, and Tables 8.9 to 8.L6

in Appendix B.

5.I.2 Material Properties

To determine the material properties of the specimens, a series of tension

tests were performed. Test coupons were cut from flat sheets as well as from

randomly selected specimens which showed the smallest amount of damage due to

testing. The tension tests were conducted in accordance with ASTM E 8M-85,

Standard Methods of Tension Testing of Metallic Materials (1985).

Figure 5.3 shows the locations from which test coupons were obtained. A

typical X-Y plot of tensile load versus eiongation for a virgin coupon is given in

Figure 5.4. Typical load-elongation plots for coupons cut from the flange and from

the curved part of a section are given in Figures 5.5 and 5.6, respectively. The static

yield strength was obtained using the 0.27o offset method. Table 5.2 lists the

mechanical properties of the tensile coupons. The results given in this table indicate

that there were two sets of steel sheets used in the investigation. The first set was

used to form the L8 inch long specimens, the second to form the 24,48, and 54 inch

long specimens. For the first set, the average yield strength was 51-.6L ksi (std dev



Flange

87

Corner

Edge Stiffener
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¡ o'o ct ELoNGATIoN (in.)

Figure 5.5 Typical X-Y Plot of Loads Versus Elongation for Tension Test Coupons
Cut from Flange of a Section

Figure 5.6 Typical X-Y Plot of Loads Versus Elongation for Tension Test Coupons
Cut from Curved Part of a Section
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: 0.66) for virgin sheet, 52.07 ksi (std dev : 1.05) for the flat portions of test

specimens (i.e., flanges, web and edge stiffeners) and,66.73 ksi (std dev: 0.92)for

the corner coupons. The average yield strength of corner coupons wasZgVo higher

than that of the virgin sheet and 287o higher than that of the flat portion coupons,

since the effect of cold-work at the corner coupons was greater than the one at the

flat portion couPons. For the second set, the average yield strength was 47.18 ksi

(std dev : 0.88) for the tirgin sheet, coupons cut from flat portions, the average

yield strength was 47.03 ksi (std dev = 0.69) and 75.01, ksi (std dev: 1.58) for the

flat portions. The average yield strength of corner coupons was 597o higher than

that of the virgin sheet and 597o higher than that of the flat portion coupons. In the

present study, a yield strength of.52.07 ksi was used for the L8 inch specimens, and

47.03 ksi was used for the 24,48, and 54 inch specimens

For both groups of specimens, there was less than a 0.0IVo difference

between the average yield strength of flat coupons cut from the specimens and that

of the flat coupons cut from the titgin sheet. However, there was approximately -¡

5Vo difference between the average measured feld strength and the 50 ksi value

specified by the supplier. Also, there was not statistically compared of the material

properties between these two groups of specimens. The difference of average feld
strength was too large to consider these two groups of specimens to be produced

from the same steel material.

According to ASTM A607-90a Standard (i991) for Grade 50 Class L coid-

rolled high strength low-alloy steel sheet, the minimum requirement for tensile
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strength (F"), yield strength (Fr), and percent elongation (e) are 65 ksi, 50 ksi, and

207o, respectively. Material tests by the producer must comply with these values.

However, the tests by the producer are limited to the end of the coil for coil

products. Design considerations must recognize that variations in strength levels

may occur throughout the untested portions of the coil, but, in general, yield levels

will not be less than 90Vo of the minimum values specified. The absolute minimum

requirements of tensile strength and yield strength in accordance with this Standard

are therefore 58.5 and 45 ksi, respectively. Both sets of steel sheet were

manufactured in accordance with ASTM A607-90a steel sheet. The results of the

tensiie coupons, shown in Table 5.2, are within the acceptable limits.

5.2 TEST EQUIPNTENT

5.2.1, Test Equipment for Column and Beam-Column Tests

To avoid end effects such as fixing moments due to end conditions, the

supports for the specimens had to be designed as "pin-ended" connections. To

prevent tilting of the specimens during testing, the supports had to allow for

rotation. This was achieved by the use of the hemispherical loading cylinder shown

in Figure 5.7, and an end plate arrangement attached at the end of the specimen.

This pin-ended condition permitted longitudinal movement while the ends of the

specimen were free to rotate and tr¡¡ist with respect to any axis.
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Figure 5.7 Loading C.llinder with an End Plate Arrangement Attached at an End
of Specimen

Figure 5.8 The End Plate with 18 inch Long Specimen in Place
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The load was applied by a 60 kips capacity Riehle testing machine and

measured by a 50 kips load cell. The applied load had to be distributed uniformly

over the entire cross section of the specimen. This was achieved by placing a rigid

steel plate at each end of the specimen. For the l-8 inch specimens, the plates were

high strength cold-formed steel with dimensions of 7.5 x7.5 x 0.5 inches, as shown

in Figure 5.8. For fhe24 and 48 inch specimens, 15 x L5 x 0.75 inch, hot-rolled steel

plates were used with dimensions of 15 x L5 x 0.75 inches, as shown in Figure 5.9.

To provide lateral support to the ends of the specimen and to prevent the

specimen from slipping off the support piates after local buckling, 0.5 inch thick

adjustable bars were bolted to the support plates, as shown in Figure 5.L0. The

adjustable bars were designed to accommodate any size of test section.

For the L8 inch specimens, a small circular "dent" was made on the reverse

side of the end plates, in the exact geometric centre of sections. The centroid of the

cross section was placed to coincide with the "dent" location. The hemispherical

loading cylinders rested in the dent and was restrained from moving during testing.

This arrangement ensured that the load was applied concentrically to each specimen.

A simitar end plate arrangement was used for the L8 and 24 inch long

specimens, as shown in Figure 5.1L. However, to provide an easier and more

accurate method of setting up the specimen, 1.0 inch high steel angle sections, were

welded to the plates to form a groove. These angle sections were also used to

prevent the specimen and the plates from slipping off the hemispherical loading

cylinders during advanced stages of loading. Rubber spacers were placed around the
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Figure 5.9 The End Plate with 24 inch Long specimen in Place

FY
tr
hr

rTil

r-cr-l
¿

|---a- I

-lJ
F
L E

Specimen

Figure 5.L0 Plane view of support Plate with specimen in Place
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Figure 5.L1 The Reverse Side of 15 x 15 x0.75 inch support Plate
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Figure 5.L2 The 12 x 8 x 0.5 inch End Plate used for Beam-column Tests
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inside of the grooves so that the hemispherical loading cylinder would fit into the

groove with the smallest possible amount of resistance.

For the beam-column tests, specimens were welded to 12 x 8 x 0.5 inch hot-

rolled steel end plates, as shown in Figure 5.\2. The end plates were bolted to the

support plates. The geometric centroid of the specimen on the end plates was 4.0

inches from the centre of the support plate. One of the flange-web junctions of

each specimen was aligned with the geometric centroid of the support plate, as

shown in Figure 5.12. This connection was designed to accommodate the large

rotation which was expected during testing. After each test, the end plates were

removed and cleaned by grinding prior to reuse. Typical set-up and a loading

diagram with specimen in place are shown in Figures 5.13 and 5.14 for the column

tests, whereas they are shown in Figures 5.15 and 5.16 for the beam-column tests.

5.2.2 Test Equipment for Eeam Tests

The test set-up, shown in Figure 5.L7, allowed the testing of each specimen

as a simply supported beam under two concentric loads applied at the third points.

A schematic diagram of the test equipment with the specimen in place is shown in

Figure 5.18. The load was transferred to the third points via a hollow strucfural

section spreader beam and applied through I.2inch diameter x 6.0 inch long rollers

located as shown in Figure 5.19. The rollers were placed on steel box sections which

were fastened to the webs of the specimen, thus ensuring loading through the webs.

Since Z-section beam tend to bend and twist du¡ing loading, the specimens were
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Figure 5.17 The Test Set-Up for a Typical Beam Specimen

cRoss IIEAD M^cll¡¡'E
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Jjo __{
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DlùIENSÍON i¡ millirtÈr.¡t

Figure 5.18 The Schematic Diagram of Test Set-Up for Beam Tests
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Figure 5.19 Hollow section spreader Beam and Two sets of Rollers

Figure 5.20 Steel Box Section
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braced at midspan and at the loading locations. The lateral braces which consisted

of 3.0 inch wide x 19.0 inch long steel bars, were used to brace the steel box

sections, as shown in Figure 5.20. A¡ additional brace consisting of a vertical roller

was provided at the midspan, as shown in Fígure 5.21. The specimen was loosely

fastened at the ends to steel plates which were connected to hot-rolled steel I-

section columns, as shown in Figure 5.22. Slotted hoies were used to allow for

rotation of the specimens in the plane of loading.

5.3 XNSTRUMENTATION

The basic instrumentation for all specimens consisted of LVDTs (Linearly

Variable Differential Transducers) and load cells connected to a data acquisition

system. For the L8 inch column specimens, one LVDT measured the longitudinal

axial defonnation. For the 24 and 48 inch column and beam-column specimens,

three LVDTs were used, one to measure deforrration in the longitudinal direction,

the other t\¡/o, as shown in Figure 5.23, to monitor mid-height displacements

perpendicular to the flanges at the flange-edge stiffener junction, and perpendicular

to the web at a flange-web junction.

For the 54 inch beam specimens, four LVDTs were used, as shown in Figure

5.24. One measured the vertical deflection in the plane of the web at midspan,

perpendicular to the bottom flange at a flange-web junction. The second measured

the out-of-plane lateral displacement at midspan, perpendicular to the web at the

top flange-web junction. The third measured the ve¡tical dispiacement of the
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I-UÐT#2

Figure 5.23 LVDTs Placed on the 24 and 48 inch Column Specimens

Figure 5.24 LVDTs Placed on Beam Specimen
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flanges, perpendicular to the top flange at the flange-edge stiffener junction located

at midspan. The fourth measured the midspan lateral dispiacement of the edge

stiffener, perpendicular to the edge stiffener at its free edge. The load versus

vertical displacement (LVDT #1) was monitored continuously using a Hewlett

Packard 7044A X-Y recorder.

AII data signals were fed into a TECMAR 12-Bit, L6 Channels Analog to

Digital Convertor Board, installed in an IBM PC computer. Results were logged

on to the hard disk for subsequent analysis.

5.4 TEST PR.OCEDURES

In the case of the 18 inch column tests, the support plates were first placed

at each end of the specimen and the entire assembiy was piaced between the loading

spheres which were fastened to the testing machine. In the case of the 24 and 48

inch column tests, the support plates were first attached to the loading spheres and

then the specimens were placed between support plates. In both cases, once the

specimen was placed between the support plates, a carpenter's level was used to

adjust the specimen to a vertical position. A longitudinal centerline marked on both

specimen and supports was used to adjust the specimen to a concentrically loaded

position for testing.

For the beam tests, the procedure was described in section 5.2.2. The

maximum load was converted to the bending capacity, for each specimen, by taking

one half of the maximum load multipiied by the distance between the bolt line at
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the end supports and the centeriine of the fastener arrangement where the webs

were connected to the box sections. The one half load was used in analysis. In

practice, however, the load may not evenly distributed to each 1,.2 inch diameter x

6.0 inch long rollers located, as shown in Figure 5.19, on the steel box sections.

In the case of the beam-column tests, the end plates were welded to the

specimen. The entire assembly was placed between loading points, with an

eccentricify of 4.0 inches. Once the specimen was set-up, it was adjusted to a

vertical position which was confinned using a carpenter's level.

For all tests, once a specimen was set-up, an approximately 0.3 kips load was

applied to hold it in place and allow the positioning of the LVDTs. To ensure that

the buckling behaviour of the specimen was obsewed, a rate of loading of 0.5

kips/min was used. A data acquisition system was used to record the load and the

displacements at five-second intervals. During the tests, each specimen was

observed closely for signs of local buckling or deformation. A 12-inch ruler was

used to detect any local irregularities in the web, flanges and edge stiffeners by

moving the longitudinal edge of the ruler parallel to the longitudinal surface of the

specimen. After a specimen failed, the type of failure, location of failure, and

ultimate load obtained from the testing machine were recorded. For both column

and beam-column specimens, 60 minutes \ /as needed to conduct the test with 30

minutes for loading. For beam specimens, 120 minutes was needed to conduct the

test with 25 minutes for loading.
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EXPÐR.ÍMENT'AT. .ANÐ,&N.&r-}ZA'r CAT-, R.E S {J{,T'S

In this chapter, experimental observations are discussed. Analytical results,

using North American design specifications (AISI, 1989 and CSA 1989), theoretical

models, and ANSYS finite element analysis, are presented. The evaluation of the

analytical results through the comparison between the experimental and analytical

results is made.

6.1 EXPERIMENTAL RESUI,TS

It was observed that the failure modes of all specimens depended on the

width of the edge stiffeners. The predominant mode of failure, for specimens

without edge stiffeners or with narrow edge stiffeners, was distortional buckling of

the flange-edge stiffener component followed by local buckling of the web. On the

other hand, specimens with wider edge stiffeners, initially suffered.Iocalized buckling

of the web followed by distortional buckling of the flange-edge stiffener component.

In columns and beam-columns, the flange-edge stiffener tended to rotate with

respect to the compression flange-web junction, as shown in Figure 6.1(a). For

beam tests, the compression portion of the beam tended to rotate with respect to

the tension flange, as shown in Figure 6.1(b).

A typical column specimen with edge stiffeners after faiiure is shown in

Figure 6.2(a), while one without edge stiffeners is shown in Figure 6.2(b). Typical
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(a) Distortional Buckling of column and Beam-column Specimens

(b) Distortional Buckling of Beam Specimens

Figure 6.1 schematic Diagrams of Distortional Buckling of specimens
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beam specimens with and without edge stiffeners after failure are shown in Figure

6'3, and typical beam-column specimens with and without edge stiffeners are shown

in Figures 6.4@) and 6.4(b).

A typical X-Y plot of the longitudinal axial load versus axial deformation is

shown in Figure 6.5 for the column specimen without edge stiffeners. For the

column specimens with edge stiffeners, typical X-Y plots are presented in Appendix

c' Figures c'1 to c'5. A typical X-Y plot of load versus vertical deflection at

midspan is shown in Figure c'6 for the beam specimen with edge stiffeners, whereas

Figure c'7 shows a similar plot for the beam specimen without edge stiffeners.

Also, typical X-Y plots for the beam-column specimens with and without edge

stiffeners are shown in Figures C.g and C.9, respectively.

The experimental results for all specimens are reported in Tables 6.1 to 6.g.

Tables 6'1 to 6'3 present the ¡esults of the 18 inch column specimens lv¡th 1.5, 2.0,

and 2'5 inch nominal flat widths of flanges, while Tables 6.4 and6.5 list the resuits

of the 24 and 48 inch column specimens, respectively. Table 6.6 provides the results

of beam specimens, and Tables 6.7 and 6.8 give the results of the 24 and 4g inch

beam-column specimens, respectively. In this table, the second and third columns

present longitudinal arial deformation (å) and experimental loads (pr*,) for the

column and beam-column tests, and for the beam tests they present vertical

deflection (ô) and experimental bending capacities (Mr".,). In the same table the

analytical results are also given.
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Figure 6.3 Typical Post-Test Z-Section Beam Specimens with and without Edge
Stiffeners
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Figure 6.5 Typical X-Y Plot of Axial Load Versus Axial Defonnation fo¡ Column
Specimens without Edge Stiffeners

TABL,E 6.1 Experimentel and Rnelgtical Fesults for the lB inch corumn
Specimens u¡ith l.S0 inch Flot IU¡dth of Ftanges

Sp e cimen

(l)

ô

(in.)

QI

Dt-
I esl

(kips
(5)

Pn ts¡

(kips)

GI

D
'csn

(kips)
(s)

P_.
I neoru

(kips)
(6)

Þ
I e3tq;
(7)

p lo'Test l'Test
Ç- lÇ;.,

(s)(B)

t.5-0.00-to
1.5-0.00-20
t.5-0.00-5e
t.5-0.25- I

r.5-0.25-2
t.5-0.25-5
I .5-0.50- l
t.5-0.50-2
t.5-0.s0-5
I .5-0.?5- t

1.5-0.75-2
L5-0.75-5
t.5- t.00- ¡

r.5- t.00-2
t.5- 1.00-5

0.0I
0.0 B

0.t0
0.12
0.1 0
0.t5
0.0 9
0.r5
0.1 5
0.1 5
0.t I 

i0.r5 |

o.l+ I

o.¡2 I

0.r5 I

r t.90
I ¡.05
I t.90
t 8.90
17.45
r 9.50
17.90
19.90
r 5.25
18.10
19.80
20.8?
20.90
19.50
18.25

18.60| 8.0s
I z.eo
I z r.os
lzo.as
20-30
24.1o
24-21
25.96
25.24
25.58
24.07
22.83
22.86
22.76

8.6 9
B.t5
7.75

24.53
25.90
23.5 ¡

26.86
26.92
26.72
25.80
26.O0
26.90
24.80
24-78
24.70I

I I t.90
lu.rs
lro.es
I I B.6s

I r s.zs

lr8.0r
I r e.28

r 9.55
19.23
I B.B5
I B.B8
t 9.45
t 8.82
18.79
I8.78

L38
t.57
¡.55
0.90
0.85
0.95
0.74
0.82
0.64
0.?8
0.85
0.87
o.92
0.84
0.80

t.5?
r.36
1.54
o.77
0.75
0.82
0.6 7
0.7 4
0.57
0.70
0.76
0.7I
0.8 4
0.?B
0.74

t.00
0.9I
I .12
t.0l
0.9 6
1.0?
0.9 5
1.05
0.7 9
0.9 6

t.05
1.07
1.1I
r.05
0.97

qcurued 
port¡on at the frange-edge stiffenerjunction not inctuoel
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TABLE 6.2 Esperimentar ¡nd ÊnargtícEr Resurts for the r B inch corumnSpecimens r-uith 2.00 inch FIat LUidth of Flanges

Specimen I ¿

i t'n''(r) I tÐ

o
I est

(kips)
(5)

PRlsr

(kips)
(41

Þ
'csH

(kip s)
(s)

P_.Ineoru

(kips)
(6)

D
'Test

"r--
(?)

D lD'Test I 'TestÇiq*".,
(e)(B)

2.0-0.00- t 
a

2.0-0.00-26
2.0-0.0 0-5 0

2.0-0.25-l
2.0-0.25-2
2.0-0.25-5
2.0-0.50- I

2.0 -0.50-2
2.0-0.50-5
2.0-0.75- I

2.0-0.75-2
2.0-0.7s-5
2.0- t.00- I

2.0- t.00-2
2.0- t.00-5 i

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.i
0.1

0.1

0.1

l8
]B
r0

0

0

2
I

0

4
4
2

0

4
0

5

11.20
I t.B5
I 1.90
17.48
17.70
16.49
17.60
t5.t0
20.05
16.00
20.0 B

¡ 8.70
rB.t5
t7.55
I 9.40

II s.zr
| +.ss
I +.ss
I

| 20.61
2l .to
21.1I
25.5 t

23.64
25.55
25.48
25.47
aÉ E?

24.92
24.17
25.73

5.26
4.99
4.98

25.89
24.42
24.57
27.49
27.58
27.3?
28.23
28.20
28.5 t
27.21
26.23
28.1 I

7.43
7.06
?.05

I5.5r
i6.06
6.11
8.37
B.4B
8.52
9.12
9.¡4
9.08
9.36
o1a

0.05

I

I z.rs
I z.co
I z.qt
I o.as
I

I 0.84
0.78
0.?5
0.64
0.8 6

0.65
0.79
0.75
0.?3
0.72
0.75

2.r3 ll.st
2.57 I t.6B
2.Je I t.6s
o.?s I t.l s
o.?2 I t.to
0.67 I 1.02
0.64 I o.e6
o.ss I o.B2
o.?i I t.oe
0.57 10.84
o.?r I r.os
0.66 I 0.e8
0.67 10.e4
0.66 10.e5
o.6e lo.e?

ecurued portion et the frange-edge stiffenerjunct¡on not incfudeJ

TABLE 6.3 Experimental and ÊnolgtÍcat Hesults for the l B inch corumn
Specimens u.lith 2.S0 inch FIat LUidth of Ftanges

Sp ecim en

(l )

ô

(in.)

Q\

Þ
I e3t

(kips
(3)

PR ls¡

(kip s)

GI

PcsR

(kips)
(s)

o
¡ ne 0ru

(kips)
(6)

D
I e31q;
û)

D
¡e3t

G;
(B)

D
I e3t

tr.
I neoru

(e)

2.5-0.00- I 
e

2.5-0.0 0-24
2.5-0.00-3 a

2.5-0.25- I

2.5-0.25-2
2.5-0.25-5
2.5-0.50- I

2.5-0.50-2
2.5-0.50-5
2.5-0.75- r

2.s-t.75-2
2.5-0.?5-5
2.5- 1.00- t
2.5- t.00-2
2.5- I .0 0-5

0.0 9
0.0 9
0.t0
0.r0
0.t I

0.t4
0.t0
0.t5
0.t2
0.r5
0.t5
0. l4
0.t5
0.12
0.¡5

t 2.05
12.45
12.2A
I5.BO
t 7.60
¡ 9.80
16.40
t9.t0
t 8.65
r 8.60
20.0 0

19.r0
I 9.00
18.89
18.00

I 5.76

I s.zo
15.6e
|2r.4s
I zt.oz
lzr.ss
| 25.05

lzs.ee
23.72
26.93
27.7A
27.70I
25.?8 I

26.s t I

2s.80 I

3.79
5.8 0
3.72

24.48
23.98
24.48
26.61
27.64
27.s0
2 9.65
50.6?
50.6 7
27.94
28.84
28.03

I 5.s0I s.snI s.+r
lrs.ra
Ir2.9r
I r s.zs
I

I r s.25
t6.r0
t 5.92
18.t5
I 8.70
t 8.?0
18.47
19.t 9

I8.58

3.21
5.51
5.5 t
o.7 4
0.84
0.95
0.7 t
0.80
0.79
0.6 9
0.72
0.6 9

0.7 4
0.71
0.70

T to

5.28
J.Zó
0,65
0.75
0.8 t
0.62
o.os 

]0-68 I
I

0.65 
|

o.6s I

o.øz 
I

o.6B i

o.6s 
i

0.64 I

2.19
2.26
))q

1.20
t.56
1.49
t.08
t.l9
t.t7
t.05
t.07
1,02
t.05
0.9 B

0.9 7

e curued portíon ot the frange-edge st¡ffener junction not íncru¿eo-
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TABLE 6.4 Experimentol and BnElgticel Results for the Z4 ¡nch
Column Specimens

Specimen

(1)

Ò

(in.)

Q''

Þ
I est

(kips)
(3)

D.BISI

(k¡ps)

G)

o
'csn

(kips)
(s)

o
¡ neoru

(kips)
(6)

Pi,"t I Pi"'tÇi1;
(z) | rer

o
¡esttr--
¡ neo ru

(s)

2.7-0.00- I

2.7-o.oo-2
2.7-0.00- I

2.?-0.oo-2
2.7-0. I 5- I
2.7 -o.15-2
2.7-0.25-l
2.7-o.25-2
2.?-0.s0- |
2.7-0.50-2
2.7-0.75- |
2.7-o.75-2
2.7-t.00-¡
2.7-t.Bo-2
2.7-1.25-1
2.7-1.25-2
2.7- r .50- I

2-7-1.50-2
2.7-2.OO-l
2.7-2.00-2

0.1 5
0.12
0.12
0.1 3
0.t4
0.t5
0.t5
0.1 4
0.1 6
0.14
0.15
0.r6
0.t6
0.r7
0.t5
0.1 6
0.1 7
0.r 7
0.tI
0.17

12.40
10.60
15.05
I t.t5
12.80
I t :É

t 5.20
t 5.80
18.90
¡ 8.25
20.56
20.40
20.70
20.85
25.1 0

21 .25
25.40 l

I

zr.s0 
|

25.30 
I

20.90 I

I ..r.1 ,o.=,
I s.eo I r+.zt
Irs.ss I l+.or
lr5.9r il+.=:
lrq.zslrs.ss
lr+.ss I rs.so
r7.0e I le.l3
17.23 | 1e.32
rs.8s l25.r4
ls.Bzl 2J.12
23.szl z6.6s
24J t I 26-72
zt.a+l zø.o+
23.84 | 26.ß4
23.ss | 2s.e1
zs.ss I zo.os
23.3e | 25.12
23.45l| 2s-1s
21 .06 | zz.t 4
20.8s 

I 
2t.Bs

s.28 13.24 13.21
s.szl z.zs I z¡z
o.eolo.so lo.ss
6.e5 10.80 10.78z.+slo.ezlo.ez
z.ssjo.eslo.ze
g.es10.89 10.?e
e.solo.szlo.sz

r i.4o I o.es i o.B2
rs.zt lo.e2 | o.?s
r 6.06 | o.B6 | 0.77
r6.lol o.s5 I 0.76
rz.osl o.B? I o.?e
¡ z.oo I o.ez I o.eo
tg.zal o.go lo.es
ts.zrl o.se lo.B2
t e.i2 I r.oo I o.s¡
r e.J3 I o.es I o.sz
r?.58 | 1.il I r.os
17.Æl Lso I o.es

?tq
1.99
¡.98
1.6 I
1.72
1.63
l.s3
¡.60
1.4t
r.38
1 ao

1.27
l.r7
1.1 B

1.20
t.t t

1.21
r.t5
1.54
t.2t

6 curued
b-

LUTUEfI

portion at
port¡on 6t

the flange-edge
the flange-edge

not incfuded
in clud ed

stiffener junction
stiffener junction
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TABLE 6.5 EnperimentE¡ and flnalgtÍcal Results for the 48 ínch
Column Specimens

uCurued portion at the ftange-edge stiffenerjunction not included
bCurued portion El the flônge-edge stiffenerjunct¡on included

"":':"^ 
| 

,r,,

Þ
I e3t

(kíps)
(3)

PRrs 
r

(kips)
(4)

D
'csfl

(kips)
(s)

PTh" o.g

(k¡ps)
(61

Þ
I e3lq;
(?)

Þ
I e9tË--

'csF

(8)

otïest
Ë_-
'Theorg

(s)

2.?-0.00-tu I o.l5
2.?-o.oû-2al o.r?
2.?-o.oo-rb I o.rs
z.z-o.oo-zb I o.l e

2.?-o.rs-r I o.ro
2.7-0.1S-Z I o.l S

2.7-0.25-t I o.r+
2.7-0.25-2 I O.1s
2.?-o.so-r I o.r e

z.z-o.so-z I o-re
2.7-0.7s-r I o.zr
z.z-o.ts-z I o-tz
2.7-t .oo-t I o. r z
z.z-r.oo-z I o-r e

2.7-1.25-1 I o.zo
z.z-t.zs-z I o-zt
z.?-r.so-r I o.zo
2.7-1.50-2 I 0.22
2.7-2.AO-1 I O.Zl
2.7-2.os-2 I o.2?

¡ 1.50
12.70
12.55
I 1.65
12.90
12.70
15.7f1
14.50
I 9.40
16.90
20.95
20.80
2l .45
19.60
20.55
22.50
20.15
21 .45
21.75
1a cELL.JJ

J.OÕ

5.87
t 4.56
14.58
t 4.35
14.21
15.77
15.66
19.34
1 8.90
22.12
22.61
22.46
22.48
22.16
22.31
22.50
22.59
20.51
20.32

l5.lB
r 5.55
15.09
15.10
15.01
14.86
17.10
16.92
22.26
2t .71
24.48
25.58
24.44
z+.1ó
23.82
23.97
24.O4
24.1 1

21.22
21 .19

5.56
J.JI

8.52
8.49
8.61
8.40
9.9 9
9.80
4.56
5.65
6.55
6.65
?.6 B
7.57
8.6 0
8.60
9.55
9.55
? xo

7.2A

2.96
5.28
0.87
0.8I
0.9 0
0.8 9
0.87
0.91
1.00
0.8 9
0.9 5
o.92
0.9 5
0.8 7

0.93
1.00
0.92
0.95
1.07
l.l1

2.93
5.25
0.85
9.77
0.8 6
0.8 5
0.80
0.85
0.8 7
0.7I
0.8 6
0.81
0.88
0.80
0.86
0.95
0.8 6
0.89
1.02
1.06

2.15
t lo

1.4?
1.37
1.50
t.5 I

1.3?
1.16
r.55
1-24
r.28
1.25
1.21
1 .12
l.1t
1.20
1.07
l.t r

1.25
t.5 I



tL6

TABLE 6.6 Esperimentet and
Beam Specimens

Rnalgtical Besults for the 54 inch

Specimen I a
t_
I trn',l

(r) I tzt

M-
I est

(kios)
in.
(5)

N,{' '8lst
(kios)

in.
G\

' 'csH
(kips

in.
(s)

l"
I Theor¡

| (K_¡DsJ

I In.
I ro¡

L,{
I e3t M-

I est M-teSl
M RIsI

(?)

' 'csf,

(B)

M rh"o.g

(e)

2.7- 0.0 0- I
2.7-0.0a-2
2. ? -0.0 0- I
2.7-O.00-2
2.7-0. I 5- I

2.7-0.15-2
2.7-o.25-l
2.7-o.25-2
2.7-0.50- I

2.7-0.30-2
2.7-0.75-1
2.7-0.7s-2
2.7-t.oo-l
2.7-1.00-2
2.7-1.25-l
2.?-1.2s-2
2.7- t.50- I

2.7-1.50-2
2.7-2.OA-l
2.7-2.Oo-2

0.59
o.42
0.41
0.41
0.45
0.45
0.46
o.47
0.45
0.45
0.45
0.44
0.59
0.45
0.59
o.44
0.42
0.4t
0.5I
8.42

52.02
55.79
54.76
55.?9
54.06
53.08
54.06
57.6 0

58.22
58.75
62.1 1

58.57
63.08
60.54
6l .40
64.50
62.37
65.79
6 t.05
65.08 I

I e.6s

I 10.02
62.68
63.0 0
62.32
64.17
6 8.49
68.69
80.29
81.85
92.99
92.17
94.29
9 t.45
92.37
89.55
86.84
88.6 4
77.461
?9.69 I

9.62
10.00
62.43
65.1 9

62.49
64.44
?0.91
?0.45
85.85
87.52
97.87
97.28
95.62
92.50
92.91
90.92
B?.r5
Be.0e 

I

e7.50 
|

79.s7 I

138.69
I

| 40.0s

| 42.17
I 4l .o4
lss.ss
| +o.es
I 41.81
I

| 43.82
45.44
d.ç ¿<

46.9 6
46.8 B

47.1 1

45.57
47.64
45.76
46.74
48.00
45.63
47.07

5.59
5.57
0.8 7
0.8 5
0.8 7

0.83
0.79
0.84
0.73
0.72
0.6?
0.64
0.6 7
0.6 6

0.6 6

0.72
0.72
0.72
0.79
0.79

5.41
5.38
O. BB

0.85
0.8 7
0.82
0.76
0.82
0.6I
0.67
0.65
0.6 0
0.6 6
0.65
0.66
0.72
0.72
8.72
0.63
0.79

1.34
t.Ja
1.50
l.5l
t.56
t.50
t.z9
t.Jr
1.28
1.29
1.32
1.25
t -34
1.32
1.29
t.4l
1.55
I.JJ

1.54
l.J1

ecurued portion ot
bCurued portion et

the flange-edge stiffener junction not íncluded
the flange-edge stiffener junction íncluded
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TABLE 6.7 Experimentet end Ênergticer Besurts for the 24 inch
Beam-Column Specimens

uCurued 
Þortion

b curued portion
at the flonge-edge
at the flonge-edge

stiffener junction not included
stiffener junction included

Sp ecimen

(r )

ô

(in.)

QI

o
l- leSt

(kips)
(3)

PR ¡s¡

(kips)
(4)

D
'csfl

(kip s)

(s)

PThu 
o rg DL

I est

"r-;
(8)

D
D¡,

I e3l

Ti*'.,Eq. 3.48
(kip s )

(6)

Eq. 3.51

(kip s)
(7)

PcsR

(e)
Eq.3.4t

(10)
Eq. 351
(r l)

2.?-û.0 0-5 e

2.?-0.0 0-3b
2.7-0. I 5-5
2.7-O.25-3
2.7-0.50-5
2.?-0.75-5
2.?- I .00-5
2.7-1.25-3
2.7- r .50-3

0.
0.
0.
0.
0.
0.
0.
0.
0.

0

0

0

0

0
I

2
I

0

6.50
7.00
7.95
8.1 5
8.90
9.25
9.55
9.0 0

9.05

1.46
7.17
7.84
8.54

1 0.02
I 1.94
12.46
12.39
12.17

1.46
7.20
8.0I
9.0 9

I l.tB
15.00
12.96
I2.5t
12.01

5.45
4.35
4.71
5.r4
6.12
6.97
7.50
7.47
7.49

4-64
6.0 6
6.64
7.26
8.61
9.73

10.09
r 0.51
I 0.35

4.46
0.9 B

0.98
0.95
0.89
0.77
0.79
0.75
0.7 4

4.45
0.97
0.95
0.9 0

0.80
0.71
0.76
0.72
0.75

.89

.õ¿

.62

.59

.45
aa.JJ
zÊ.JJ

.20

.21

1.40
I .15
1.15
1.12
t.05
0.9 5
0.9 B
0.8?
O.BB

TABLE 6.8 Experimentor and flnargticel Hesurts for the 48 inch
Beam-Column Specimens

a curued
b curue d

portion at
port¡on at

the flange-edge
the flange-edge

stiffener
s tiffe n er

jun ctio n
jun ct io n

not included
included

Specimen

(l)

Ò

(in.)

QI

D¡-
I e3I

(kips)
(5)

PRts¡

(kips)

G)

D
'csfl

(kips)
(s)

PTh. o.g Dt Testq;
(8)

F
D

leSt
t*;.0Eq. 3.48

(kip s )

(6)

Jq.35t
(kips)

(7)

PcsR

(e)
Eq.3.4t

(r 0)
Eq. 351

0r)
2.7-0.0 0 -3 a

2.7-0.00-3b
2.7-0. I 5-5
?.7-0.25-3
2.7-0.50-5
2.7-0.?5-5
2.7- I .00-5
2.7-1.25-3
2.7- I .50-5

0.
0.
0.
0.
0.
0.
0.
0.
0.

I

0

0

4
7

7
B

õ
o

6.62
6.80
7.65
7.82
9.56
9.32
9.70
9.9 0

9.6?

1.42
7.45
7.42
8.07
9.85

I 1.54
r 1.95
I 1.95
I r.?B

1.42
7.55
7.50
8.21

10.45
12.34
12.29
I t.98
I 1.56

5.40
4.62
4.65
5.07
6.t I
6.95
7.26
7.44
7.44

4.57
6.52
6.56
7.¡6
8.6 0
9.70

10.06
10.2?
10.26

4.68
0.92
t.05
0.97
0.97
0.8I
0.81
0.85
0.82

4.6?
0.95
1.05
0.9s
0.9 0
0.76
0.?9
0.85
0.85

.l.95

1.41
1.65
t.54
r.55
1.34
1.54
t.55
t.29

L45
1.04
1.17
t.09
t.09
0.9 6
0.9 6
0.9 6
0.94
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6"2 .4I{,ALYT'ÏC.AJ, R.ES{JÏ,T'S

The North American design specifications (AISI, 1989 and CSd 1989) were

used to determine the load-carrying capacity of Z-sections and the results were

compared to the experimental ones. The relevant AISI Specification (AISI, 1989)

and the Canadian Standard (CSA, 1989) design provisions were discussed in Chapter

2. To predict the capacity of the specimens using the AISI Specification (1989) and

CSA Standard (L989), all safety factors were removed from the calculations. The

average cross sectional dimensions, given in Tables B.1 to 8.8, were used in all

calculations. As determined from the tension coupon tests, a yield strength of 52.07

ksi was used for the L8 inch specimens, while a 47.03 ksi was used for the 24, 48,

and 54 inch specimens. Detailed calculations for the strength of typical column,

beam, and beam-column sections are given in Appendix D using the AISI

Specification (1989) and CSA Standard (L989), whiÌe they are given in Appendix E

using the theoreticai models.

The ratios between the experimental and anaiytical results, for each series of

specimens, are shown in Figures 6.6 to 6.1-5 as functions of the overall width of edge

stiffener. Figures 6.6, 6.7, and 6.8 refer to the L8 inch column specimens with

nominal flange flat widths of 1.5, 2.0, and 2.5 inches, respectively, while Figures 6.9

and 6.10 refer to the 24 and 48 inch column specimens, respectively. The effect of

the overall edge stiffener width on the bending capacity of beam specimens is shown

in Figure 6.11. Figures 6.L2 to 6.15 show the effect of the edge stiffener on the

load-carrying capacity of the 24 and 48 inch beam-column specirnens.
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P-TEST/P-ArSI
P-TESr/P-c.s/
P-TEST/P-THE0RY

IvERALL wTIDTH 0F EDGE STIFFENER, D (¿n")

Figure 6.6 Analyrical Load Ratios for the L8 inch Column Specimens with 1,.5 inch
Flat Width of Flanges

P-TEST/P-A,rSr
P-rEST/P-C.S,4
P-TEST/P-THE0RY

¿LZIO2.O
OVERALL tffDTI{ 0F EDGE STIFFENER, D (in.)

Figure 6.7 Analytical Load Ratios for the 18 inch Column Specimens with 2.0 inch
Flat Width of Flanges
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P-TEST/P-ArSr
P-TEST/P-C.S/
P-TEST/P-THE0RY

6 ôè
t6 zo

)VERALL wIDTr{ 0F EDGE STIFFENER, D (in")

Figure 6.8 A:ralytical Load Ratios for the L8 inch Column Specimens with 2.5 inch
Flat V/idth of Flanges

P-TEST/P-ArSr
P-TESr/P-C.Sá
P-TEST/P-THE0RY

}VERALL 'ÍIryDTH 0F EDGE STIFFENER, D (ín.)

Figure 6.9 Alalytical Load Ratios for the 24 inch Column specimens
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Figure 6.10 Analyficai Load Ratios for the 4g inch column specimens
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Figure 6.L1 Analytical Load Ratios for the 54 inch Beam
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Figure 6.12 Analytical Load Ratios for the 24 inch Beam-Column Specimens
(Theoretical Equation 3.48)
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The erperimental results along with the analytical results are also shown as functions

of the overall width of edge stiffener in Figures 6.16 to 6.25. In these figures, the

nominal cross section dimensions of the Z-section specimens and the specified yield

strength of material (50 ksi) were employed in constructing the analytical curves.

According to the analytical curyes for those sections without edge stiffeners,

where the flanges \ilere classified by the AISI Specification (1989) and CSA Standard

(1989) as unstiffened elements, the critical stress was limited to the local buckling

stress of the compression flanges. Thus, the capacity of the members was computed

on the basis of the local buckling stress of the compression flanges and either the

unreduced cross section for compression members or the unreduced elastic section

modulus for bending members. The computed capacity of members was therefore

lower than the experimental capacity. The difference between the methods used to

compute the capacities of sections with edge stiffeners and sections without edge

stiffeners also resulted in the discontinuity shown in the AISI and CSA curves of

Figures 6.1,6 to 6.25.

To evaluate the analytical results, the average and standard deviation of the

ratios between the analytical results and the experimental results \¡/ere used. Since

a small number of specimens for each series tests was conducted, the standard

deviation tends to be larger than it would norrraily be expected. A brief discussion

of the comparison between the experimental and analytical results is given in the

following sections.



CSA C6.6.4

ér.*éøæ?h,,

f.ê

{"þ OO

125

ut = 4.0 in-
b=1.5ùt¿ó

Ø24p.
'ÈJ
-s)ç20
a
$rc\ì
E{ 12
è\r
q
SeÈ
F-

¡l +

THEORETTCAL
csÁ c6.6.3.2

ø@E@@'
Arsr c4(b)

0{-
0.0 02 0.4 0.6 0_8 t0 12 L4 t6 L8 ZO

OVERALL WIDTH 0F EDGE STIFFENER, D (in.)
Figure 6.16 Expe¡imental and Analytical Loads for the 18 inch Column Specimens

with 1.5 inch FIat Width of Flanges

ut = 4.0 i¡t-
b = 2.0 in-

281

Ø24
tr-.c)'

€:o

ò= tu

'-ì
H12
E\
v
Ser{
F
'-ì ¿\LJ

o
0.0 02 0.4 0-e 0.8 t0 L2 1A 16 t8 ZO 22

OVERALL wrIDTIt OF EDGE STIFFEITER, D (tn-)

Figure 6.L7 Experimental and Analytical Loads for the 18 inch Column Specimens
with 2.0 inch Flat Width of Flanges

THEORETICAL

csA c6.6.3.2



126

rD = 4.0 írL
b = 2.5 ízu

28

v)24
R.

'FJ

€:o
a
$æ\ì
ËJ 12
N

\a
b.\
S+
-

2A

v)24
e.

'eJ

€20
a
$rc\ì
Fì 12
Fr

Ë'
E-

!+

Arsr c4(b)

o.0 02 0.4 0.6 0.8 t0 L2 1A t6 L8 ZO 22

OVERALL WIDTII OF EDGE STIFFENER, D (¿n.)

Figure 6.18 Experimental and Analytical Loads for the 18 inch Column Specimens
with 2.5 inch FIat V/idth of Flanges

ut = 7,7 in-
b = 2.7 in-

CSA C6.6.4

TTTEORETTCAL

c6.6.3.2
Arsr c4(6)

. 0.o 02 0.4 0.6 0.8 L0 12 1-4 t6 tf¡ ZO ?2

OVERALL WIDTH OF EDGE STIFFENER, D (i,')

Figure 6.19 Experimental and Analytical Loads for the 24 inch Column Specimens

o og
oo

CSA C6.6.4

THEORETTCAL

csA c6.6.3.2



727

'ra = /./ LÌL

b = 2.7 ín^
28

v)24
e,

'cJ

€:o
q
ðtu\ì
F.l12b\

Ë'\;
Ër

¡l +

CSA C6.6.4

THEORETTCAL

c6.6.3.2
T¡s¡ c4(b)

o
0-0 02 0.4 0.6 0-8 t0 12 L4 t6 18 ZO 22,

OVERALL WIDTIT 0F EDGE STIFFENER, D (tn.)

Figure 6.20 Experimental and Analytical Loads for the 48 inch Coiumn Specimens

tt = 7,7 ír¿-

b = 2.7 itt-

arsr c4(b)
CSA C6.4.4

02 0.4 0.6 0a t0 12 L4 tfì t8 ?J 22.

?VERALL WIDTH 0F EDGE STIFFENER, D (¡.o)

t*l
so1

.j 801
èt.Èl
I 701v)l
SL60l

P*l
È*J
ë 301

Q rol* 
'l'
0F
o-0

csí c6.4.2
ATST C3.1.

THEORETTCAL

Figure 6.21 Experimental and Alalytical Loads for the 54 inch Beam Specimens



æ

Ø24
e.

'cJ '

€:o
a
$rs

128

tu = 7.7 in^
b = 2.7 itt-

ut = 7.7 in-
b = 2.7 ir¿-

\ì
Þ12
b.\

ñrS
h'r

$a
o

ATST C5
oo

02 0.4 0.6 0a t0 L2 L4 t6 t8 ZO 22
OVERALL WTDTH OF EDGE STIFFENER, D (i,,)

Figare 6.22 Experimental and Analytical Loads for the 24 inch Beam-Column
Specimens (Theoretical Equation 3.48)

%{rsr c4(b)
CSA C6.7.2

Arsr c4(b)
CSA C6.7.2

28

ut24
R.

€:o
q
$m*l
Þ12
E-

>8
E-
'-ì ¿

0
02 0,4 0.6 0a t0 12 L4 t5 t8 2-O

OVERALL ltrIDTH OF EDGE STIFFENER, D (tn.)
Figure 6.23 Experimental and Analytical Loads for the 24 inch Beam-Column

Specimens (Theoretical Equation 3.51)

THEORETT

CSA C6.7.2



28

o')24
a.

'd'

€:o
a
$æ*ì
Equ
E\s
è8
E-,

S*j ffi¿rq
l: cs¿ c6.2.2

ATST C5
oO

CSA C6.7.2

THEORETTCAL

129

u = 7.7 ín-
b = 2.7 i¡t-

u = 7.7 in-

6 = 2.7 in-

0.0 02 0.4 0.6 0-8 10 L2 1A t6 L€! ZO æ,
?VERALL WIDTH 0F EDCE STIFFENER, n (n.)

Figare 6.24 E4perimental and Analyfical Loads for the 48 inch Beam-Column
Specimens (Theoretical Equation 3.4S)

28

v)24
e.

'd

€20
q
$æ\ì
Êr 12
E-,
:q
è8 THEORETIC.4.L

c lo*ì ¿.1 øil 'l Arsr c4(b)@ cs{ c6.2.2

0.0 02 0-4 0.6 0.8 to L2 14 t6 L8 ZO

OVERALL WTDTH OF EDGE STTFFENER, D (iru)

Figure 6.25 Experimental and Analytical Loads for the 4g inch Beam-column
Specimens (Theorerical Equarion 3.51)

CSA C6.7.2



130

6.2"I .4-ISI Specification (1989)

In the case of column specimens, Tables 6.L to 6.5 show that the predicted

loads computed according to the AISI Specification (1989) for sections without edge

stiffeners were much lower than the e4perimental results. Flowever, for sections

with edge stiffeners, the ratios between the e4perimental and predicted results were

found to be less than l-.0, indicating a degree of unconservatism in the Specification.

For the L8 inch column specimens with a flange \¡¡idth of L.50 inches, the

ratio between the experimental and predicted results (AISI, 1989) ranged from L.37

to 1.55 for specimens without edge stiffeners, while for the sections with edge

stiffeners the ratio range,d from 0.64 to 0.95 (ave : 0.83; std dev : 0.0s4).

Similarly, for the sections with 2.00 inch flanges the ratio ranged from 2.L5 to 2.41

for the sections without edge stiffeners and from 0.63 to 0.86 for the sections with

edge stiffeners (ave : 0.76; std dev : 0.074). For the sections \Mith 2.50 inch

flanges, the ratio for the sections without edge stiffeners ranged from 3.21 to 3.3I,

while for the sections with edge stiffeners the ratio ranged from 0.69 to 0.93 (ave :

0.76; std dev : 0.073).

The results of the L8 inch column specimens indicate that the predicted loads

for the sections without edge stiffeners were very conservative. The predicted loads

varied from 30Vo to 73Vo of the experimental loads. On the other hand, the results

for the sections with edge stiffeners v/ere unconservative and the predicted loads

varied from 105Vo to L59Vo of the experimental loads.
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For the 24 inch column specimens, the ratio of the experimentai and

predicted results, for the sections without edge stiffeners, ranged from 2.75 to 3.24,

while for the sections with edge stiffeners the ratio ranged from 0.80 to L.1L (ave :

0.92, std dev : 0.074). For the 48 inch column specimens, the ratio for the sections

without edge stiffeners ranged from 2.96 to 3.28, while for the sections with edge

stiffeners the ratio ranged from 0.81 to 1.1L (ave : 0.93, std dev : 0.074).

In summary, the AISI Specification (1989) underestimated the load-carrying

capacity of the column specimens without edge stiffeners by an amount ranging from

27Vo to 707o of the experimental results, while it overestimated the load-carrying

capacity of the column specimens with edge stiffeners by an amount ranging from -

L}Vo to 59Vo of the experimental results.

In the case of beam specimens, the ratios between the experimental and

predicted results obtained from the AISI Specification (1939) are shown in Figure

6.LL as a function of the overall width of edge stiffener. In this figure, the ratios for

those specimens with edge stiffeners are less than 1.0, indicating that the

Specification overestimated their capacity. The ratio between the experimental and

predicted results, for the sections without edge stiffeners, ranged from 5.37 to 5.39,

while for the sections with edge stiffeners the ratio ranged from 0.64 to 0.87 (ave :

0.75; std dev : 0.078). In this case, the Specification (AISI, 19S9) underestimated

the bending capacity of the beam specimens without edge stiffeners by as much as

StVo of the experimental results, while it overestimated the capacity of the

specimens with edge stiffeners by an amount ranging from LSVo to 56Vo of the
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experimental results.

In the case of beam-coiumn specimens, Tables 6.7 and 6.8 show that the

predicted loads (AISI, 1989) for sections without edge stiffeners were much lower

than those sections with edge stiffeners and were very conservative when compared

with the experimental loads. However, for sections with edge stiffeners, the

predicted loads were higher than the experimental results, indicating a degree of

unconservatism in the Specification.

For the 24 inch beam-column specimens, the ratio between the experimental

and predicted result was 4.46 for the specimen without edge stiffeners, while for the

specimens with edge stiffeners the ratio ranged from 0.73 to 0.98 (ave : 0.85; std

dev : 0.108). For the 48 inch beam-column specimens, the ratio for the section

without edge stiffeners was 4.68, while for the sections with edge stiffeners the ratio

ranged from 0.8L to 1.03 (ave = 0.90; std dev : 0.0S8).

Equation C4-5 (AISI, 1989) considers the local buckling capacity of the

unstiffened elements of the sections as the load-carrying capacity that the sections

can carry. Ignoring the restriction imposed by Equation C4-5 and taking into

account the post-buckling capacity of the sections, the ratio between the

e4perimental and predicted results, for the 24 inch beam-column specimens, ranged

from 0.73 to L.04 (ave - 0.87; std dev : 0.119) and for the 48 inch beam-column

specimens the ratio ranged from 0.81 to L.L1 (ave : 0.92i std dev = 0.109).

Therefore, the elimination of Equation C4-5 in the Specification gives a better

representation of the capacity of these sections.
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In summary, the AISI Specification (1989) underestimated the load-carrying

capacity of the beam-column specimens without edge stiffeners by approximately

79Vo of. the experimental results, while it overestimated the load-carrying capacity

of the beam-column specimens with edge stiffeners by an amount ranging fuom -3Vo

to 37Vo of the experimental results.

6.2.2 CSA St¿ndard (1989)

In the case of column specimens, the predicted loads (CSA, 1989) given in

Tables 6.1 to 6.5 for sections without edge stiffeners were much lower than the

experimental loads. Howevet, for sections with edge stiffeners, the predicted loads

were higher than the experimental loads, indicating a degree of unconservatism in

the Standard.

For the 18 inch column specimens with a flange width of 1.50 inches, the

ratio between the experimental and predicted resuits, for the sections without edge

stiffeners, ranged from L.36 to 1.54, while for the sections with edge stiffeners the

ratio ranged from 0.57 to 0.84 (ave : 0.74; std dev = 0.072). Similarly, for the

sections with 2.00 inch flanges, the ratio ranged from 2.13 to 2.39 for the sections

without edge stiffeners and from 0.55 to 0.73 for the sections with edge stiffeners

(ave : 0.67; std dev : 0.058). For the sections with 2.50 inch flanges, the ¡atio for

the sections without edge stiffeners ranged from 3.18 to 3.28, while that for the

sections with edge stiffeners ranged from 0.62 to 0.8L (ave : 0.67; std dev : 0.054).
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The results indicate that the predicted loads for the sections without edge

stiffeners \¡/ere very conservative. The predicted loads varied from 30Vo to 747o ot

the experimental loads. On the other hand, the results for the sections with edge

stiffeners v/ere unconservative and the predicted loads varied from LIgVo to 1BZVo

of the e4perimental loads.

For the 24 inch column specimens, the ratio between the experimental and

predicted results, for the sections without edge stiffeners, ranged from 2.72 to 3.2I,

while for the sections with edge stiffeners the ratio ranged from 0.76 to 1.05 (ave :
0.84; std dev : 0.079). For the 48 inch column specimens, the ratio for the sections

without edge stiffeners ranged from 2.93 to 3.25, while for the sections with edge

stiffeners the ratio ranged from 0.i7 to 1.06 (ave : 0.g7; std dev : 0.075).

fn summary, the CSA Standard (1989) underestimated the load-carrying

capacity of the column specimens without edge stiffeners by an amount ranging from

26Vo to 70Vo of the experimental results, whiie it overestimated the load-carrying

capacity of the column specimens with edge stiffeners by an amount ranging from -

67o to 82Vo of. the experimental results.

In the case of beam specimens, the ratio between the experimental and

predicted results, for the sections without edge stiffeners, ranged from 5.38 to 5.4L,

while for the sections with edge stiffeners the ratio ranged from 0.60 to 0.88 (ave :
0.73; std dev : 0.090). In this case, the CSA Standard (1989) underestimated the

bending capacity of the beam specimens without edge stiffeners by as much as BZTo

of the e4perimental results, while it overestimated the capacity of the sections with
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edge stiffeners by an amount ranging fuom l4Vo to 67Vo of the experimental results.

In the case of beam-column specimens, Tables 6.7 and 6.8 show that the

predicted loads (CS,\ 1989) for sections without edge stiffeners v/ere much lowe¡

than the experimental loads. However, for the sections with edge stiffeners, the

predicted loads were higher than the e4perimental results, indicating a degree of

unconservatism in the Standard.

one24 inch and one 48 inch beam-column specimens without edge stiffeners

were tested' The ratios between the experimental and predicted results were 4.45

and 4'67, respectively' The remaining specimens had edge stiffeners, the ratio

ranged from 0.71 to 0.97 (ave : 0.82; std dev : 0.105) for the 24 inchspecimens

and from 0.76 to 1.05 (ave : 0.gg; std dev : 0.096) for the 4g inch specimens.

Clause 6'6.3-2 of CSA Standard (1989) considers the local buckling capacity

of unstiffened elements of sections as the load-carrying capacity of these sections.

Ignoring the restriction imposed by Clause 6.6.3.2 and taking into account the post-

buckling strength of the sections, the ratio between the e4perimental and predicted

results, for the 24 inch beam-corumn specimens, ranged from 0.7L to 1.03 (ave :
0'84; std dev : 0.120), while for the 48 inch beam-column specimens the ratio

ranged from 0.76 to 1.15 (ave - 0.91; std dev : 0.127).

In summary, the CSA Standard (1989) underesrimated the load-carrying

capacity of the beam-column specimens without edge stiffeners by approximately

79Vo ot the e4perimental results, while it overestimated the load-carrying capacity

of the beam-column specimens with edge stiffeners by an amount ranging from -SVo
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to  'l.Vo of the experimental results.

6.23 T'heonetÍcatr Models

For the 18 inch column specimens with a flange width of 1.50 inches, the

ratio between the e4perimental and theoretical results ranged from 0.79 to I.I2 (ave

: 1'01; std dev : 0.082). for the sections with 2.00 inch flanges, the ratio ranged

from 0.82 to 1.69 (ave = 1.L1; std dev : 0.282), while for sections with 2.50 inch

flanges the ratio ranged from 0.97 to2.26 (ave = L.35; std dev : 0.477). In the case

of the 24 inch column specimens, the ratio ranged from 1.L1 to 2.35 (ave : 1.47; std

dev = 0.338), while for the 48 inch column specimens the ratio ranged from 1.07 to

2.38 (ave : !.39; std dev = 0.331).

fn summary, the theoretical model for columns yield results which ranged

from 42Vo to 127Vo of the e4perimental results. on the average, the theoretical

values were 787o of the experimental results. The results indicate thaf in general,

the predicted loads are in good agreement with the experimental loads and, in most

cases, are conservative.

In the case of beam specimens, a comparison between the experimental and

theoretical results indicate that the values predicted by the simplified theoretical

model (Equation 3.32) were as much as 29Vo lower than the experimental results.

The ratio between the e4perimental and theoretical results ranged from 1.25 to 1,.4'l_

(ave : 1.32; std dev = 0.034). The simplified theoretical model resulted in bending

capacities which ranged from TIVo to 80Vo of the e4perimental results. The results
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indicate that the predicted bending capacities are in good agreement with the

e4perimental bending capacities, in all cases, are conservative.

In the case of beam-column specimens, the e4perimental results \ilere

compared to the predicted results obtained from the interaction Equations 3.4g and

3.51. The ratio between the experimental and theoretical results, for the 24 jnch

specimens, ranged from 1.20 to 1.89 (ave = 1.47; std dev : 0.227) when Equation

3.46 was used. For the 48 inch specimens, the ratio ranged from 1.29 to L.95 (ave

: 1.49; std dev : 0.210) when the same equation was used. Using Equation 3.51,

the ratio ranged from 0.87 to L.40 (ave : 1.06; std dev : 0.167) for the 24 jnch

specimens, and from 0.94 to 1.45 (ave : 1.07; std dev = 0.162) for the 4g inch

specimens. Thus, Equation 3.51 gave much better approximations of the member

capacity than Equation 3.48.

Equation 3.48 estimated the load-carrying capacity of the specimens to be in

the range of SlVo to 837o of the experimental loads, while Equation 3.51 estimated

the load-carrying capacity of the specimens to be in the range of.69Vo to !L5Vo of.

the experimental loads. On the average, the theoretical values obtained through

Equations 3.48 and 3.5L were 677o and 94Vo of.the experimental values, respectively.

It should be noted that the theoretical models do not ]imit the maximum

ratios of D/b¡ and d/t which is the case with the design specifications. AIso, the

theoretical models do not differentiate between sections with edge stiffeners and

section without edge stiffeners. Thus, in Figures 6.16 to 6.25 the discontinuity in the

theoretical curve between unstiffened and stiffened flange sections observed in the



138

design guideline predictions does not exist.

6.2"4 .ANSYS Analysis

As described in Chapter 4, the ANSY results in somewhat lower than that

measured during testing. This could be attributed to the fact that the ANSYS

program does not account for any post-buckling capacity and also due to the type

of support conditions assumed in the models. The ANSYS analysis, however,

proved to be a function of the type of computer facüity. The higher capacity of

computer the shorter time is required,
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On the basis of the findings from this research, a number of conclusions were

drawn as follows:

1) Observations made during the testing of the specimens indicated that the

failure mode of the sections was by distortional buckling of the flange-

edge stiffener component.

2) Design specifications (AISI, 1989 and CSA" 1989) underestimated the

load-carrying capacity of the sections tested without edge stiffeners, while

they overestimated the load-carrying capacity of the sections with edge

stiffeners. The amounts by which these specifications overestimated the

capacity of the sections tested are shown in Table 7.1. The AISI

Specification (1989), in general, produced more conservative results than

the CSA Standard (1989).

3) The design specifications (AISI, 1989 and CSA" 19S9) Iimit the rafios of

Dþr and dlt. AHmited numbe¡ of specimens which exceeded these limits

were tested. The results indicated that the desiga guidelines are also

applicable beyond these limits.

4) In general, the theoretical models lelded conservative results for the

load-carrying capacity of Z-sections, as shown in Table 7.L.
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5) The theoretical models for column, beam, and beam-column provide a

more realistic representation of member behaviour for those sections

where local buckling of the web preceded distortional buckling of the

flange-edge stiffener component.

6) For beam-column tests, the quadratic Equation 3.5L gave a better

cor¡elation with the e4perimental ¡esults as compared to the ones

obtained from the linear Equation 6.48.

7) Results for column, beam, and beam-column specimens obtained through

the ANSYS finite element analysis program \ilere conservative, as shown

in Table 7.1. The ANSYS analysis gave good results for the timited

number of cold-formed steel sections checked in this study.

7.2 R,ECOMMENDATIONS

Based on the findings from the present study, it was recommended that:

1) The specifications (ArsI, 1989 and csA 1989) for the desigl of cold-

fonned steel structural members be revised to reflect the member

behaviour more realistically. For the case of sections with partially

stiffened flanges, it is questionable whether any significant post-buckling

capacity is developed. It is, thus, recommended that distorrional buckling

of the compression portion be used as the basis for determining the

capacity of cold-formed sections. However, in the case of beams and

beam-columns, further experimental investigation is recommended to
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justify the proposed simplified theoretical models.

2) The limitation in the design guidelines for the maximum ratios of Dþ,

and d/t should be reviewed and modified.

3) The treatment of Z-sections with unstiffened flange predicted in

accordance with specifications should be reviewed.

4) The effect of sloping edge stiffeners on the distortional buckling strength

of cold-formed sections should be examined-

5) The use of the ANSYS program as an analytical tool for Z-sections

should be further e4plored.
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To review the structural behaviour of thin elements, It is necessary to become

familiar \Mith the terms generally used in the design of cold-formed steel structural

members and used particularly in this dissertation. Some of the following definitions

of general terms are based on the AISI Specification (19S9) and the CSA Standard

(1e8e).

1) Cold-Fonned Steel Structural Members. Cold-fonned steel structural

members are shapes which are manufactured by press-braking blanks sheared from

sheets, cut lengths of coils or plates, or by cold-roll forming. The forming

operations are performed at ambient ¡oom temperature that is manifest without

addition of heat.

2) Thickness. A thickness used in the calculation of sectional properties and

the design of cold-forlned sections should be the thickness of base steel. Any

thickness of coating material should be deducted from the overall thickness of steel.

In the AISI Specification (1939) it is specified that the uncoated minimum thickness

of the cold-formed produc! as delivered to the job site, shall no! at any location,

be less than 95Vo of the thickness, used in the design. An exception is at bends,

such as corners, where the thickness may be less due to cold-forming effects.

F{owever, the thinning is usually on the orde¡ of L to 3Vo and can be ignored in

calculating sectional properties.

3) IJnstiffened Compression Element. An unstiffened compression element

is a flat compression element that is stiffened at only one edge parallel to the

direction of stress.
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4) Stiffened on FartÍally Stiffened Compression Element. A stiffened or

partially stiffened compression element is a flat compression element (i.e., a plane

compression flange of a flexural member or a plane web of a compression member)

of which both edges parallel to the direction of stress are stiffened by a stiffening

means such as web elements, flanges, edge stiffeners or the like.

5) FIat Width" A flat width is the width of the straight portion of the

element and does not include the bent portion of the section. For unstiffened

flanges, the flat width is the width of the flat projection of the flanges, measured

from the end of the bend adjacent to the web to the free edge of the flanges. The

flat width of a stiffened element is the width between the adjacent stiffening means,

exclusive of bends.

6) Overall \ilidth of Edge Stiffener. A overall width of edge stiffener consists

of the v/idth of the straight portion of the edge stiffener and the bent portion at the

flange-edge stiffener junction of the sections.

7) Flat-lVidth R.atio. A flat-width is the ratio of the flat width to the

thickness, a flat-width-to-thickness ratio. It should be realized that in cold-formed

steel design, unstiffened compression elements with b/t ratio exceeding 30 and

stiffened compression elements with b/t ratio exceeding 250 may develop noticeable

deformation under design loads without detriment to load-carrl,ing capacity.

8) Effective Ðesign Width. An effective design width is a reduced design

width for computing sectional properties of flexural and compression members when

the b/t ratio of a stiffened compression element exceeds the limitation (AISI, 1989
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and CSA, 1989). This effective design width is also a concept which facilitates

taking account of local buckling and post-buckling strength for compression

elements.

9) EffectÍve Width Ratio" An effective width ratio is the ratio of the effective

width to the thickness of an eiement, detennined in accordance with the AISI

Specification (1989) and the CSA Standard (1989).

10) Effective Cross Sectional ,A,rea. A cross sectional area calculated using

the effective widths of compressive elements in accordance with the design

guidelines.

11) Foint-Symmefric Section" A point-symmetric section is a section

symmetrical about a point (centroid of sections). AZ-section having equal flanges

is a point-symmetric section.

L2) Torsional-Flexural Euckling. A torsional-flexurai buckling is a mode of

buckling in which compression members can bend and ¡vist simultaneously. This

type of buckling mode is critical, in particular when the shear centre of the section

does not coincide qrith the centroid.

L3) Stress. In the AISI Specification (1989), the term "Stress" means force

per unit area and is erpressed in ksi, whereas it is expressed in MPa in the CSA

Standard (1989).

L4) Yield Foint" In ASTM Specification (1985), the terms "Yield Point" or

"Yield Strength" are often used for steels having different stress-strain

characteristics.



15) virgin steel and its properties" virgin steel refers to steel

the producer or warehouse before being cold-worked as a result

operations. virgin steel properties are mechanical properties (yield

strength, and elongation) of the steel.

1.52
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of fabricating
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Soeclmen L(¡n.) I 8(o u(ln- br(rn.) | ctrn.) r(ln.) t { ¡n.) tl(ln.)
L5-0.0 0- t
t.5-o.oo-2
t.5-0.00-3
¡.5-0.25- |
1.5-0.25-2
t.s-0.25-5
r .5-0.50- I

L5-0.50-2
t.5-0.50-5
r.5-0.75- I
1.5-0.75-2
r.5-0.?5-3
I .5- | .00- I
I .5- r .00-2
L5- I .0 0-5

8.05 I -
8.05 I -
8-00 I -
B.oo I eo.s
8.05 I eo-o
s.oz I eo.o
s.oo I se.B
8.oo I Bs.B
û.02 I se.g
s.o3 I s9.g
s.oo I se.g
8.02 I 90.1
8.02 | eo.o
8.00 I 90.0
s.oz I eo.j

4.03
5.9 9

4.O2
3.9 6

5.9 ?
5.98
5.9?
3.98
5.9 ?
5.9I
5.9 I
5.96
5.97
t.99
4.00

0.29
0.29
0.28
0.52
0.54
0.51
0.?B
0.77
0.76
t.0 t
l,0t
l.o2

.50

.5¡

.5t

.50

.50
5t

.50

.5t

.50

.50

.52

.50

.5¡

.50

.5t

0.28
0.28
0.28
0.28
0.29
0.28
0.29
o-29
0.zo
0.?s
0.28
0.29
o.2a
0.29
0.2 I

0,060
0.059
0.05 I
0.06 0
0.0 59
0.059
0,059
0.059
0.059
0.0 58
0.058
0.05 9
0.0 59
0.059
0.059

0.0 6

0.0 6

0.0 6
0.6 0
0.6 I

0.59
0.8 4
0.86
0.8 4
L09
t.08
t.08
t.52
f.55
I .35
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TnBLE B.t nueroge Cross Secilonôl Dlmens¡on¡ of the I I inch Column
Speclmens uith t.5 ¡nch F¡Et ur¡dtn of Ftonges

oCurued port¡on ot the ftange-edge st¡flener Juncüoo not included

T88LE 8.2 nuerôge Cross Secilonal 0lmensions ol the tB lnch Column
5Þeciemns ur¡th 2.0 inch FIôt uridth of Ftônges

¡Curued poruon 6t the flange-cdge silllenerjuncllon not ¡nctuded

TßBLE 0.5 lìueroge Cross Secttonol ilmenslons of the I B incn Cotumn
Spec¡emns ulth Z.S ¡nch flol u,lrlth of Flonges

o 
Curued fiorllon ot thê flônge-edge slllfener Juncilon nol fncluded

specimen L(h.) 0(o) u{ ln. Þr (¡n.) c(in.) r lln. ) l(in.) 0 (l n.)
2.0-0.0 0- r
2.0- 0.0 o -i
2. O-0.0 0-J
2.0-0.25- I

2.0-0.25-2
2.0-0.25-5
2.0-0.50- I

2.0-0.50-2
2.0- 0.50-5
2.0-0.?5- I

2.0-0.75-2
2.0-0.?5-5
2.0- I .0 0- t
2.0- I .0 0-?
2.0-t.û0-5

I 8.00
I 8.02
I 8.02
I 8.02
I 8.02
I 0,02
I 0.00
I 8.00
I 8.00
¡ 8.02
I 8.02
I 8.02
I 8.02
I 8.05
I 8.02

:
89.0
I9.5
I 9.0
9 0.5
I9.8
90.5
90.5
9 0.0
89.S
9 0.0
I9.8
89-8

4.04
4.84
4.ø7
4.0 I
5.9 6
5.9 B

5.95
5.9?
5.95
5.99
3.99
5.99
4.0 0
5.9 I
5.9?

2.0 0

2.00
2.OO

?.00
1.99
l.r9
2.0 I
2.0 0
2.00
t.9I
t.98
t.99
2.00
2.0 0
2.0 0

:
0.50
0.28
0.50
0.55
0.51
0.52
0.?8
0.79
0.?7
L00
r.02
f.0f

0.29
0.29
0.27
0.2 B

0.2I
0.28
0.2 I
0.28
0.2û
0.29
0.29
0.29
0.28
0.2I
0.29

0.0 59
0.050
0.0 58
0.0 50
0.059
0.059
0.0 59
0.059
0.059
0.058
0.050
0.0 5B
0.050
0.0 5?
0.059

0.0 6
0.0 6

0.06
0.61
0.60
0.6 I

0.84
0.85
0.8 5
l.t0
t.¡0
L09
t.5 t

t.55
r.55

Spec¡men !(ln,) I 0(o ru ( lo.) br (¡n. c(ln. r { ¡n.} t f ln.) 0 (ln.)

2.5-0.00- |

2.s-0.û0-i
2.s-0.00-j
2.5-0.25- I

2.5-0.2s-z
2.5-0.25-3
2.5-0.50- |
2.5-0.s0-2
2.5-0.s0-3
2.5-0.75- |

2.5-O.75-Z
2.5-0.75-5
2.5- t.00- r

2.5- r .00-2
2.5- r .00-5

s.o5 | -
B-03 I -
8.05 I se.s
s.oJ I se.o
B.oi I so.o
0.02 I 09.s
û.02 I ss-rì
s.o2 I se.s
s.o2 I ss-s
s.o2 I eo.s
s.oz I oe.g
8.02 I 89.5
s.oz I û9.8
s.o2 I Be.s

4.06
4.0?
4.05
5.96
5.99
4.02
5.9 6

5.94
5.95

5.97
5.9?
¡ o<

5.96
5.96

2.48
2.48
2.50
z-52
z-50
2-5D
2.5 I
2.49
2.5 t

2.49
2.49
2.49
2.52
2.52
2.5 r

o.27
0.28
0.28
0.55
0.54
0.54
0.78
o.77
0.?7
I.0t
1.02.
1.0?

0.29
0.29
0.28
0.29
0.29
0.20
0.28
0.29
0.28
0.29
0.29
0.29
0.28
0.28
0.29

0.059
0.0 59
0.059
0.059
0.058
0.059
0.057
0.050
0.058
0.050
0.05 I
0.059
0.05?
0.058
0.057

0.06
0.0 6
0.0 6
0.59
0.6 0
0.59
0.r¡4
0.86
0.05
l.¡0
f .û9
t.09
l.Jz
t.55
t.54
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TnBLE 8.4 nuer6ge Cross Sectional Dimens¡ons of the 24 inch
Column Spec¡mens

fCurueo portion ôt the
"Curued portion at the

flange-edge stlffener junction not included
flônge-edge stiffener junct¡on ¡ncluded

TRBLE 8.5 Ruerage Cross Sect¡onEl Dimensions of the 48 ¡nch
Column specimens

Sp ecim en L(in.) B(0 ) u(in.) b, (in.) c (in.) r (in.) t(Ín.) 0 (ìn.)

2.7-0.0 0 - |
2.7:O.OO-)
2.?-0.00- ll
2.7-0-0 0 -l
2.7-0. I 5- ¡

2.?-0.15-2
2.7-O-25-l
2.7-O.25-2
2.7-0.50- I
2.7-0.50-2
2.7-0.75- I
2.7-ß.75-2
2.7- I .00- t
2.7-1.00-2
2.7-1.25-l
2.?-r.25-2
2.7- I .50- ¡

2.?- I .50 -2
2.7-2-00-l
2.7-2-00-2

25.99
23.9 9
24.O2
24.00
24.OO
24.OO
24.00
24.O1
24.O2
24.00
24.OO
23.99
24.00
24.OO
24.O2
24.O1
24.01
24.O1
24.O2
24.O1

I0.0
9 0.0
9 0.0
9 0.0
90.0
90.0
9 0.0
90.0
9 0.0
9 0.0
90.0
9 0.0
90.0
9 0.0
90.0
9 0.0
9 0.0
9 0.0

1.70
7.6I
7.72
?.6 0
7.65
1.67
7.62
''.67
?.68
7.64
7.67
?.66
1.12
?.75
7.78
7.64
7.6 6
7.ó 5
?.60
7.67

2.85
2.8t
2.75
2.70
2.68
2.68
2.65
2.70
2.64
2.67
2.66
2.67
2.66
2.66
2.65
2.66
2.65
2,66
2.67
2.63

0.0 0
0.0 0
0.05
0.06
0.22
0.25
0.47
0.48
0.72
0.?5
0.9 6
0.96
t.25
1.22
1.47
1.46
1.98
t.99

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

6

J

4
6

5
5
5
5

4

7

6

6

5

5
5
5
5

0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.059
0.059
0.059
0.059
0.058
0.058

0.0 6
0.0 6
0.t ?

0.tI
0.25
o.24
0.40
0.41
0.65
0.65
0.92
0.95
t.tJ

l.t5
l.4 t

t.40
1.65
|.64
2.16
2.17

Specimen L(in.) 8(0 ) ur(in.) br(in.) c (in, ) r (in.) t(in.) D lin.)

2.7-0.00- I

2.1-o.00-¿
2.7-0.00- lt
2.7-o.oß-¿
2.7-0. r 5- |

2.7-0.15-2
2.7-0.25-l
2.7-0.?5-2
2.7-0.50- |

2.7-8.50-2
2.7-0.75-l
2.?-0.?S-2
2.7- I .00- |
2.7-t.OO-2
2.7-1.25-l
2.7-t.25-2
2.?- 1.50- I
2.7-1.50-2
2.7-2.0O-l
2.7-2.00-2

48.05
48.00
48.05
48.00
48.05
48.0 0
48.0 t
48.05
48.0 t
48.00
48.0 t
48.05
48.05
47.99
48.05
48.00
48.02
48.00
48.05
47.97

s0.o
9 t.9
90.0
s2.s
I8.5
s7.5
89.9
I9.5
89.9
90.3
9 0.0
9 0.6
90.5
90.5
90. I
90.6
9 0.3
90.6

?.?5
7.66
7.56
?.6 ¡
7.58
?.6 t
?.60
7.62
?.54
?.59
?.65
7.62
1.64
7.64
7.64
7.64
7.64
7.6t
?.65
?.6 I

2.81
2.81
2.57
2.58
2.55
2.57
2.51
2.58
2.56
2.6t
2.62
2.61
2.62
2.62
2.6s
2.60
2.63
2.62
2.62
2.57

0.0I
0.0I
0.07
0.0?
0.t7
0.t 6

0.44
0.41
0.6?
0.69
0.94
0.92
t.r I
r.t9
t.45
1.44
1.94
1.94

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.1

6

7

6

6

1

7

B

I
7

7
6

6

6

ó

6

6

6

6

6
I

0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.058
0.059
0.059
0.059
0.059
0.058
0.058
0.058
0.058
0.059
0.059
0.058
0.058

0.0 6
0.06
o.21
0.21
0.27
0.27
0.3 I
0.37
0.64
0.6 I
0.86
0.88
t.t 5
t.t I

t.5B
t.5B
1.62
t.65
2.r3
2.r5

lcurue¿ Dortlon at the
DCurued porllon at the

flônge-edge
llange-erlge

stiffener junctlon not included
stiffener junction included
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TRBLE 8.6 RuerEge Cross Sectional DÍmensions of the 54 Ínch
Besm Specimens

lcuruea portlon ot the flange-etrge stiffenerjunctÍon n0l inclucfed-Curued port¡on at the flange-edge sliffenerjunct¡on included

Specim en L(in.) B(o ) u¡(in.) br(in.) c (in.) r (in.) t (in.) D (in.)

2.7- 0.0 0- l-
2.7-0.00-':
2.7- 0.00- lb

2.7-0.00-2
2.?-0. I 5- I

2.7-0.15-2
2.7-0.25-l
2.7-O.25-2
2.7-0.50- |
2.?-0.50-2
2.7-0.75- I

2.7-0-t5-?
2.7- I .00- |
2.7-t.0f-2
2.7-1.25-l
2.7-1.2s-21
2.?-I.50-l I

2.?- r .50-2 I

2.7-2.00-t I

2.7-2.00-2|,

54.06
54.05
55.98
54.0 0
54.05
54.00
54.02
54.03
54.02
54,D2
54.05
55.9?
54.03
54.05
54.09
54.03
54.05
54.0 0

54.00
54.05

s0.o
90.0
89.5
89.9
89.9
9r.9
90.5
90.8
90.8
9 0.8
9l .0
90.5
90.4
9t.5
90.5
90.0
90.5
90.4

7,61
7.65
7.62
7.64
?.65
7.64
7.66
?.6 0
?.63
7.64
7.6 t
7.62
1.64
7.60
?.63
?.65
?.63
7.66
7.65
7.64

2.79
2.8 0
2.60
2.58
2-54
2.53
a qo

2.62
2.59
2.58
2.s7
2.59
2.58
¿.JO

2-57
2-56
2.61
2.63
2.62
2.63

-
0.0?
0.09
0.09
0.1 0

0.20
0.t7
0.42
0.45
0.68
0.67
0.95
0.95
l.t9
l.l8
1.42 

|t.44 |

¡.es 
Ir.es 
I

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.:
0.:

t?
l6
t1
IB

l7
6

1
7
7

7

o

7

6

6

7

7

1
5
6

5

0.058
0.059
0.059
0.058
0.058
0.059
0.058
0.059
0.059
0.059
0.0 59
0.059
0.059
0.058
0.059
0.058
0.058
0.059
0.058
0.059

0.06
0.06
E-27
0.30
o.?9
0.29
0.40
0.5?
8.62
0.65
0.8 9

0.8?
l.t4
t.t2
1.59
I.JÕ

1.62
l -62
2.14
2.1 4
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TnBLE 8.7 Êuerege Cross Sectional D¡mens¡ons of the 24 inchBeam-Column Specimens

lcurue¿Dcurued portion at the
port¡on Et the

flange-edge
flonge-edge

stiffener junction
stiffener junction

not inclucled
¡nclu cled

TRBLE B.B RuerEge cross sectionar 0imensions of the 4B Ínch
Besm-Column Specimens

lcurue¿
Dcurued

portion at
port¡on qt

the ffônge-edge
the flange-eclge

st¡ffener junct¡on
stiffener junction

not inclucled
include d

Specim en L(in.) B(o ) Lu(in.) br(in.) c (in.) r (in.) t(in.) D (in.)
2.7-0.00-3
2.?-0.00-J
2.7-0. t 5-5
2.7-0.25-5
2.7-0.50-5
2.7-0.75-5
2.?- t.00-5
2.7-1.25-3
2.?- t.50-5

23.99
24.01
24.00
24.01
25.99
23.99
24.OO

24.O1
24.O1

go.o

90.0
90.0
9 0.0
9 0.0
I0.0
I0.0
90.0

7.72
7.66
7.66
7.64
7.66
7.67
7.72
7.7 t
7.66

2.85
2.61
2.56
2.61
2.60
2.65
2.s7
2.61
2.6t

o.oo
0.0 B

0.1 I
0.46
0.? 0

0.9 5
t.l 9

1.44

0.t?
0.tB
0.t B

0.tI
0.1 7
0.t?
0.t 9

0.t B

0.tB

0.058
0.058
0.058
0.058
0.058
0.059
0.05I
0.059
0.059

0.0 6

0.28
0.28
0.37
0.65
0.9 0

1.12
1.39
1.67

Specimen L(in.) B(0 ) tu(in.) b,. (in.) c (in-) r (in.) t(in.) 0 (¡n.)

2.?-0.00-l
2.?-0.00-3
2.?-0. I 5-5
2.7-A.25-5
2.?-0.50-5
2.7-0.75-5
2.7- t.00-5
2.7- t.25-5
2.?- t -50-3

48.00
48.00
48.02
48.0 t

48.0 t
48.00
48.O2
48.01
48.O2

9û.0
90.0
89.5
89.5
90.5
90.5
90.0
90.4

?.57
7.6 t
7.6 t
7.59
7.62
7.57
7.62
7.6 0
7.61

2.87
2.57
2.54
2.56
2.58
2.62
2.61
2.62
2.62

0.08
0.0 B

0.1 6
0.44
0.70
0.92
1.19
1.47

0.¡7
0.t7
0.t7
0.tB
0.tB
0.t?
0.t7
0.¡7
0.t7

0.058
0.058
0.058
0.058
0.058
0.059
0.059
0.059
0.059

0.0 6
0.22
0.29
0.5 9
0.6 6
0.9 0
t.t5
1.40
t.65



Speclmen ll(lnJ lnrttn:l yg(ln1 d (o) ¡rn (in1 IIJPI ï t ln.l
r .5 -0.00- I

t.5-0.00-i
t.5-0.00-l
r.5-0.25- I
t.5-0.25-2
t.5-0.25-5
I .5-0.50- t
t.s-0.s0-2
1.5-0.50-5
I .5-0.?5- I
t.5-0.75-2
¡.5-0.75-5
I .5- I .00- t
t.5- I .00-2
t.5- I .0 0-5

,l 0.s3

,l 0.s2
I0.5r
lo.se
i o.ss

I o.ss
lo.ss
I o.s¡
0.58
0.6 0
o.eo l

o.ar I

0.64 
I

0.64 
|

0.64 I

L?8
t.?5
t.?3
l.B4
t.B5
.ft 4
.9 f
.94
.89
.92
.94
.96
.98
.02
.01

I o.cs
I o.c¡
I o.qz

I o.se

| o.s8
0.5û
0.?0
8.72
0.6 I
0.8 0
0.8 I
0.82
0.94
0.95
0.94

0.66
0.65
0.6 5
0.78
0.79
0.7 0
0.08
0.90
0.8 7
0.93 l

o.os 
I

o.e6 
|l.0r I

t.03 I

t.o5 |

l-22.2
l-22.6
l-22.4
| -zs-¡
| -zs.r
| 
-2s.6
-27.7
-27.9
-27.6
-29.5
-zs.e )

-zs.t I

-3 r.4 I

-5 r.t I
-5 t.2 |

2.0 5
2.0 0

t.99
2.22
2.23
2.2t
2.5 B

2.41
2.J4
2.45
2.48
2.50
2.60
2.65
2.6 3

I o.¡o
I o.ro
I o.ts
| 0.20

I o.zo
0-20
o.24
o.24
0.25
o.27
0.27
0.28
0.J2
0.52
0.52

I r.e?
I l.s6
I l.sz
I r.ss
l|2.0t
I z.oo
I z.oz
2.Ot
2.At
2.O2
2.05
2.05 

l

z.oz I

2.o, 
I

2.0t ¡

I o.ss

| 0.ss
I o.ss
I o.so

0.64
0.67
0.68
0.6 0
0.7 I
0.7 t

0.? f

0.6 I

0.6 0

0.6 4
0.65

o.ooll ¡.qc
o.oorl r..lr
o.ooll t.4o
o.oorl t.9?
o.oo ri z.oz
o.oorl t.sz
l.o o ¡i z.ss
l.oo rl z.o<
t.ootl 2.48
l.oo ri ¡.oa
r.oo rl r. r e
r.oo rl g. ¡ z
.oo rl s.¡z
.oo rl s.ss
.oo tl i.eo
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InûLE 8.9 Colcutotcd Cross Se.cu-onol properlles ol the ¡ B lnch Co¡umn SDeclmensu¡th l.S lnch Ftðt lUtdth ot flung".---

Curued porilon ot the llonge_edge sllffenerJuncilon nol lncluded

InBLt 0.10 Colcutôted Cross Se_cl.lono¡ properiles ol the IB Inch Cotumn Speclmensutth 2.0 lnch Ftôt tU¡dlh of Ftönges

Curued poruon Et the f¡ônge-edge stiffener Juncuon not inc¡uúed

Tn0LE B.¡ I Cotcutoted aror, t:.:l,.lnollroperues ot fnu I g lnch Cotumn Speclmenstuilh 2.S tnch Ítat tUtdth ol FlEnges

Soeclmen x x (tn-rl gU(ln1 r¡gt d (0) Hp(ln:l UP(lnl 's ( ¡n. J ( ln-al
¿.u- 0.00-
2.0-0.00-
2.0-0.0 0-:
2.0-0.25-
z.o-o.25-i
2.0-0.2s-:
2.0-0.50- |

2.0- 0.50-t
2.0-0.50-¡
2.0-0.?5- r

z.o-o.7s-2
2.0-0.75-5
2.0- I .00- |
2.0-1.a0-2
2.0- t.00-3 0.70

;l o.sB

,l 0-s?
I o-s?
I o.oo

lo.ar
lo.or
| 0.64
1o.64
I o.s¡
I o.oo l

o.oo I

o.os I

o.ee 
I

0.6z I

2.1.t
2.O7
2,D4
2.r5
2.15
2.15
2.lB
2.r9
2.r 5
2.25
2.2s¡"" I

;'.;; 
I

2.2t I

z.¡r i

0.80
0.79
0.75
t.00
1.0 I
1.00
t.20
l.zo
l.tB
¡.36
¡.57
¡.54
¡.s5
r.52
¡.60

I r.or
I o.ss
I o.os
I l.¡s
I r.rq

l.t5
t.z5
1.25
1.25
t.54
t.34
t.32
¡.4 ¡

l.5B
l.4s

| -28.6
I -za.r
| 
-zo.o

| 
-5 r.ó

I -5 r.9
-5 ¡.s
-34.4
-54. I
-34.f,
-55.9
-ro.o 

I

-5s.8 I

-¡z.e I

-¡z.s I

-5s.t I

I z.dt
I zst
I t.t.

2.A3
2.84
2.BJ
3.05
3.0 4
2.99
3.2 I
3.22
5.t?
J.5s
3.2 9
3.44

0.25
0.25
0.24
0.50
0.J0
0.50
0.55
0.55
0.34
0.40
0.40
o.se 

l

0.45 ¡

o.qc I

o.ce I

lz.tq
lztt
I Z.t2

lz:z
2-16
2.t6
2.t0
2-t8
2.17
2.21
2.2t
2.20
z.zz I

z.zt I

z.2z I

I 0.66
I o.rr
I o.os

I 
o.zr
0.70
0.70
o.7 4
0-74
0.7 4
0.? I
0.78
0.? 7
o.er 

]

0.ft r I

o.or I

lo.oori z.se

lo.oo rl z.sz
10.00 ¡l 2.tft
lo.oo rl c.zz
lo.oo ¡l ¡.ze
o.oo rl r.zs
û.00 tl 4.04
o.oo ¡l 4.oB
0.00r1 3.e4
o.oo rl s.os
0.00 tl 5. I 0
o.oo rl +.so
1.00 ¡l 5.96
r.oo ¡l s.so
).oo tl 6.22

Speclmen llfrni ¡ r ¡r(ln1) Ugltnlt rrg(lnl) a (o! l¡rp(ln-al Up(¡n.{l î(in. ql J(lnll
2.5-0.00- |
2.5-0.00-2
z.s-o.oo-J
2.5-0.25- t
2.5-0.25-2
2.s-0.25-5
2.5-0.50- f
2.5-0.50-2
2.5-0.50-5
2.5-0.75- r

2.s-0.75-2
2.5-0.75-5
2.5-1.00- I
e.s-r.oo-z I

2.s- t.0o-5 I

0.64
0.6.t
0.64
0,6?
0.6 6

0.67
0.6?

0.?t
0.?5
0.73
0.?5
0.74
0.?5

0.69
0.69

I z.q¡
I z.4q
lz.ss
I z-qs

I ,-oo
2-48
2.40
2.45
2,44
2.48
2.57
2.57
2.48
2.54
2.s2

t.5 t
I.3t
1.50
t.s9
t.56
t.57
t.64
t.68
t.67
¡.?9
r.s¡ l

¡.ss I

r.ss I

r.os I

t.oe I

¡.c0
L4t
I.38
t.59
t.56
1.57
t.64
t.6B
t.6 ?
t.79
¡.sr l

r.s5 I

r.as I

t.ss I

¡.eo I

| -54. r

| -¡o.o
I -54.4
| -58.0
| -l?-6
| -¡z.z
| 
-oo.t
-q0.5
-40.5
-42.3
-4 t.9
-4 t.9
-cq.z I

-cc.zl
-44.21

I s.ra
15.3e
| 5.32
| 5.6e

I r.64
t.6 7
5.79
5.8 7
5.85
4.t I

4.21
4.2t
4.28
4.37
4.34

lo.re
| 0.36

| 0.5s
0.¿¡2

0.4 I

Ð.42
0.45
0.47
0.46
0.52
0.55
0.55
0.5?
0.59
0.58 I

lz.so
I z.¡o
I z.ze

I z.:s
2.55
2,34
2.37
2.38
2.37
2.40
z.ct )

z-qt I

2.42l|
z.qs I

z.tt I

I o.7s

I 0.?s

| 0.?s
0.? 9

0.? 9

0.7 9

0.82
0.82
0.82
0.86
0.f¡6 I

o.oe I

o.ac I

o.so I
0.se I

10.00 r

lo.oo r

lo.oo r

lo.oo r

0.00 r

0.00 t
0.00 f
0.00 I

o.oo rl
o.oo rl
0.00 rl
l.oo ri
l.oo rl
l.oo ll
r-nn rl

| 4.00
4.O2
3.8I
5.04
5.00
5.00
5.8I
6.0 6
6.00
7.54
7.54
7.54
8.65
8.89
8.9 I4

'Curued porilon ot tòo flonge-edge st¡ffenerluncilon not lnctuded
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rnBLE B.l2 carcurated cross sectíonôr propert¡es of the 24 ¡nch corumn specimens

Sp ecim en n(¡n3 I rs(in1 I gg(inl tHg(in-4) 4 (o) Hp(¡n-4. U P(¡n-al r, ( in. t(in. J(in1) tn: I

2.7-0.00- |

2.t-0.00-2
2.?- 0.0 0- t]

2.?-0.00-2
2.7-0. I 5- I
2.7-0.15-2
2.7-0.25- ¡

2.7-0.25-2
2.7-0.50- |
2.7-0.50-2
2.?-0.?5- I
2.7-0.75-2
2.?- I .0 0- I
2.7-l.00-l
2.7-1.25-l
2.7-t.25-2
2.7- L50- |
2.?-1.50-2
2-7-2.0t-l
2.7-2.00-2

0.85
0.83
0.82
0.8 I
0.82
0.82
0.85
0.84
0.86
0.86
0.90
0.9 0
0.9 3
0.95
0.9?
0.9 6
0.99
0.9 9
t.03
t.04

B.q0
8.25

7.92
8.00
8.0 6
8,'t 4
8.57
8.6 2

8.5 t

9.r t

9.r I
9.41
9.43
9.8I
9.49
9.7 r

9.70
L67
9.8 I

I r.¡rI t.za
I r.lo
I r.re
I r.ro
I r.r7

t.30
t.5?
t.54
L56
t.90
1.92
2.11
2.1|
2.36
2.31
2.61
2.62
5.t5
5.04

2.44
2.36
2.24
2.22
2.23
2.24
2.39
2.49
2.69
2.69
5.09
5.tt
5.5 t
5.32
5.59

3.7 4
3.75
4.05
4.02

l-r?.5
I

-t1.o
-16.4
-t 6.6
-t6.5
-f6.5
-t7.5
-17.7
-18.6
-t8.9
-20.3
-20.5
-2t.1
-21.t
-21 .9
-t. o)
-;;'.;t
-25.5 

|

-2s.s 
I

-24.e I

I o.rs
| 8.e?
I B.?B
I s.sa
le.ee

8.?5
8.89
9.r7
9.53
9.43

I 0.25
t0-2't
t 0.69
I0.7t
I t.32
I 0.95
I t.52
I t.3t
I t.6t
I t.60

0.56
0.54
0.50
0.50
0.50
0.5 t
0.55
0.58
0.6J
0.64
0.75
0.76
0.83
0.85
0.92
0.9 I

t.00
1.00
l. t9
r.t7

15.5¡
I s.zs
| ¡.zs
I s-zs
I ¡.zs
lt.zt
13.27
I 5.50
5.53
3.5 t

J.J O

3.40
5.40
¡.qr I

5.3? 
|

5.58 
|

5.3? I

3.5s I

s.:o 
I

t.s2
0.8I
0.78
0.? I
0.?8
0.?9
0.8 t
0.85
0.8 6
0.8 6
0.9 t
0.92
0.94
0.94
0.9?
0.97
l.no l

r.oo I

1.0? I

r.oo I

10.00 t

0.00 r

0.00t
0.00 t
0.00 t
0.001
0.00 t
8.00 t
0.00 t

0.00 t
0.00 ¡

0.00 t
0.001
t.00 t
r.00 tl
r.oo rl
).00 ll
l.oo rl
l.oo ll
l.oo rl

r 4.02
t 5.58
12.46
12.19
t 2.55
t 2.53
t 5.7?
14.69
t 6.85
I 6.73
zt.29
¿ t.54
¿4.46
¿4.53
I 8.63
l?.65
r t.58
ír.57
;9.86
;9.58

eCurued portion st the llange-edge st¡ffenerjunction not ¡ncluded-Curued Dorlion 6t the flange-edge silffenerjunclion included

oCurued portion ôt lhe f¡onge-edge stiffenerjunction not included-Curued Dortion Et lhe flEnge-edge stilfener Junction included

TRBLT B.l 5 cs¡curaled cross sectionor properries of the 4g ¡nch corumn specimens

Specimen
(t)

n?:Rfi
t2l

I su(in1l
(5)

t gg(in1l
GI

I xg(in1)
(s)

d (o)
(6)

I Hp(tnl)
t?l

lgp(¡nl
(B)

i (in.
(9)

r, lin. )

(r0)
J(¡n-4)
(r1) ( r2ì

2.7-0.00-
2.7-0.0 0-
2.7-0.0 0-
2.?-0.00-l
2.7-0. I 5-
2.7-0. t 5-:
2.7-0.25-
2.7-0.25-i
2.7-0.50- I

2.7-0.50-i
2.?-0.75- |

2.?-8.75-2
2.7- r .00- I
2.7-t.oo-l
2.7- t.25-l
2.7-t.25-2
2.7-1.50-l
2.?-1.50-2
2.7-2.00-l
2.?-2-OO-2

'l o.e¡
'l o.as
'l o-s r

'l o.e r

| 
0.81

| 0.8r

| 0.82
I o.B5

I o.az
I o.ez
I o.so
I o.so
lo.sr
I o.sr

lo.s+
I 
0.e4
0.9 9
0.99
r.03
t.05

8.48
8.55
?.8 I

7.94
7.88
7.90
B.l 2
8.1 7
8.57
8.66
8.94
9.00
9.r0
9.08
9.28
s.:z ]

s.oe I

s.oo 
I

9.?4 
|

e.?s I

t.29
1.32
r.¡5
t.t 4
t.t2
t.Í2
I )Á

t.24
.56
.56
.77
.82
'..02
..00

.21

.61

.02

.0t

?.42
2.44
2.t6
2.t9
2.17
z.t7
2.33
2.54
2.'to
2.72
2.96
5.00
5.t9
5,1?
5.59
3.44
5.7 ¡

3.74
5.99
3.99

-t?.0
-t7,4
-t6.5
- 16.4
-t6.4
-t6.5
-t7.l
-¡?.0
-18.8
-t 8.7
-r9.8
-20.0
-2t.0
-20.9
-21.9
-22.O
.25. r
.25.5
.25.0
'zq.s )

9.22
9.r I

8.45
8.58
8.52
8.54
s.84
8.89
9.49
9.58

¡ 0.00
10.09
t 0.J2
to-2s
lo.oq I

I

¡ 0.76 
|

I t.26 I

t t.27 I

l l.oo I

¡ ¡.oo i

I o.ss
I o-se
I o.qs
I o.qs

0.48
0.48
0.53
0.53
0.64
0.64
0.7 r

0.?5
0.?9
0.79
0.87
0.88
0.99
t.00
l.t6
¡.t6

I 5.55

l:.sr
I 5.25
5.25
5.24

3.21
5.28
5.50
J.J ¿

3.34

5.56
5.56
¡.so I

¡.¡z I

s.:z 
I

5.57 I

¡.¡e I

s.so I

0.8 t
0.8 2
0.78
0.78
0.17
o.77
0.8 0
0.80
0.86
0.8 6
0.8I
0.9 0
o.s¡ I

o.ss I

o.so 
I

0.e7 
|

¡.oo I

t.oo i

r.os I

r.oe I

lo.oo r

lo.oo l
lo.oo r

lo.oo r

lo.oo r

lo.oo r

10.00 t

lo.oo r

lo.oo r

lo.o o ll
lo.oo rl

lo.oo rl

lo.oorl
o.oo ll
o.oo rl
o.oorl
o.oo rf
o.oo rl
o.oo rl
o.oo rl

t 5.98
t 4.00
r r.86
t2.14
I t.95
I r.95
t 5.55
I5.4t
¡ 6.76
I 6.8?
I 9.60
20.¡6
22.96
22.68
26.t9
¿6.82
Í t.04
tt.4?
t8.9 I
t9.08
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TnBLE B. | 4 c8lcul8ted cross sectional properiles of the 54 inch gesm specimens

Specim en R(inJ I Ht{l rn: I lgg(ln1 I Hg(inl) d (0) I xp(in1 t up(in1) r" (ín. ro (in J(in-q) ;(¡nq)
2.7-0.00- |

2.7-0.0o-¿
2.?-0.0 0- rl
2.7-o.so-)
2.7-0. r 5- I
2.7-0.15-2
2.7-0.25-l
2.7-t.25-2
2.7-0.50- |
2.7-0.50-2
2.7-0.75- r

2.7-0.75-2
2.7- I .00- r

2.7- I .00- I
2.7-1.25-l
2.7-1.25-2
2.7- I .50- I

2.7-t.50-2
2.7-2.to-l
2.7-2.00-2

0.80
0.8 r

0.83
0.82
0.8 t

0.82
0.s5
0.84
0.8?
0.87
0.90
0.90
0.93
0.9 t

0.96
o.94
0.9?
0.9I
¡.03
r.05

?.85
7.9 t

8.t2
8.1 I

1.97
8.0 0
8.24
8.28
8.65
8.70
8.9I
8.94
9.t9
8.91
9.44
9,26
9.52
9.6 6
9.7 4
9.8?

1.00
t.o2
l.t7
i.t?
.t0
.09
,c

.50

.5¡

.78

.77

.99

.94
)c

.t8

.52

.53

.02

.04

2.04
2.06
2.2s
))<

2.16
2.t5
2.56
2.41
2.67
2.69
2.97
2.95
5.1 B

5.09
5.43

5.6 5
5.68
5.99
4.04

- t5.4
-t5.5
-t6,5
-t6.5
-t6.r
-t6.0
-t?.0
-t7.5
-t8.4
-l8.5
-t9.8
-t 9.7
-20.?
-20.8
-21.8
-21.7
-23.t
-23.0
-25.0
-24.9

8.4 t
8.48
8.79
8.?8
8.59
8.62
8.9 6
9.05
9.54
9.6 0

t 0.04
t 0.00
I 0,40
10.08
r 0.82
t 0.59
r t.08
It-21
I t.60
I r.75

0.44
0.45
0.50
0.5 I

0.48
0.48
0.55
0.55
0.62
0.65
0.7 t
0.? I
0.79
0.76
0.88
0.8 5
0.9?
0.9 B

¡.¡6
l.t7

3.24
5.25
3.26
3.27
3.26
5.24
3.29
5.28
3.5 t

5.54
5.54
5.55
3.!4
5.36
5.3 6
J.Jõ

J.J I

3.55
5.55

0.74
0.75
0.78
0.79
t.71
0.7 6
0.8 0
0.8 t
0.85
0.85
0.89
0.8 9
8.92
o.9z
0.96
0.95
1.00
0.9 9
r.06
t.06

lo.oo r

10.00 r

lo.oo r

lo.oo r

0.001
0.00 t

0,00 t

0.00 t

0.00 t

0.00 I

0.00 ¡

0.00 t
0.00 rl
û.0011
o.oorl
0.00 tl
0.0orl
o.t]o tl
0.00 ll
o.oo tl

1r 0.88
I I 0.s5
ll z.so
I tz-z t

I 
r r.s+
I t.?9
t 5.65
t 5.84
t 6.49
t 6.?8
19.88
t9.6 I

22.78
2t.90
26.61
25.76
50.55
50.6?
39.0 0

59.t8
I Curued portíon Et lhe flBnge-edge stiffener juncl¡on not included
"Curued Dort¡on ol the flonge-edge sl¡ffenerincluded
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TnBLE B.l5 Colculûted Cross SectlonEl Properties of the 24 ¡nch
Beam-Column Spec¡mens

0 Curued portlon at the flBnge-edge stiffener juncilon not included
"Curued Dortion Et the flange-edge stiffenerJuncllon ¡nctuded

TnBLE B.l 6 Colculated Cross Sectiona¡ Propertles of the 48 inch
Beam-Column Specimens

q 
Curued portion at the flange-edge stlffener junctlon not lncluded

"Curued Dortion at lhe flsnge-edge stiffener junctlon included

Sp ec¡men n(in3 I uH(inÌ r gu(rn: I ¡¡g(in1) d (o) Irp(in1 t gp(in1) r¡ ( ín. i1(in. J('nl) ¡n{)

2.7-0.00-j
2.7-0.00-J
2.7-0. r 5-5
2.7-0.25-3
2.?-0.50 -3
2.7-D.75-3
2.?-r.00-5
2.7-t.25-5
2.7- t.50-5

0.8 I

0.8 t
0.8 2

0.85
0.86
0.9 I

0.9 4
0.97
t.00

8.0I
8.0 B

8.t 0

8.3 r

8.65
9.22
9.65
9.85
9.87

.07

.13

.14

.50

.54

.89

.0?

.57

.63

2.t5
2.20
2.22
2.41
2.70
5.t 0

J.J¿

3.6 0

5.7 9

- r5.7
-16.2
-t6.5

-t8.6
-20.1
-20.7
-22.0
-25.2

8.6 B

8.72
8.75
9.0 6

9.56
t 0.36
I 0.88
I1.28
I t.50

0.4?
0.49
0.49
0.55
0.63
0.?5
0.82
0.92
l -01

3.27
3.27
5.27
3.3 0
J.JJ

3.40
3.4t
5.40

0.76
0.78
0.?8
0.8 t
0.86
0.9 t
0.95
0.9?
t.0 I

0.00 I

0.001
0.00 I
0.00 I

0.00 I
0.00 I

0.00 I

0.001
0-00 I

I 1.65
12.23
12.45
I 4.0?
16.9?
21.24
24.60
28.70
52.42

Specimen lHHttn: Ug( ln: I HU(in1) 4 ( o) I sp(¡n1 UP(inl, r, ( in. ro (in., J línl)

2.?-0.00-j
2.7-0.00-J
2.7-0.1 5-5
2.7-0.25-3
2.?-0.50-5
2.7-0.75-5
2.7-t.00-5
2.7-l.25-3
2.7- I .50-3

0.8 0
0.8 t
0.8 I
0.82
0.86
0.90
0.95
0.9 6
0.99

7.7?
7.92
7.87
8.0 6
8.57
8.9 0
9.25
9.45
9.6I

t.09
t.r5
.09
.22
.52
.84

:.05
r.55
t.65

2.12
2.t8
2.14
2.30
2.67
3.0 t

3.24
5.5 r

5.7 6

-16.2
-t6.5
-t 6.r
-17.0
-¡8.6
-20.2
-21 .o
-?2.3
-23.4

8.59
8.56
8.48
8.76
9.47

10.0 t
t 0.50
I 0.90
I t.5t

0.47
0.49
0.48
0.52
0.63
0.75
0.80
0.9 I
I .01

5.25

3.24
3.27
5.52
3.55
5.3 6
3.3?
5.37

o.77
0.?8
o.77
0.8 0
0.85
0.90
0.95
0.9?
t.0 I

1.00 I
1.00 r

1.00 I
1.00 I

1.00 I
t.001
1.00 t

1.001
1.00 I

I t.5?
tz.o4
I t.72
f 5.06
r 6.69
20.19
25.55
27.43
5 t.95
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SPECIMEN: 1.5 - 0.5 - 1

DATE: Mar 10,89
l--;.. .. i..I----- ........' -..:

-: AXIAL DEFORÌvÍATION (iû.)

Figure C.L Typical X-Y Plot of Axial Load Versus Axial Deforrration for
the L8 inch Column Specimens with 1.5 inch Flat Width of
Flanges and 0.5 inch Flat Width of Edge Stiffeners

SPECtrlfEN: 2.0 - 0.25 - 3
DATE: lvfar 24, 89 :o

o
Þl

Figure C.2 Typical
the 18

Flanges

X-Y Plot of Axial Load Versus Axial Deformation for
inch Column Specimens with 2.0 inch Flat Width of
and 0.25 inch Flat Width of Edge Stiffeners
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o
o
F.¡

SPECMÈ\: 2.5 .'t.0 - |
DATE: tufar 11, 89

i.i;

Figure C.3 Typical
the 1.8

Fianges

X-Y Plot of Axial Load
inch Column Specimens
and L.0 inch FIat Width

t-

Versus Axial Deformation for
with 2.5 inch Flat Width of

of Edge Stiffeners

o

J

Figure C.4 Typical X-Y Plot of Axial Load Versus Axial Deformation for
the24 inch Column Specimens with 1.50 inch Flat Width of Edge
Stiffeners

AXIAL DEFoRMATION (in.)

Q,tS a' O.æ O,25'-'O.æ: -O55' oq



!

o
FI

A-XIAL DEFROMATION (iu.)

16s

Figure C.5 Typical X-Y Plot of Axial Load Versus Axial Deformation for
the 48 inch Column Specimens vrith 0.75 inch FIat Widrh of Edge
Stiffeners

O5o q& ê7o e€o

Typical X-Y PIot of Axial Load
Midspan for the 54 inch Bean
Width of Edge Stiffeners

Versus Vertical Deflection at
Specimens with 2.50 inch Flat

SPECMEN: 2.7 - 125 - z
DATE: Apr 17, 91

AXIAL DEFoRMATION (iu.)

Figure C.6
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!
!

o,]

Figure C.7 Typical X-Y PIot
Midspan for the
Stiffeners

of Axial Load Versus Vertical
54 inch Beam Specimens

Deflection at
without Edge

SPECMEN: z.t - Lù -s
DATE: Apr 27, 91

AXIAL DEFORMATIoN (iE.)

Figure C.8 Typical X-Y Plot of Axial Load Versus Axial Deformation for
the 48 inch Beam-Column Specimens L.25 inch Flat Width of
Edge Stiffeners

o
o
-¡

SPECIVÍEN:2-7 -0.00 -2 t::

oþ
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Figure C.9 Typical X-Y Plot of Axiat Load Versus Axial Deformation for
the 24 inch Beam-column specimens without Edge stiffeners

c

H

o
.l

ÆfrAL DEFORMATION (in.)
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In this Appendix, detailed calculations for the strength of typical column,

beam, and beam-column sections based on the two design specifications are given.

These detail calculations follow the listing of the relevant Clauses and Equations

which are those used in the specifications.

D.l ArSr SPECXFTC.A,TTON (1989)

D.1.1 CON,UMNS

D.1.L.L Unstiffened Flange Section of Column

An example of concentric loading, unstiffened flange section of column, using

specimen 2.7-0.00-2, the length of specimen is 48.00 inches.

Sectí.on dimensions;

Total depth (H)

Thickness (t)

Flat wídth of web (w)

FIat wÌdth of flange (b)

Flat width of edge stiffener (c)

Radius at element junction (r)

Angle between flange and web (0)

Gross sectíon properties;

Area (A)

Moment of Inertia abot¿t the geometric x-axß (I)

8.06 in.

0.058 ìn.

7.66 in.

2.81 in.

0.00 in.

0.17 in.

90.00 degrees

0.83 ín.2

8.35 ín.a



170

Moment of Inenia abot¿t the geometric y-axß (Ir)

product of Inenia (Io)

Moment of Inertia about the principal x-axís (I*)

Moment of Inertia abo¿¿t the princípal y-axb (I)

Warping constant of torsion (C_)

St. Venant torsion constant g)

Yteld strenph (Fr)

Modt¿lus of elasticity (E)

Test Result;

Pr"., = 12.70 kips

Critical Compressive Resistance; (Clause C4(b))

Local buckling capacity of unstiffened flange:

P, = 3.27 kips

lnad-CarryÍng Capacit¡5 (Clause C4)

1.32 in.a

2.44 in.a

9.11 in.a

0.56 in.a

14.00 ín.6

0.001 in.a

47.03 k:i

29,500 ksi

P, = 3.27 kips

Therefore, P-rr : 3.27 þ¡ps

Hence; Pr".,Æ*., : 3.28

D.1.1.2 Stiffened Flange Section of Column

Aa example of concentric loading, stiffened flange section of column, using

specimen 2.7-0.75-1, the length of specimen is 24.00 inches.
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Sectíon dimensions;

Total depth (H)

Thickness (t)

Flat wí"d,th of web (w)

Flat width of flange (b)

Flat wí.d,th of stiffener (c)

Radit¿s at element junction (r)

Angle between flange and web (0)

Gross section properties;

Area (A)

Moment of Inenta about the geometríc x-axis (I*)

Moment of Inertia abot¿t the geometric y-axís (Iyr)

hodt¿ct of Inerlia ((ry)

Moment of Inertia abot¿t the principal x-axß (Iu)

Moment of Inertia about the principal y-axis (I*)

Warping constant of torsíon (C*)

St. Venant torsion constant (J)

Yíeld strength (Fr)

Modulus of elasticity (E)

Test ResulÇ

Pr"", : 20.56 kips

8.07 ín.

0.058 ín.

7.67 ín.

2.66 ìn.

0.72 in.

0.17 ín.

90.00 degrees

0.90 ín.2

9.11 ín.a

1.90 in.a

3.09 ín.a

10.25 in.a

0.75 in.a

21.29 ín.6

0.001 in.a

47.03 ksi

29,500 ksi
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Critical Stress; (Clause C4)

Elastic flexural buckling stress:

t"*: 5763.54 ksi

o", : 423.02 ksi

Torsional buckling stress:

ot : 979.4'l' ksi

Therefore, F" : 423.02 ksi

Since, F. > Fylz, F" : 45.72 ksi

Effective Area; (Clause 82.1, E3.L and 84.2)

4 : 0.52 in.z

[,oad-Carrying Capacibi (Clause C4)

Po: 23.92 kips

Therefore, Porsr : 23.92 þ,tps

Hence; Pr"r,Æarsr : 0.86

D.I..z EEAMS

D.1.2.L Unstiffened Flange Section of Eeam

An example of pure bending, unstiffened flange section of beam,

specimen 2.7-0.00-f, the length of specimen is 54.06 inches.

Sectínn dímensions;

Total depth (H) : 8.07 ín.

Thickness (t) : 0.058 in.

Flat wídth of web (w) : 7.67 in.

usmg



Flat wídth of flange (bl :

FIat width of stíffener (c) :

Radius at element junction (r) :

Angle between flange and web (0) :

Gross sectíon propertíes;

Area (A) :

Moment of Inertia about the geomenic x-axß (I) :

Moment of Inertia about the geometríc y-Lris (Iì :

Product of Inertia (Io) :

Moment of Inertia about the principal x-axis (IÐ :

Moment of Inertia about the principal y-axß (I*) :

Warptng cotßtant of torsion (C") :

St. Venant torsion constant (J) :

Yíeld strength (Fy) :

Moduh¿s of elasttcity (E) :

173

2-79 in.

0.00 ín.

0.17 ín.

90.00 degrees

0.80 in.2

7.85 in.a

1.00 ín.a

2.04 ínj

8.41 in.a

0.44 in.a

10.88 in.6

0.001 in.a

47.03 kst

29,500 ksi

Test Result;

Mr"., : 52.02 kips-in.

Critical Moment Resistance; (Clause 43.1)

Moment Resistance caused by local buckling of unstiffened flange:

Mo : 9'65 kiPs-in'

Bending Capacify; (Clause C3.1)

Mo : 9'65 kips-in.
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Therefore, Mors, : 9.65 kips-in.

Hence; Mr".,M^.r : 5.39

Ð"1"2.2 Stiffened FÏange Section of Beam

An example of pure bending, stiffened flange section of beam, using specimen

2.7-0.75-'1., the length of specimen is 53.97 inches.

Sectínn dimensiora;

Total depth (H)

Thickness (t)

Flat wÌdth of web (w)

Thickness (t)

Flat width of flange (b)

Flat width of stiffener (c)

Radít¿s at element junctíon (r)

Angle between flange and web (0)

Gross sectíon properties;

Area (A)

Moment of Inertia about the geometric x-axis (I)

Moment of Inenia abot¿t the geometríc y-axß (Ir)

hoduct of Inertia (Io)

Moment of Inertia abot¿t the príncipal x-axß (I*)

Moment of Inenia abotû the principal y-axís (I*)

8.02 in.

0.059 ín.

7.62 in.

0.059 in.

2"59 in.

0.67 in.

0.17 in.

90.80 degrees

0.90 in.2

8.94 in.a

1.77 ín.a

2.95 in.a

10.00 ín.a

0.71 in.a
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Warping constant of torsion (C*) : 19.61 ín.ó

St. Venant torsion con^stant (J) : 0.001 in.a

Yield strength (Fr) : 47.03 ksi

Modulus of elasticity (E) : 29,500 ksi

Test R.esult;

M'¡"., : 58'57 kiPs-in'

CritÍcal Stress; (Clause C3.1.1)

Elastic yielding stress:

Fv : 47'03 ksi

Therefore, F" : 47.03 ksi

Effecfive Section Modulus; (Clause 82"L,823 and 83.2)

s : 1.96 in.39e-

Bending Capacit¡i (Clause C3.1)

Mo : 92.17 kips-in.

Therefore, M^rr : 92.L7 kips-in.

Hence; Mru.,MAJSl : 0.64

I}"1."3 EE.AM-COLUMNS

D.1.3.L Unstiffened Flange Section of Beam-Column

An example of eccentric loading, unstiffened flange section of beam-column,

using specimen 2.7-0.00-3, the length of specimen including supports is 48.00 inches.
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Section dimensíow;

Total depth (H)

Thtckness (t)

Flat wídth of web (w)

Flat width of flange (b)

Flat width of stifrener (c)

Radius at element jtmction (r)

Angle between flange and web (0)

Gross section propertíes;

Area (A)

Moment of Inenia about the geometríc x-axís (I)

Moment of Inertia abot¿t the geometric y-axß (Iyy)

Prod¿¿ct of Inertia (In)

Moment of Inertia about the principal x-axß (Io)

Moment of Inenia abot¿t the principal y-axis (I*)

Warping constant of torsíon (C*)

St. Venant torsion constant (J)

Yield strength (Fr)

Modulus of elasticity (E)

Test Result;

Pru., : 6.62 kips

7.97 in.

0.058 ín.

7.57 ín.

2.87 in.

0.00 in.

0.17 in.

: 90.00 degrees

0.80 in.2

.¿.
/. / / tn.'

1.09 in.a

2.12 ín.a

8.39 ín.a

0.47 ín.a

11.37 ín.6

0.001 in.a

47.03 l{si

29,500 ksi
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Critical Compressive Resistance; (Clause C4(b))

Local buckling capacity of unstiffened flange:

P, : 3.72 kiPs

Compressive Ï-oad; (Clause C4)

P" : 3.72 kips

Therefore, P" : 3.72 ktPs

Bending CapacitS5 (Clause C3.I"2)

Bendíng capacity caused by local buckling of unstiffened flange:

Mn : 9'14 kiPs-in'

Therefore, M,* = 9.!4 kiPs-in.

l,oad-Carrying Capacity of Beam-Column; (Clause C5)

P : 1.11 kips

Therefore, Porsr = l.LL kips

Hence; Pr"",Æ^r, : 5.96

D.1.3.2 Stiffened Flange Section of Beam'Column

An example of eccentric loading, stiffened flange section of beam-column,

using specimen 2.7-0.75-3, the length of specimen including supports is 49.13 inches.

Sectíon dimensions;

Total dePth (H) : 7-96 in-

Thíckness (t) : 0-059 in-

Flat wídth of web (w) : 7.57 ín.



Flat wid.th of flange (bl :

Flat wídth of stiffener (c) :

Radtus at element jtmctíon (r) :

Angle between flange and web (0) :

Gross section properties;

Area (A) :

Moment of Inertia about the geometic x-axß (I) :

Moment of Inertia abotú the geometric y-axis (Ir) :

duct of Inertia (In) :

Moment of Inertía about the princípal x-axß (I*) :

Moment of Inerfia about the príncipal y-axis (I*) :

Warping constant of torsíon (C*) :

St. Venant torsion constant (J) :

Yield strengÍh (Fr) :

Moduhu of elasticíry @) :

T'est Result;

Pr",, = 9.32 kips

Critical Compressive Stress; (Clause C4)

Elastic flexural buckling stress:

: 1340.1-6 ksi

= 97.99 ksi

178

2.62 ín.

0.70 in.

0.17 ín.

90.30 degrees

0.90 í.n.2

8.90 in.a

1.84 in.a

3.01 inj

10.01 ín.a

0.73 ín.a

20.19 ín.6

0.001 in.a

47.03 ksi

29,500 ksi

o"*

o.y
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Torsional buckling stress:

ot : 227 '6'L ksi

Therefore, F" : 97.99 ksi

Since, F. > F/2, F" : 41.39 ksi

Effective .A.rea; (Clause B.2"'/..,83"1 and 84.2)

4 : 0'55 in'2

CompressÍve X,oad; (Clause C4)

P": 22-72 kips

Therefore, P" : 22.721<tps

Bending Capacit¡5 (Clause C3"I"2)

Elastic lelding bending capacity:

lnt : 105'09 kiPs-in'

Elastic lateral bending capacity:

M" : 463.96 kips-in.

Since, M" ) 2.78*W M. : 105.09 kips-in.

Effective modulus of section:

S" : 1'98 in'3

The¡efore, M* : L05.09 kips-in.

t oad-Carrying Capacity of Eeam-Column; (Clause C5)

P : 1L.54 kips

Therefore, Porsr : 1L.54 kips

Hence; FroÆ.r, : 0.81
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D.2 CS.{ ST^&F{ÐAR.D (1989)

W"2"1- COT-{JMNS

I).2.1-.L {Jnstiffened Flange Section of Colurnn

An example of concentric loading, unstiffened flange section of column, using

specimen 2.7-0.00-2", the length of specimen is 12L9.00 mm.

Section dímensiors;

Total depth (H)

Thickness (t)

Flat width of web (w)

Flat wídth of flange (b)

Flat wídth of stiffener (c)

Radít¿s at element junction (r)

Angle between flange and web (0)

Gross section propertíes;

Area (A)

Moment of Inertia abo¿¿t geometric x-axis (I)

Moment of Inertia about geometric y-axß (Ir)

Product of Inertia (Io)

Moment of Inertta abot¿t principal x-axís (I*)

Moment of Inertia about principal y-axís (I*)

Warping constant of torston (C*)

St. Venant torsíon constunt (J)

204.72 mm

1.47 mm

194.56 mm

71.37 mm

0.00 mm

4.32 mm

90.00 degrees

534.48 mm2

34.76x1d mma

5.49xLd mma

10.16x1d mma

37.9hld mma

ZfixLd mma

37.60x1ü mrn6

4.16xLt mma



yield strength (Fy)

Mod¿¿h¿s of elasticity (E)

Test Result;

Pr",. : 56.52 kN

Critical Compressive Resistance; (Clause 6.6J.2)

Local buckling capacity of unstiffened flange:

C' : 17'36 kN

Load-Carrying Capacit¡5 (Clause 6.6.1.3)

C' : 17'36 kN

Therefore, Pîo = 17.36 kN or 3.90 kips

Hence; Pr".,Æ"ro : 3.25

Total depth (H) =

Thickness (t) =

Flat wídth of web (w) :

Flat width of flange (bl :

Flat wídth of stiffener (c) :

Radius at element junction (r) :
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324.04 MPa

203,000 MPa

D.2.L.2 Stiffened Flange Section of Column

An example of concentric loading, stiffened flange section of column, using

specimen 2.7-0.75-L, the length of specimen is 610.00 mm.

Section dimensíotts;

204.98 mm

1.47 mm

194.82 mm

67.56 mm

18.29 mm

4.32 mm



Angle between flange and web (0)

Gross sectíon propertíes;

Area (A)

Moment of Inertia abo¿¿t the geometríc x-axß (I)

Moment of Inertìa about the geometric y-axß (Io)

hoduct of Inertía (Io)

Moment of Inertia abot¿t the principal x-axis (Io)

Moment of Inertía abot¿t the prtncipal y-axís (I*)

Warptng constant of torsion (C*)

St. Venant torsion constant (J)

Yíeld strength (Fr)

Modulus of elasticíty (E)

Test Result;

Pr",, = 91.49 kN or 20.56 kips

Critical Stress; (Clause 6.6"4)

Elastic flexural buckling stress:

F"* = 3303759 lvlPa

F"v : 2424'841vÍPa

Torsional buckling stress:

E - 5614.12 }l{Part -

Therefore, F" : 2424.84lv1Pa

11 - 0.833+2424.84: 201.9.89 MParp -
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90.00 deg'ees

580.64 mm2

37.g2ild rnrno

7.9lxld mma

12.86x1d mma

42.66x1d mma

3.1hld mma

57.17x1d mm6

4.16x1û mma

324.04 MPa

203,000 MPa
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Since, Fo > F¡2, F^ : 313.21 MPa

Eff,ectÍve A¡ea; (Clause 5.6"2"L, 5.6"2.3 and 5.6.2.6)

A" = 378.70 mmz

Inad-Canying Capacit¡4 (Clause 6.6.1.3)

C.. : 1L8'59 kN

Therefore, Pcso : L18.59 kN or 26.65 kips

Hence; Pr",,Æ"ro : 0.77

D.2.2 EEAMS

Ð.2.2.1 {.Jnstiffened Flange Section of Beam

Al example of pure bending, unstiffened flange section of beam, using

specimen 2.7-0.00-1^, the length of specimen is L373.00 mm.

Sectíon dimensínns;

Total depth (H) : 204.98 mm

Thíckness (t) : 1.47 mm

Flat wídth of web (w) : 194.82 mm

Flat width of flange (bl : 70.87 mm

Flat wídth of stiffener (c) : 0.00 mm

Radius at element junction (r) : 4.32 mm

Angle between flange and web (0) : 90.00 degrees

Gross section properties;

Area (A) : 516.13 mm2



Moment of Inertia abot¿t the geometric x-axis (I)

Moment of Inertia abotú the geometric y-axis (Io)

Product of Inertía (Io)

Moment of Inertia about the principal x-axis (Io)

Moment of Inertia abot¿t the principal y-axis (I*)

Warping constant of torsion (C*)

St. Venant torsinn constant (J)

Yíeld stress (Fr)

Modulus of elasticity (E)
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32.67x1d mma

4.16xLt mma

8.49xLd mma

35.01x1d mma

1.83xld mma

29.22x1d mm6

4.16xIF mma

324.04 MPa

203,000 MPa

Test R.esult;

M-¡"", : 5.88 kN-m

Critical Moment Resistance; (Clause 6.4.4)

Moment resistance caused by local buckling of unstiffened flange:

M, : 1'09 kN-m

Eending Capacit¡5 (Clause 6.4.L,1)

M. : L'09 kN-m

Therefore, Mcso : 1.09 kN-rr or 9.62 kips-in.

Hence; Mr..,/fufcs^ : 5.4L

D.2.2"2 Stiffened Flange Section of Eeam

An example of pure bending, stiffened flange section of beam, using specimen

2.7-0.75-2, the length of specimen is L370.84 mm.



18s

Section dímensíons;

Total depth

Thickness

Flat width of web

Flat width of flange

Flat width of stiffener

Radius at element junctíon

Angle between flange and web

Gross sectíon propertíes;

(H) =

(t) :

(w) :

(bl :
(c) :

(r) :

(0) :

203.71 rnm

1.50 mm

193.55 mm

65.79 mm

17.02 mrn

4.32 rnnx

90.80 degrees

Moment

Moment

Moment

Moment

Test Result;

Mr.r, =

Area (A) =

of Inertia about the geometric x-axís (I) =

of Inertía abot¿t the geometric y-axis (Iì =

hoduct of Inertia (Io) =

of Iner-tia about the príncipal x-axß (I*) :

of Inertia about the principal y-axis (I*) :

Warping constant of torsíon (C*) :

St. Venant torsion constant (.1) :

Yield strength (Fr) :

Modulus of elastici4t (E) :

587.64 mm2

37.2txtd mma

7.37xld mma

12.28x1d mma

41.62x1d mma

2.96xld mmr

52.66x1d mm6

4.16xlt mma

324.04 MPa

203,000 MPa

6.62 kN-m



186

Critical Stress; (Clause 6"4"2"L)

Elastic yielding stress:

Fv : 324'04 MPa

Therefore, F" = 324.04 MPa

Effective Section Modulus; (Clause 5.6.2)

s : 34049.29 mm3ve-

Bending Capacitg (Clause 6.4"I"L)

M, : 11'03 kN-m

Therefore, M"ro : 1L.03 kN-m. or 97.28 kips-in.

Hence; Mr"",/Þfoo : 0.60

D.2.3 BEAM.COLUMNS

D.2.3.1 Unstiffened Flange Section of Beam-Column

An example of eccentric loading, unstiffened flange section of beam-column,

using specimen 2.7-0.00-3^, the length of specimen inciuded supports is 1219.00 mm.

Sectínn dímensínns;

Total depth (H) : 202.44 mm

Thickness (t) : 1.47 mm

Flat wìd,th of web (w) : 192.28 mm

Flat width of flange (bl : 72.90 mm

FIat width of stiffener (c) : 0.00 mm

Radùts at element junction (r) : 4.32 mm



Area (A) =

Moment of Inertia about the geometric x-axis (I) =

Moment of Inertia about the geometric y-axis (Ir) =

Prodt¿ct of Inertia (Ir) :

Moment of Inertia abotû the princípal x-axis (In) :

Moment of Inertia about the principal y-axß (I*) :

Warpíng constant of torsion (C*)

St. Venant torsion constant (J)

Yield strength (Fr)

Modult¿s of elasticity (E)

Test Result;

Pr",, : 29.46 kN

Critical Compressive Resistance; (Clause 6.63.2)

Local buckling capacity of unstiffened flange:

C. : 16'05 kN

Compressive X,oad; (Clause 6.6.1.3)

c' : 16'05 kN

Critical Moment R.esistance; (Clause 6.4.4)

Moment resistance caused by local buckling of unstiffened flange:

M' : 1'03 kN-m

Angle between flange and web (0)

Gross sectíon propertícs;

r87

90.00 degrees

516.13 mm2

32.34x1d mma

4.54xld mma

8.82xLf mma

34.9hld mma

1.96xLd mma

30.53x1ff mm6

4.16xIF mma

324.04 MPa

203,000 MPa
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Therefore, Mo : 5.02 kN-m

l,oad-Carrying Capacity of Eearn-Column; (Clause 6"7)

C¡: 6'3L kN

Therefore, Pcso = 6.31 kN or 1.42l<tps

Hence; Pr".,Æ"ro : 4.67

Ð"2.3.2 Stiffened Flange Section of ßeam-Column

An example of eccentric loading, stiffened flange section of beam-column,

using specimen 2.7-0.75-3, the length of specimen included supports is 1247.78 mm.

Section dimensions;

Total depth (H) =

ThLckness (t) =

Flat width of web (w) =

Flat wídth of flange (bl :

Flat width of stiffener (c) :

Radit¿s at element junction (r) :

Angle between flange and web (0) :

Gross section propertíes;

Area (A) :

Moment of Inertia abo¿¿t the geometric x-axis (I) :

Moment of Inertia about the geometric y-axis (Iì :

Product of Inertia (Io) :

202.18 mm

1.50 mm

192.28 mm

66.55 mm

17.78 mm

4.57 mm

90.30 degrees

580.64 mm2

37.04x1d mma

7.66xLd mma

12.53x1d mma



Moment of Ineftia about the princípal x-axis (I*)

Moment of Inertia about the príncipal y-axß (I*)

Warpíng constant of torsíon (C*)

St. Venant torsion constant (J)

Yield strength (Fr)

Modt¿h¿s of elasticíty (E)

Test Result;

Pr"r, : 41.47 kN

Critic¿l Compressive Stress; (Clause 6,6.4)

Elastic flexural buckling stress:

F' = 7682.00 }q{Pa^ex

F", 56L.69 MPa

Torsional buckling stress:

ìtr - 1304.74NLPart -

Therefore, F" : 561.69 MPa

E - 0.833+561.69 : 467.89 }ll.Parp -

Since, Fp > F/2, F^ : 2'l'7.3L MPa

Effective Area; (Clause 5.6.2)

A" = 4L0'04 mm2

Cornpressive Resistance; (CIause 6.6.1.3)

C, = L13.70 kN

Therefore, Poo : LL3.70 kN
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41.66x1d mma

3.04xld mma

5422ilt mm6

4.I6x1d mma

324.04 MPa

203,000 MPa
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Moment Resistance; (Clause 6.4.1.1)

Elastic yielding bending capacity:

Nt : L2'52 kN-m

Elastic lateral bending capacity:

M, : 11"27 kN-m

Effective modulus of section:

S" : 34615.93 mm3

Therefore, Mo : 1.0.66 kN-m

Load-Carrying Capacity of Beam-Column; (Clause 6"7)

Cr : 54'57 kN

Therefore, Pcso : 54.57 kN or 12.34 ktps

Hence; Pr".,Æ.ro : 0.762



APPENÐTX E

MEMtsER. ST'R.ET{GTH CAT,CUI-.4TED USTNG

THETRETICAL A/fOÐEf-S



192

In this Appendix, detailed calculations for the strength of typical column,

beam, beam-column sections based on the thoretical models are given. These detail

calculations follow the listing of the relevant sections which are those used in

Chapter 3.

8.1 CON,UMNS

8.1.1 Unstiffened Flange Section of Column

An example of concentric loading, unstiffened flange section of

column, using specimen 2.7-0.00-2, the length of specimen is 48.00 inches.

Sectíon dimensions;

Total depth (H) : 8.06 in.

Thíckness (t) : 0.058 ín.

FIat width of web (r) : 7.66 ín.

FIat width of flange (bl : 2.81 ín.

Flat width of stiffener (c) : 0.00 in.

Radìus at element junction (r) : 0.17 ín.

Angle between flange and web (0) : 90.00 degrees

Sectíon propertícs of flange-edge stiffener component;

Area (A) : 0'18 in'z

x-coordínate with respect to the centroíd F) : 1.54 in.

y-coordinate with respect to the centroíd O) : 0.00 in.



193

x-coordinate of the shear centre (x,o)

y-coordínate of the shear centre (y",)

Moment of ínertia abot¿t the geometric x-axís (I)

Moment of inertia about the geometric y-axís (I*)

St. Venant torsion constant (1") :

Gross section properties;

Area (A)

Yield strength (Fr)

Modt¿lus of elasticíty (E)

T'est Result;

Pr",, : 12.70 kips

Critical Stress; (Chapter 3, 3.4.L)

Distortional buckling stress:

Y : 3.L4

N : 7.43

Ü : 0'00013

r : 0.148

od", : 8.05 ksi

Since, od., 4 F/2, o", = 8.05 ksi

Load-Carrying Capacitl5 (Chapter 3, 3.4.1)

Pro"oo : 6.70 kips

Hence; Pr"r,Ærr*ry : 1,.90

1.54 ín.

0.00 in.

0.00014 in.a

0.13968 in.a

0.00020 in.a

0.83 in.2

47.03 (raí

29,500 ksi
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8"I.2 Stiffened Flange SectÍon of Column

An example of concentric loading, stiffened flange section of column, using

specimen 2.7-0.75-1, the length of specimen is 24.00 inches.

Sectíon dimensínns;

Total depth (H)

Thíclorcss (t)

Flat wídth of web (w)

Flat wiàth of flange (b)

FIat width of stiffener (c)

Radius at element junctíon (r)

Angle between flange and web (0)

Sectínn propertícs of flange-edge stíffener componenf;

8.07 ín.

0.058 ín.

7.67 ín.

2.66 in.

0.72 ín.

0.17 ín.

90.00 degrees

0.21 tn.2

1.73 in.

0.14 ín.

2.79 in.

0.14 ín.

0.0111ó

0.18293

0.02527 in.a

0.00024 in.a

Area (A)

x-coordinate with respect to the centroid @)

y-coordinate with respect to the centroid (y)

x-coordínate of the shear centre (x,o)

y-coordinate of the shear centre $t"o)

Moment of inenia abo¿¿t the geomeníc x-axß (I)

Moment of inertia abot¿t the geometríc y-axß (Ir)

Product of inertia (I_)

St. Venant torsion constafi (fc)

tn.'

.J
tn.'
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Gross section properties;

Area (A) : 0.89 ín.2

Yìeld strengtrh (Fr) : 47.03 ksi

Moduh¿s of elastícity (E) : 29,500 l<si

T'est Result;

Pr"., : 20.56 kips

Critical Stress; (Chapter 3, 3.4"1)

Distortional buckling stress:

Y = 3.92

N = 82.0L

t = 0'00675

r : 0.296

od", = 17.87 ksi

Since, o.", 1 F/2, o",: 17.87 ksi

Load-Carying Capacity; (Chapter 3, 3.4.L)

Prræ : 16'08 kiPs

Hence; Pr".,Ærn*ry : 1.28

Ð.2 BEAMS

8.2"1 Unstiffened Flange Section of Beam

An example of pure bending, unstiffened flange section of beam, using

specimen 2.7-0.00-t^, the length of specimen is 54.06 inches.
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Section dímensíons;

Total depth (H) =

Thiclcness (t) :

Flat width of web (w) :

Flat wídth of flange (bl :

Flat width of stíffener (c) :

Radùu at element iunctíon (r) :

Angle bet',,veen flange and web (0) :

Sectìnn properties of equívalenÍ column;

Area (A) :

Dßtance from neutral axß to the compressíve fibre (d) :

x-coordinate of the shear centre (x"o) :

y-coordinate of the shear centre (y"") :

x-coordinate of the elasttc sttpport (h) :

y-coordínate of the elastic supporr (h) :

Moment of inertia about the geometric x-axis (I) :

Moment of ínenia about the geometric y-LYís (Ir) :

Product of inerTia (I-) :

Warping constant of torsion (C*) :

St. Venant torsíon constant (J) :

Gross section propertíes;

8.07 in.

0.058 in.

7.67 in.

2.79 ín.

0.00 in.

0.00 in.

90.00 degrees

0.24 in.2

3.80 in.

-1.031 in.

-0.205 in.

1.043 in.

7.630 in.

0.03370 in.a

0.23630 ín.a

-0.0525 in.a

0.00000 in.6

0.00027 in.a

Area (A) : 0.81 in.2
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Elastic sectíon modulus (S)

Yìeld strength (Fr)

Modulus of elastícíty (E)

Elasttc shear modulus (G)

Dístance from netüral axís to the centroid, of flange (d)

Test R.esult;

Ma",¡ = 52'02 kiPs-in'

Critical Stress; (Chapter 3, 3.4.2)

Distortional buckling stress:

Xt: 2'195

Xz : 0'000006

f¡ : -0'00060

X+: 14512

k+ : 0'0603

q : 0'00065

4r = 0'00438

az : 0'0001-6

dE : 0'00000068

% : 18'71 ksi

0d", : L9.87 ksi

Since, rd., ( F/2, o",: L9.87 ksi

1.9469 in.3

47.03 16í

29,500 ksi

11346.15 ksì

3.80 in.
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Bending CapacigS (Chapter 3, 3"4"2)

Mrn"oo = 38.69 kips-in.

Hence; Mt"r,A4ro" ory 
: 1.34

8 "2"2 Stíffened Flange Section of Eearn

An example of pure bending, stiffened flange section of beam, using specimen

2.7-0.15-L, the length of specimen is 53.97 inches.

Sectinn dímensíotu;

Total depth (H) :

Thíckness (t) :

Flat wídth of web (w) :

Flat width of flange (bl :

Flat wídth of stiffener (c) :

Radíus at element junctíøn (r) :

Angle between flange and web (0) :

Sectíon propertíes of equivalent column;

Area (A) :

Distance from neutral axß to the compressíve fibre (d) :

x-coordinate of the shear centre (x"o) :

y-coordìnate of the shear centre (y") :

x-coordinate of the elasttc support (h) :

y-coordinate of the elastíc support (hr) =

8.02 in.

0.059 in.

7.62 ín.

2.59 in.

0.67 ín.

0.17 ín.

90.80 degrees

0.29 ín.2

4.01 in.

-0.524 ín.

-0.579 in.

-1.326 in.

7.544 in.
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Moment of inertia about the geometic x-axß (I)

Moment of inertia abot¿t the geometric y-arß (I*)

Prodt¿ct of inertía (I-)

Warpíng constant of torsíon (C-)

St. Venant torsíon constant (J")

Gross sectíon propertíes;

Area (A)

Elastìc sectton moduhu (S)

Yield strength (Fy)

Modt¿lus of elastícítY (E)

Elastic shear modulus (G)

Dßtance from netttral axis to the centroid of flange (d)

Test Result;

M'¡"., : 58'57 kiPs-in'

Critical Stress; (Chapter 3, 3.4.2)

Distortional buckling stress:

h : 3-'J-63

Xz = 0'0630

k: -0.0268

x+: 24-078

kø : 0.0561

Tt : 0.00052

0.03810 in.a

0.37060 ín.a

-0.03434 in.a

0.0385 ín.6

0.00034 ín.a

0.91 in.2

2.2309 in.3

47.03 ksi

29,500 ksí

11346.15 k:i

3.73 ín.
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ør : 0'00403

az: 0'00021-

d¡ : 0'00000078

o" = 19'57 ksi

Øð",:21.01 ksi

Since, Ød", ( F/2, o",: 2L.01- ksi

Eending Capacit¡5 (Chapter 3, 3.4.2)

Mto*o : 46'88 kiPs-in'

Hence; Mr".,/lvfro" o,y = 1.25

E3 BEAM-COLUMI{S

8.3.1 Unstiffened Flange Section of Beam-Column

An example of eccentric loading, unstiffened flange section of beam-column,

using specimen 2.7-0.00-3, the length of specimen included supports is 48-00 inches.

Section dimensíow;

Total dePth (H) : 7.97 in'

Thickness (t) : 0.058 ín.

Flat width of web (w) : 7.57 in.

FIat wídth of flange (bl : 2-87 in.

Flat wi^dth of stíffener (c) : 0'00 ín'

Radius øt element iunction (r) = 0-00 in'

Angle between flange and web (0) : 90'00 degrees
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Section properties of flange'edge stffircr componenf;

Area (A) : 0.26 in-2

x-coordinate of the shear centre (x,o)

y-coordinate of the shear centre (y,)

x-coordinate of the elastic support (h)

y-coordínate of the elastic support (hr)

Moment of inertia abot¿t the geometríc x-axis (I)

Moment of ínerria about the geometric y-axß (Ir)

Product of inertia (I*)

Warping constant of torsion (C*)

St. Venant torsion constant (J)

Gross section proPerties;

Area (A)

Elastic section moduhts (S)

Yíeld strength (Fr)

Modul¿ts of elasticity (E)

Elastic shear modtilus (G)

x coordinate of the eccentríc loading (e)

y coordinate of the eccentric loaiing (er)

Test Result;

Pr"., = 6.62 kiPs

-1.392

-0.422

1.084 in.

7.372 ín.

0.03379 in.a

0.26130 in.a

-0.0549 ín.a

0.02471 in.ó

0.00031 ín.a

0.80 in.2

1.9548 ín.3

47.03 l<si

29,500 l<si

11346.15 ksi

0.00 in.

4.00 in.

in.

tn.
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{,oad-Carryrng Capacity of Beam-Column; (Chapter 3, 3.4.3)

Prnuoo (Eca.4s) 
: 3.40 kips or Pro"oo (Eq3.5r) : 4.57 kips

L.45 kipsHence; Pt".,ÆTh.oo (Eqj.48) : l-.95 or Pr".,lPrn*.y irq:sr¡ :

83.2 Stiffened Flange Section of Beam-Column

Al example of eccentric loading, stiffened flange section of beam-column,

using specimen 2.7-0.75-3, the length of specimen included supports is 49.13 inches.

Section dimensions;

Total dePth (H) : 7-96 in.

Thickness (t) : 0'059 ín'

Flat wtd,th of web (.) : 7.57 in-

Flat wídth of flange (bl : 2.62 ín.

Flat width of stiffener (c) : 0.70 ín.

Radíus at element jttnction (r) : 0.15 Ìn.

Angle between flange and web (0) : 90.30 degrees

Section properties of flange-edge stíffencr component;

Area (A) : 0.30 in.2

x'coordinate of the shear centre (x") : -0-973 in-

y-coordínate of the shear centre (y"") : -0.630 ín.

x-coordinate of the elastíc support (h) : 1.353 in.

y-coordínate of the elastic sl¿pport (hr) : 7-495 ín-

Moment of ínertia about the geometric x-axis (I) : 0.03890 ín.a
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Moment of inertia abot¿t the geometric y-axß (Ir) :

hodt¿ct of inerfia (I*)

Warping constant of torsion (C*)

St. Venant torsíon constant (J)

Gross sectíon propertíes;

Area (A)

Elastic section modulus (S)

Yield strength (Fr)

Modultu of elasticity (E)

Elastic shear modttlus (G)

x coordínate of the eccentric loadíng (e)

y coordinate of the eccentric loading (er)

0.39000 in.a

-0.0320 ín.a

0.05330 in.6

0.00036 in.a

0.92 ín.2

2.2739 ín.3

47.03 ksi

29,500 ksi

11346.15 llci

0.00 ín.

4.00 ín.

Test Result;

Pr"., : 9.32 kips

Load-Carrying capacity of Beam-Column; (Chapter 3, 3.4.3)

Pro"oo Gcr.4s) 
: 6.95 kips or P*"oo (Eqj.sl) : 9.70 kips

Hence; Pr"r,Ærnuoo (Eca.4s) : 
-J-.34 or P1".,Ælheory (Eq3.sr) : 0.96


