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Thirteenth International Specialty Conference on Cold-Formed Steel Structures
St. Louis, Missouri U.S.A., October 17-18, 1996

COMPARISON OF THE DISTORTIONAL BUCKLING METHOD FOR
FLEXURAL MEMBERS WITH TESTS

G.J. Hancockl, C.A. Rogers2 and R.M. Schuster®

SUMMARY

For thin-walled flexural members composed of certain geometric proportions and/or made of
high-strength steel, a mode of buckling at half-wavelengths intermediate between local
buckling and flexural-torsional or flexural buckling can occur. The mode is most common for
edge (lip) stiffened members such as C and Z-sections, and involves rotation of the lip-flange

component about the flange-web junction. This mode is commonly called distortional
buckling.

Presented in this paper is a design method for distortional buckling of flexural members
recently submitted for ballot with the AISI Specification Committee for Cold-Formed Steel
Structures. Currently, the North American Cold-Formed Steel Design Standards do not
contain such a distortional buckling provision. The distortional buckling procedure is
compared with the current North American Design Standards using the results of beam tests
carried out at the University of Waterloo and data available in the literature. Statistical results
of the investigation indicate that the distortional buckling method is slightly conservative yet
provides a better fit to the test data in comparison with current Design Standards. More
importantly, the distortional buckling procedure accounts for recently observed significantly
unconservative test results. It is recommended that the design method for the distortional
buckling of flexural members, using Strength Curve 1 as presented herein, be adopted by the
North American Design Standards.

1 INTRODUCTION

Distortional buckling of compression members (under uniform stress) such as C-sections
usually involves rotation of the lip-flange components about the flange-web junctions in
opposite directions as shown in Fig. 1(a). The web and lip-flange component buckling
deformations, along with a possible translation of the entire section in a direction normal to
the web, occur at the same half-wavelength. Web buckling involves single curvature
transverse bending of the web. Distortional buckling of compression members (under uniform
stress) has been investigated in detail by Hancock[1] mainly for sections used in steel storage
racks, Lau & Hancock[2,3,4] for a range of different C and rack sections, and by Kwon &
Hancock[5,6] for high strength steel channel sections with intermediate stiffeners.

Distortional buckling of flexural members such as C and Z-sections usually involves rotation
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Figure 1. Distortional Buckling Modes

of only the compression lip-flange component about the flange-web junction, as shown in Fig.
1(b). The web and lip-flange component buckling deformations, along with a possible
translation of the compression flange in a direction normal to the web, occur at the same half-
wavelength. Web buckling involves double curvature transverse bending of the web. The
purpose of this paper is to describe the rationale of the design method for distortional buckling
of flexural members and to compare this method with available test data. It is also the intent to
submit this proposed design method for inclusion in the Canadian Standards Association
(CSA) S136 Standard[7] and the American Iron and Steel Institute (AISI) Specification[8] for
Cold-Formed Steel Structures. The method presented herein is an improvement of the design
method for distortional buckling of flexural members previously outlined by Hancock[9] for
use in the Draft Australian / New Zealand Standard for Cold-Formed Steel Structures[10].

2 ELASTIC DISTORTIONAL BUCKLING STRESS FORMULATION

A paper by Lau & Hancock[11] provides distortional buckling formulae for channel columns
based on a simple flange buckling model where the flange is treated as a thin-walled
compression member undergoing flexural-torsional buckling, as shown in Fig. 2. The
torsional restraint stiffness, k4, represents the torsional restraint of the web which is in pure
compression, and the translational restraint stiffness, k,, represents the resistance to
translational movement of the section in the distortional buckling mode. As a result of the
compressive stress in the web, the model includes a reduction in the torsional restraint
stiffness, k4, provided by the web. The model is not limited to simple lip-flange combinations
as shown in Fig. 2, but may involve complex lips with sloping stiffeners and/or return lips. In
the Lau and Hancock model, it is assumed that the value of the translational spring stiffness,
ky, is zero so that the flange is free to translate in the x-direction in the buckling mode. The
equation for the torsional restraint stiffness, k4, is given by Lau & Hancock as,

‘- Ef? 1_1;;11}3/[ b2A )2 0
" 546(b, +0.064) Ee \2+2) |

where E is the modulus of:elasticity and ¢ is the thickness. In Eq. 1, A is the half-wavelength
of the distortional buckle which is given Eq. 2.
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The symbol Iris defined in Appendix ‘A’, and the term fo4”is the compressive stress in the
web at distortional buckling, computed assuming £ is zero. The computation process requires
two steps due to the incorporation of f,4’in Eq. 1.
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Figure 2. Flange Elastically Restrained Along Flange-Web Junction

The Lau & Hancock formulae for sections in compression[11] were modified so that they
apply to the case of distortional buckling in flexure, as shown in Fig. 1(b). If the web of the C-
section in compression in Fig. 1(a) is treated as a simply supported beam in flexure, as shown
in Fig. 3(a), then the rotational stiffness at the end is 2El/L, as a result of the equal and
opposite end moments. If the web of the C-section in flexure in Fig. 1(b) is treated as a beam
simply supported at one end and built in at the other, as shown in Fig. 3(b), then the rotational
stiffness at the end is 4EI/L. Hence, it can be concluded that the change in end restraint

from Fig. 1(a) to Fig. 1(b) will approximately double the torsional restraint stiffness, k.
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Figure 3. Approximate Web Behaviour as a Beam in Flexure

Further, the width of the buckled section of the web is substantially reduced compared with
the full web width, hence, the ratio of the buckle half-wavelength to buckle width is
significantly increased since the distortional buckle half-wavelength remains relatively
unchanged. For the original distortional buckling method of flexural members presented by
Hancock[9], the compressive stress in the web was not assumed to have a significant effect on
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reducing the torsional restraint stiffness, k. However, for certain sections with web flat width
ratios, 4/, above 150 and narrow flange elements it is possible for the buckle width of the web
to extend past the centroid of the section, thus, reducing the torsional restraint on the lip-
flange component. For this reason a further modification to Eq. 1 is made in this paper with
the assumption that the web element is under a stress gradient caused by flexure in the
member. The plate buckling coefficient, &, of a web element under pure in-plane bending
varies as a function of the aspect ratio. Timoshenko & Gere listed numerical values of & for an
element under pure bending for various aspect ratios (see Timoshenko & Gere Table 9-6
[12]). The resulting flange-web junction torsional restraint stiffness used in this paper (see Eq.
3 and Eq. A8 of Appendix ‘A’) was determined by modifying the denominator of Eq. 1, (b2
+ A2)2, with the plate buckling coefficients described by Timoshenko & Gere to include a
reduction factor based on the compressive stresses in the web.

_ 2EF L1Lf," biA%
k¢ - - 2 4 4 272 ©)]
5.46(bw +0.064 4) Ex 125647, +2.192b,, +13.394%,b,,

The equation for the half-wavelength of the distortional buckle, Eq. 2, was revised by
Hancock[9] to account for the web element which is under flexure rather than compression
(see Eq. A2 of Appendix ‘A”). Hancock's revision remains unchanged in this paper.

Two steps are required for this proposed distortional buckling procedure for flexural
members. Initially the flange-web torsional restraint stiffness, kg4, is calculated using Eq. 3,
based on an initial assumption of the elastic distortional buckling stress, fog’ (Eq. A7 of
Appendix ‘A’), which does not include the torsional restraint term in the a; equation (see Eq.
A4 of Appendix ‘A”). If the web torsionally restrains the lip-flange component, i.e., ks> 0, the
second step uses this value of the flange-web torsional restraint stiffness in the updated «;
term (see Eq. A9 of Appendix ‘A”). The final elastic distortional buckling stress, fz7 (Eq. A10
of Appendix ‘A’), is determined using the updated a; and a3 equations (see Eqs. A9 and A6
of Appendix ‘A’). The second step differs only if the lip-flange component torsionally
restrains the web, i.e., k; < 0. In this case the k4 term is recalculated without an initially
assumed elastic distortional buckling stress (see Eq. All of Appendix ‘A’). As for the
previous case, the final elastic distortional buckling stress, feg is determined using the

updated @7 and a3 equations. The entire distortional buckling method for flexural members is
fully described in Appendix ‘A’.

Calculation of the elastic distortional buckling stress is dependent on the half-wavelength of
the distortional buckle, A4. The calculated A4 is used when the lip-flange component is able to
rotate about the flange-web junction without restraint from any connective elements other
than the web. When the lip-flange component is additionally restrained, the lesser value of the
calculated A, and measured distance between restraints, A, is used.

3 STRENGTH DESIGN FORMULATION

Strength design curves were derived from test data in Kwon & Hancock[6] and are
summarised in Hancock et al.[13]. They allow for the interaction of buckling and yielding, as
well as post-buckling strength in the distortional mode. The equations for the inelastic critical
stress, fe, are given for two strength design curves by Egs. A12 to A15 of Appendix ‘A’. The
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inelastic critical stress is a function of the yield stress, f;, and the elastic distortional buckling
stress, foq. Equations A12 and A13 of Appendix ‘A’ are currently proposed as Strength Curve
1 for inclusion in the AISI Specification[8], with an alternate proposal (Strength Curve 2)
given by Egs. Al4 and Al5 of Appendix ‘A’. The AISI proposed Strength Curve 1 for
distortional buckling more accurately reflects the test data for flexural sections with an edge-
stiffened flange. The alternate proposal, which is based on tests of compression members[11],
gives approximately a 4% to 5% lower value for the predicted nominal buckling resistance of
flexural members.

The distortional design method differentiates between local and distortional buckling
behaviour when the section is such that the web torsionally restrains the lip-flange component,
ie., ks 2 0 (Eq. 3 or Eq. A8). In this instance, the nominal moment resistance, My, is
calculated using the elastic section modulus of the full unreduced section for the extreme
compression fibre, S5 and the inelastic critical stress, f¢, (see Eq. A16 of Appendix ‘A’). This
moment strength calculation assumes that distortional buckling does not interact with local
buckling, therefore the proposed S136 Standard[7] and proposed AISI Specification[8]
distortional buckling methods yield the same result. However, it is assumed that local and
distortional buckling interact when the lip-flange component torsionally restrains the web, i.e.,
ks < 0 (Eq. 3 or Eq. A8). The nominal moment resistance is derived from the inelastic critical
stress, fe, and the elastic section modulus of the effective section, S, calculated. at stress f; in
the extreme compression fibre (see Eq. A17 of Appendix ‘A’). The effective section modulus
is determined with the plate buckling coefficient for the flange set.at £ = 4.0 in the effective
width equation for local buckling, and the assumed constant stress for the edge stiffener set at
the maximum compression stress in the section, i.e., f;. The results obtained from this local
buckling calculation differ for the proposed S136 Standard and the proposed AISI
Specification distortional buckling procedures. This difference arises because the method used
to calculate the effective width of the web under a stress gradient has been modified in the
S136 Standard. The AISI Specification results in a slightly larger effective section modulus in
comparison to the S136 Standard due to a change in the distribution of the effective width of
the web.

4 APPLICABLE WATERLOO AND AVAILABLE TEST DATA

Fifty-nine beam specimens were tested in the structures laboratory at the University of
Waterloo. Of these specimens, forty-nine of the sections had edge-stiffened flanges and were
applicable to this study, see Rogers[14]. Numerous investigations regarding the flexural
behaviour of C and Z-sections were reviewed and summarised. The available test specimens
were required to meet the following criteria; 1) the cross-section was either a C or a Z-shape,
2) adequate lateral support was provided during testing, 3) sections did not have web
perforations, and 4) all edge stiffeners were simple lips at right angles to the flange. Data from
the following researchers was included; Cohen[15], Desmond et al.[16], LaBoube & Yu[17],
Moreyra & Pekoz[18], Schardt & Schrade[19], Schuster[20], Shan et al.[21], Willis &
Wallace[22], and Winter[23].

The distortional buckling method presented in this paper requires a measurement of the
distance between torsional restraints of the lip-flange component. Typically this information
was not recorded for the available data used in this comparison. In most cases it was assumed
that the lip-flange component was not torsionally restrained unless specific information was



130

given. Studies by Willis & Wallace[22] and others have shown that the extent of torsional
restraint offered by a steel deck to the lip-flange component is dependent on the position of
the screw fasteners. Since information on the position of the screw fasteners was usually not
given, the lip-flange component was not considered to be torsionally restrained for tests where
steel decking was used. Further detailed information regarding the applicable Waterloo and
available test data can be found in Rogers[14].

5 COMPARISON OF WATERLOO AND AVAILABLE TEST DATA

The applicable Waterloo and available test data was combined and analysed, with the overall
test-to-predicted bending moment statistical results for the local and distortional buckling
procedures presented in Table 1. Both North American design formats are presented so that
the statistical results obtained from this investigation can be compared using procedures
which follow the same design philosophy with only a different effective width procedure for
the web. Test-to-predicted bending moment ratios for individual test specimens by
Rogers[14], Moreyra & Pekoz[18], Schuster[20], Willis & Wallace[22], as well as six of
twenty-nine specimens tested by Shan et al.[21] are listed in Tables B1 and B2 of Appendix
‘B’. Statistical results of the bending moment comparison for test data from each of the
individual researchers are given in Tables Bl to B4 of Appendix ‘B’. Analysis of the test
specimens was carried out without the use of cold-work of forming.

Table 1 gives the statistical information of the nominal bending moment test-to-predicted
comparison using all of the test data. The S136 and AISI columns refer to the results obtained
from local buckling procedures specified in the S136 Standard[7] and AISI Specification[8],
respectively. The distortional columns refer to the distortional buckling method outlined in
Appendix ‘A’, where the S136 web and AISI web refer to the local buckling procedure used
when the lip-flange component torsionally restrains the web, i.e., ks < 0. The combined S136
and combined AISI columns list the results obtained when the controlling method, i.e., local
or distortional buckling is used. Tables Bl and B2 of Appendix ‘B’, which provide
information for individual test specimens, also give the sign of the flange-web junction
torsional restraint stiffness, &4, as well as indicate which distortional half-wavelength, A4, was
used in the calculation procedure, i.e., the calculated (c) or measured (m) half-wavelength.

Table 1. M/Mp Ratios Waterloo & Available Data

S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISI
M/M;, M/M; MM, M /Mp M/M;p M:/Mp

Strength Curve 1

Avg. 1.067 1.097 1.106 1.021 1.088 1.095
No. 203 203 203 203 203 203
S.D. 0.111 0.107 0.100 0.120 0.116 0.108

C.o.V. 0.104 0.098 0.091 0.118 0.107 0.099

Strength Curve 2

Avg. 1.067 1.146 1.150 1.021 1.137 1.141
No. 203 203 203 203 203 203
S.D. 0.111 0.116 0.109 0.120 0.126 0.119

C.0.V. 0.104 0.102 0.095 0.118 0.111 0.105
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The overall statistical information for the Waterloo and available data indicates that the
combined use of local and distortional buckling results in a slightly conservative prediction of
the nominal moment resistance in comparison with local buckling procedures. However, the
combined approach more accurately fits the data with decreased standard deviations and
coefficients of variation. Furthermore, the combined approach accounts for recently observed
significantly unconservative test results using the current North American Design Standards
(see Tables B1 and B2 of Appendix ‘B’). In an extreme case presented in this paper, industry
standard C-sections tested by Schuster[20] were found to have nominal bending moment test-
to-predicted ratios as low as 0.83 and 0.76 calculated using the S136 Standard[7] and AISI
Specification[8], respectively (see Table B1 or B2 of Appendix ‘B’). Use of the distortional
buckling procedures for these sections, as well as other flexural test specimens where the
bending moment resistance is over-predicted, increases the accuracy of the calculated nominal
bending moment resistance (see Tables B1 and B2 of Appendix ‘B’).

The distortional buckling procedure relies on the use of a strength curve to account for the
interaction of buckling and yielding, as well as post-buckling strength in the distortional
mode. The distortional and combined overall statistical results obtained using Strength Curve
2 (Egs. A14 and A15 of Appendix ‘A’) are more conservative in comparison to those obtained
using Strength Curve 1 (Egs. A12 and A13 of Appendix ‘A’) (see Table 1). It is therefore
recommended that the combined local and distortional approach, using Strength Curve 1, be
included in the North American Design Standards[7,8].

6 CONCLUSIONS

A design method for computing the distortional buckling bending moment resistance of
flexural members has been presented. Currently, the North American Cold-Formed Steel
Design Standards do not contain such a distortional buckling provision. This distortional
buckling procedure has been compared with the current North American Design Standards
using the results of beam tests carried out at the University of Waterloo and data available in
the literature. Statistical results of the investigation indicate that the distortional buckling
method is slightly more conservative in mean values yet more accurate in data fit in
comparison with current design standards. More importantly, the distortional buckling
procedure accounts for recently observed significantly unconservative test results. It is
therefore recommended that the design method for the distortional buckling of flexural
members, using Strength Curve 1 as presented herein, be adopted by the North American
Design Standards.
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APPENDIX ‘A’

NOMINAL BENDING MOMENT RESISTANCE FOR DISTORTIONAL BUCKLING

Step 1
I, +1
By =2 +[u] (Eq. A1)
4s
2 0.25
I;b%b, ~
Aq =48 ¥ If Ay < Agthen Ag= Ay (Eq. A2)
t
u 2
== Eq. A3
n [ h] (Eq. A3)
a —l(z b2 +0.039J ,12) (Eq. A4
1=, \Lyby #0039, 24 q. A4)
1
- 2 by ) A
ay =11y +Eybf1xyf (Eq. A5)
as= n[allyf —ﬂlzfy,b}] (Eq. A6)
1
E 2 i
Jod'= A (az1 +a,)t (a, +a2) —4a, ¢ (smaller positive value) (Eq. A7)
s
3 ] 492
k- 2E¢ M ,;ed ( i bwﬂz i 2] (Eq. AB)
5.46(b,, +0.061,) Et* \12.562% +2.192b% +13394%b2
Step 2
If ks> 0 then:
k
n 2 2 [
o, =—(1,,b2% +0.039J ;2% )+ (Eq. A9)
! ﬂl(xff 4 d) PmE
as = n(a,1y, -ﬂl lfy,b}] (Eq. A6)
1 .
fod =%{(al +a2)i (a, +0:2)2 —4a3} (smaller positive value) (Eq. A10)
9
If k4 < 0 then:
2E3
ki = Eq. All
? " 546(b, +0.061,) Ee-AlD
k
n 2 2 4
@y =——(1,,b% +0.039J ;4% )+ (Eq. A9)
A ) g
a; = v[anlyf 5 fy/b}] (Eq. A6)
1

fud =%{(a, +a2)i (a, +ozz)z —4a3} (smaller positive value) (Eq. A10)
/
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Strength Curve 1

For f.>22f,

fe=1 (Eq. A12)

For f,4<22f,

fe=1, ’%[1—0.22 %] (Eq. A13)

Strength Curve 2

For f,, >318f,

fe=1 (Eq. Al4)

For f,; <318,

0.6 0.6
f.=f (ﬁ] 1—0.25(fl] (Eq. Al15)
7 f y f y

Nominal Moment Resistance

If k4> 0 then:
Mp=Sffe (Eq. Al16)
If k4 < 0 then:
My =Sefe (Eq. A17)
Ar = Full cross-sectional area of compression lip-flange component.
by = Compression flange width (see Fig. 2).
by = Web depth (see Fig. 1).
E = Modulus of Elasticity.
5 = Yield stress. .
Ly Ly = Moment of inertia of compression lip-flange component about x, y axes respectively, where the x, y
axes are located at the centroid of lip-flange component with x-axis paralle]l with flange (see Fig. 2).
Lyr = Product moment of area of compression lip-flange component about x and y axes.
Jr = St. Venant torsion constant of compression lip-flange component.
¥,y = Distances from flange-web junction to centroid of compression lip-flange component in x, y
directions respectively (see Fig. 2).
Am = Distance between restraints which limit rotation of the lip-flange component about the flange-web
junction.
Sy = Elastic section modulus of the full unreduced section for the extreme compression fibre.
Se = Elastic section modulus of the effective section calculated at stress f; in the extreme compression

fibre, with & = 4.0 for the flange, and /= f. for the edge stiffener. Note: the effective width calculation
procedure for the web subject to a stress gradient differs for the S136 Standard and AISI
Specification.
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APPENDIX ‘B’
Table B1. M;/M; Ratios Strength Curve 1
S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISIT
Specimen My Mp MY/M M, M/M MM M, M/M M, M/M MM g, 2y
kN'm kNm kN-m kN-m kN-m

Rogers[14
C1-DW30-1 717 6.03 119 603 119 S 1.9 603 119 603 119 A 119 + ¢
C1-DW40-1 748 625 120 625 120 S=D 120 625 120 625 120 A=D 120 + ¢
C1-DW60-1 783 644 122 644 122 S=D 122 644 122 644 122 A=D 122 + ¢
C1-DW80-1 843 6.84 123 684 123 S=D 123 6.84 123 684 123 A=D 123 + ¢
C1-DW30-2 243 266 091 255 095 D 095 294 083 285 085 D 08 - ¢
C1-DW40-2 249 268 093 261 095 D 095 298 084 292 08 D 08 - ¢
C1-DW60-2 256 284 09 280 091 D 091 315 081 312 082 D 08 - ¢
C1-DW80-2 26.1 293 089 286 091 D 091 327 080 321 081 D 081 - ¢
C1-DW30-3 347 375 093 361 09 D 09 396 088 382 091 D 091 - ¢
C1-DW40-3 359 388 093 369 097 D 097 410 088 392 092 D 092 - ¢
C1-DW60-3 414 - 408 101 367 113 D 113 433 09 392 105 D 105 - ¢
C2-DW20-1 419 373 112 361 116 D 116 38 1.08 361 116 D 116 + ¢
C2-DW35-1 443 471 094 454 097 D 097 479 092 454 097 D 097 + ¢
C2-DW45-1 516 484 107 448 115 D 115 486 1.06 448 115 D 115 + ¢
C2-DW55-1 509 487 104 464 110 D 110 491 1.04 464 110 D 110 + ¢
C2-DW65-1 557 501 111 510 1.09 S 111 509 1.10 510 1.09 A 110 + m
C2-DW25-2 921 7.75 119 757 122 D 122 775 119 757 122 D 122 + ¢
C2-DW40-2 104 845 123 842 124 D 124 845 123 842 124 D 124 + ¢
C2-DW50-2 104 851 122 851 122 D 122 851 122 851 122 D 122 + ¢
C2-DW60-2 11.0 881 124 881 125 D 125 881 124 881 125 D 125 + ¢
C2-DW70-2 108 889 122 889 122 S 122 889 122 889 122 A 122 + ¢
C2-DW80-2 112 916 123 916 122 S 123 916 123 916 122 A 123 + ¢
C2-DW20-3 113 108 104 967 117 D 117 114 099 104 108 D 108 - ¢
C2-DW35-3 122 129 094 115 106 D 1.06 137 089 115 1.06 D 106 + ¢
C2-DW45-3 122 131 093 119 102 D 102 139 088 119 102 D 102 + ¢
C2-DW55-3 133 134 099 126 105 D 1.05 142 094 126 1.05 D 105 + m
C2-DW65-3 139 13.1 106 133 105 S 106 138 100 133 105 D 105 + m
C2-DW80-3 132 126 105 122 109 D 1.09 134 099 131 101 D 101 - m
C2-DW25-4 319 339 094 294 109 D 1.09 366 087 329 097 D 097 - ¢
C2-DW40-4 36.1 373 097 337 107 D 107 406 089 371 097 D 097 - ¢
C2-DW50-4 367 375 098 338 109 D 1.09 408 090 373 099 D 099 - ¢
C2-DW60-4 400 392 1.02 354 113 D 1.13 428 094 392 102 D 102 - c
C2-DW70-4 384 408 094 363 106 D 1.06 445 086 363 106 D 106 + m
C2-DW80-4 39.6 410 097 365 108 D 1.08 449 088 406 097 D 097 - m
C2R-DW20-1 416 3.64 114 345 121 D 121 371 112 345 121 D 121 + ¢
C2R-DW35-1 505 477 1.06 445 114 D 114 478 106 445 114 D 114 + ¢
C2R-DW45-1 522 497 105 463 113 D 113 497 105 463 1.13 D 113 + ¢
C2R-DW55-1 526 493 107 475 111 D 111 492 107 475 111 D 111 + ¢
C2R-DW65-1 549 481 1.14 481 1.14 D 114 482 114 481 114 D 114 + m
C3-DW20-1 514 467 110 459 112 D 112 469 110 459 112 D 112 + ¢
C3-DW30-1 537 538 100 522 1.03 D 1.03 537 1.00 522 103 D 103 + m
C3-DW35-1 543 560 097 6.04 09 S 097 561 097 604 090 A 097 + m
C3-DW45-1 537 536 100 6.14 087 S 1.00 536 1.00 6.14 087 A 100 + m
C3-DW20-2 124 115 1.08 114 109 D 1.09 118 105 114 1.09 D 109 + m
C3-DW30-2 134 134 100 138 097 S 100 138 097 138 097 D 097 + m
C3-DW35-2 13.0 13.1 099 145 090 S 099 135 09 151 08 A 09 - m
C3-DW45-2 134 13.1 1.02 151 089 S 1.02 134 100 157 086 A 100 - m
C3-DW50-2 13.1 127 1.03 161 082 S 1.03 13.0 100 166 079 A 100 - m
C3-DW60-2 132 123 107 166 079 S 107 126 105 172 077 A 105 - m

Avg. 1.051 1.072 1.092 1.019 1.043 1.063

No. 49 49 49 49 49 49
S.D. 0.105 0.120 0.094 0.130 0.138 0.117
C.0.V. 0.102 0.114 0.088 0.131 0.135 0.112

Note: S, A, D refer to control by S136, AISI and distortional buckling design methods, respectively.
+ refers to the sign of ky, and ¢, m refer to either a calculated or measured A4, respectively.
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Table B1. Cont. M/M; Ratios Strength Curve 1

S136 Distortional Combined AISI Distortional Combined

(S136 Web) S136 (AISI Web) AISI
Specimen Mr Mp MY/M M, MyM M/M M, M{/M M, M/M MM ky A
KN-m kN:-m KN-m kN-m kN-m
Moreyra & Pekoz[18]
A-W 140 151 093 140 100 D 100 162 08 140 100 D 100 + ¢
A-TB 144 165 087 152 095 D 095 180 080 152 095 D 095 + ¢
B-W 132 151 087 138 096 D 09 163 081 138 096 D 09 + ¢
B-TB 140 155 091 146 096 D 09 170 082 146 09 D 09 + ¢
C-w 156 139 112 133 117 D 117 154 102 133 117 D 117 + ¢
C-TB 150 149 100 144 104 D 104 166 090 144 104 D 104 + ¢
Avg. 0.951 1.014 1.014 0.869 1.014 1.014
No. 6 6 6 6 6 6
S.D. 0.097 0.086 0.086 0.081 0.086 0.086
C.o.V. 0.131 0.109 0.109 0.121 0.109 0.109
Schuster[20]
BS1 846 9.07 093 852 099 D 099 103 082 852 099 D 099 + ¢
BS2 861 9.07 095 852 101 D 1.01.103 084 852 101 D 101 + ¢
CS1 9.05 108 0.83 100 090 D 090 119 076 100 090 D 090 + ¢
CS2 9.05 109 083 100 090 D 09 119 076 100 090 D 09 + ¢
CS3 929 108 086 100 093 D .093 119 078 100 093 D 093 + ¢
Avg. 0.881 0.947 0.947 0.792 0.947 0.947
No. 5 5 5 5 5 5
S.D. 0.055 0.052 0.052 0.038 0.052 0.052
C.o.V. 0.089 0.077 0.077 0.067 0.077 0.077
Shan et al.[21] )
8A,14,7&8(N) 153 174 088 159 09 D 096 192 0.80 159 09 D 09 + ¢
8A,14,9&10(N) 157 174 090 159 099 D 099 192 082 159 099 D 099 + ¢
8A,20,1&2(N) 407 456 089 423 096 D 09 475 086 423 09 D 096 + ¢
8A,20,3&4(N) 412 464 089 428 096 D 096 484 085 428 09 D 09 + ¢
12B,16,1&2(N)  22.5 289 0.78 250 090 D 090 305 074 270 08 D 084 - ¢
12B,16,3&4(N) 234 285 082 247 095 D 095 301 078 267 08 D 088 - ¢
Avg. 1.027 1.070 1.074 0.983 1.066 1.067
No. 29 29 29 29 29 29
S.D. 0.120 0.104 0.104 0.134 0.112 0.112
C.o.V. 0.122 0.101 0.100 0.141 0.109 0.109
Willis & Wallace[22]
1C2 978 103 095 101 097 D 097 114 086 101 097 D 097 + ¢
1C3 106 104 1.02 993 1.07 D 107 115 092 993 107 D 107 + ¢
1C4 11.0 102 108 961 1.14 D 114 113 097 961 114 D 114 + ¢
1C5 130 116 112 109 119 D 119 128 101 109 119 D 119 + ¢
Avg. 1.043 1.093 1.093 0.940 1.093 1.093
No. 4 4 4 4 4 4
S.D. 0.074 0.096 0.096 0.065 0.096 0.096
C.0.V. 0.123 0.152 0.152 0.119 0.152 0.152

Note: S, A, D refer to control by S136, AISI and distortional buckling design methods, respectively.
+ refers to the sign of k4, and c, m refer to either a calculated or measured A, respectively.
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Table B2. My/M; Ratios Strength Curve 2

+ refers to the sign of k4, and ¢, m refer to either a calculated or measured A4, respectively.

S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISI
Specimen Mr Mp M{/M My M/M M/M My MM M, MM MMk, Ay
kN-m kN-m kN-m kN'm kN-m
Rogers[14
C1-DW30-1 717 6.03 1.19 593 121 D 121 603 119 593 121 D 121 + ¢
C1-DW40-1 748 625 120 623 120 S=D 120 625 120 623 120 A=l 120 + ¢
C1-DW60-1 783 644 122 644 122 S=D 122 644 122 644 122 A=D 122 + ¢
C1-DW80-1 843 6.84 123 684 123 S=D 123 684 123 684 123 A=D 123 + ¢
C1-DW30-2 243 266 091 249 098 D 098 294 083 279 087 D 087 - ¢
C1-DW40-2 249 268 093 254 098 D 098 298 084 286 087 D 087 - ¢
C1-DW60-2 256 284 090 272 094 D 094 315 081 305 084 D 084 - c
C1-DW80-2 26.1 293 089 278 094 D 094 327 080 313 08 D 083 - c
C1-DW30-3 347 375 093 352 099 D 099 396 088 374 093 D 093 - c
C1-DW40-3 359 388 093 360 100 D 1.00 41.0 088 384 094 D 094 - c
C1-DW60-3 414 408 101 358 116 D 116 433 096 384 108 D 108 - ¢
C2-DW20-1 419 373 112 344 122 D 122 388 108 344 122 D 122 + ¢
. C2-DW35-1 ’ 443 471 094 440 101- D 101 479 092 440 101 D 101 + ¢
C2-DW45-1 516 484 1.07 435 119 D 119 48 106 435 119 D 119 + ¢
C2-DW55-1 509 4.87 1.04 451 113 D 113 491 1.04 451 113 D 113 + ¢
C2-DW65-1 557 5.01 111 495 113 D 113 509 1.10 495 113 D 113 + m
C2-DW25-2 921 7.75 119 734 125 D 125 775 119 734 125 D 125 + ¢
C2-DW40-2 104 845 123 810 128 D 128 845 123 810 128 D 128 + ¢
C2-DW50-2 104 851 122 828 126 D 126 851 122 828 126 D 126 + ¢
C2-DW60-2 11.0 881 124 861 128 D 128 881 124 861 128 D 128 + ¢
C2-DW70-2 108 889 122 867 125 D 125 889 122 867 125 D 125 + ¢
C2-DW80-2 112 9.16 123 88 127 D 127 916 123 883 127 D 127 + ¢
C2-DW20-3 113 108 104 934 121 D 121 114 099 101 112 D 112 - ¢
C2-DW35-3 122 129 094 1089 1.12 D 112 13.7 089 109 112 D 112 + ¢
C2-DW45-3 122 131 093 1135 1.08 D 1.08 139 0.88 113 1.08 D 108 + ¢
C2-DW55-3 133 134 099 1208 1.10 D 1.10. 142 094 121 110 D 110 + m
C2-DW65-3 139 131 106 1275 1.09 D 1.09 138 100 127 1.09 D 109 + m
C2-DW80-3 132 126 105 11.86 1.11 D 1.11 134 099 128 103 D 103 - m
C2-DW25-4 319 339 094 2847 1.12 D 112 366 087 320 100 D 100 - ¢
C2-DW40-4 36.1 373 097 3285 1.10 D 1.10 406 0.89 364 099 D 09 - ¢
C2-DW50-4 36.7 375 098 3292 1.11 D 111 408 09 365 101 D 101 - ¢
C2-DW60-4 40.0 392 1.02 3456 116 D 1.16 428 094 384 104 D 104 - ¢
C2-DW70-4 384 40.8 094 3464 1.11 D 111 445 086 346 111 D 111 + m
C2-DW80-4 39.6 41.0 097 3558 1.11 D 1.11 449 088 398 100 D 100 - m
C2R-DW20-1 416 3.64 114 331 126 D 126 371 112 331 126 D 126 + ¢
C2R-DW35-1 505 477 1.06 431 117 D 117 478 1.06 431 117 D 117 + ¢
C2R-DW45-1 522 497 105 449 116 D 116 497 105 449 116 D 116 + ¢
C2R-DW55-1 526 493 1.07 461 114 D 114 492 1.07 461 114 D 114 + ¢
C2R-DW65-1 549 481 1.14 466 1.18 D 1.18 482 114 466 118 D 118 + m
C3-DW20-1 514 467 1.10 440 117 D 117 469 110 440 117 D 117 + ¢
C3-DW30-1 537 538 1.00 504 107 D 107 537 1.00 504 107 D 107 + m
C3-DW35-1 543 560 097 587 093 S 097 561 097 587 093 A 097 + m
C3-DW45-1 537 536 1.00 595 09 S 1.00 536 1.00 595 090 A 100 + m
C3-DW20-2 124 115 1.08 1041 1.19 D 119 118 1.05 104 1.19 D 119 + m
C3-DW30-2 134 134 100 1293 104 D 104 138 097 129 1.04 D 104 + m
C3-DW35-2 13.0 13.1 099 14.11 092 S 099 135 096 148 088 A 09 - m
C3-DW45-2 134 131 1.02 1470 091 S 1.02 134 1.00 153 08 A 100 - m
C3-DW50-2 13.1 127 1.03 1562 084 S 1.03 13.0 100 162 081 A 100 - m
C3-DW60-2 132 123 1.07 1625 081 S 1.07 126 1.05 168 078 A 105 - m
Avg. 1.051 1.106 1.122 1.019 1.075 1.092
No. 49 49 49 49 49 49
S.D. 0.105 0.122 0.098 0.130 0.143 0.123
C.o.V. 0.102 0.113 0.089 0.131 0.136 0.115
Note: S, A, D refer to control by S136, AISI and distortional buckling design methods, respectively.
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Table B2. Cont. M1/M; Ratios Strength Curve 2

S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISI
Specimen My Mp MM M, MM M/M M, M/M M, MyM MMk, Ay
kN'm kN-m kN-m kN-m kN'm

Moreyra & Pekoz[18]
A-W 140 151 093 136 103 D 103 162 08 136 103 D 103 + ¢
A-TB 144 165 087 146 099 D 099 180 0.80 146 099 D 099 + ¢
B-W 13.2 151 087 133 099 D 099 163 081 133 099 D 099 + ¢
B-TB 140 155 091 140 100 D 100 170 082 140 100 D 100 + ¢
C-W 156 139 112 128 122 D 122 154 102 128 122 D 122 + ¢
C-TB 150 149 1.00 138 109 D 109 166 09 138 109 D 109 + ¢

Avg. 0.951 1.052 1.052 0.869 1.052 1.052

No. 6 3 6 6 6 6

S.D. 0.097 0.090 0.090 0.081 0.090 0.090

C.o.V. 0.131 0.111 0.111 0.121 0.111 0.111
Schuster[20]
BS1 846 9.07 093 821 103 D 103 103 082 821 1.03 D 103 + ¢
BS2 8.61 9.07 095 821 105 D 105 103 0.84 821 105 D 105 + ¢
CS1 9.05 108 083 9.61 094 D 094 119 076 961 094 D 094 + ¢
CS2 9.05 109 083 9.64 094 D 094 119 076 964 094 D 094 + ¢
CS3 9.29 108 0.86 9.62 097 D 097 119 078 962 097 D 097 + ¢

Avg. 0.881 0.985 0.985 0.792 0.985 0.985

No. 5 5 5 5 5 5

S.D. 0.055 0.051 0.051 0.038 0.051 0.051

C.o.V. 0.089 0.073 0.073 0.067 0.073 0.073
Shan et al.[21]
8A,14,7&8(N) 153 174 088 154 100 D 100 192 080 154 100 D 100 + ¢
8A,14,9&10(N) 157 174 090 154 102 D 102 192 082 154 102 D 102 + ¢
8A,20,1&2(N) 407 456 0.89 397 1.03 D 103 475 08 397 103 D 103 + ¢
8A,20,3&4(N) 412 4.64 0.89 402 102 D 1.02 484 085 402 102 D 102 + ¢
12B,16,1&2(N)  22.5 289 078 242 093 D 093 305 074 262 08 D 08 - ¢
12B,16,3&4(N)  23.4 285 0.82 239 098 D 098 301 078 259 090 D 090 - ¢

Avg. 1.027 1.115 1.115 0.983 1.110 1.110

No. 29 29 29 29 29 29

S.D. 0.120 0.104 0.104 0.134 0.113 0.113

C.o.V. 0.122 0.097 0.097 0.141 0.106 0.106
Willis & Wallace[22]
1C2 9.78 103 095 974 100 D 1.00 114 08 974 100 D 100 + ¢
1C3 106 104 1.02 958 111 D 111 115 092 958 111 D LII + ¢
1C4 110 102 108 927 119 D 119 113 097 927 119 D 119 + ¢
1Cs 130 116 1.12 105 124 D 1.24 128 1.01 105 124 D 124 + ¢

Avg. 1.043 1.135 1.135 0.940 1.135 1.135

No. 4 4 4 4 4 4

S.D. 0.074 0.103 0.103 0.065 0.103 0.103

C.0.V. 0.123 0.157 0.157 0.119 0.157 0.157

Note: S, A, D refer to control by $136, AISI and distortional buckling design methods, respectively.
+ refers to the sign of ky, and c, m refer to either a calculated or measured Ay, respectively.
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Table B3. Statistical Results My/M; Ratios Strength Curve 1

S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISI
Specimen Mr/Mp My/Mp Mr/Mp M:/Mp Mr/Mp Mx/Mp
Cohen[15]
Avg. 1.199 1.201 1.216 1.153 1.201 1.201
No. 14 14 14 14 14 14
S.D. 0.073 0.067 0.069 0.064 0.067 0.067
C.o.V. 0.066 0.061 0.062 0.060 0.061 0.061
Desmond et al.[16] '
Avg. 1.146 1.142 1.164 1.143 1.142 1.164
No. 4 4 4 4 4 4
S.D. 0.081 0.122 0.095 0.077 0.122 0.095
C.o.V. 0.123 0.185 0.141 0.117 0.185 0.141
LaBoube & Yu[17]
Avg. 1.078 1.114 1.119 1.027 1.112 1.112
No. 52 52 52 52 52 52
S.D. 0.079 0.082 0.075 0.078 0.083 0.082
C.o.V. 0.075 0.075 0.069 0.077 0.076 0.075
Schardt & Schrade[19
Avg. 1.086 1.126 1.126 1.029 1.126 1.126
No. 25 25 25 25 25 25
S.D. 0.127 0.123 0.123 0.112 0.123 0.123
C.o.V. 0.122 0.114 0.114 0.113 0.114 0.114
Winter[23]
Avg. 1.096 1.094 1.104 1.070 1.094 1.100
No. 15 15 15 15 15 15
S.D. 0.064 0.058 0.061 0.061 0.058 0.057
C.o.V. 0.063 0.057 0.059 0.062 0.057 0.055
Table B4. Statistical Results M/M; Ratios Strength Curve 2
S136 Distortional Combined AISI Distortional Combined
(S136 Web) S136 (AISI Web) AISI
Specimen Mr/Mp Mr/Mp Mr/Mp Mr/Mp Mr/Mp Mz/Mp
Cohen[15]
Avg. 1.199 1.260 1.261 1.153 1.260 1.260
No. 14 14 14 14 14 14
S.D. 0.073 0.069 0.069 0.064 0.069 0.069
C.o.V. 0.066 0.060 0.060 0.060 0.060 0.060
Desmond et al.[16]
Avg. 1.146 1.194 1.208 1.143 1.194 1.208
No. 4 4 4 4 4 4
S.D. 0.081 0.142 0.124 0.077 0.142 0.124
C.o.V. 0.123 0.207 0.177 0.117 0.207 0.177
LaBoube & Yu[17]
Avg. 1.078 1.167 1.168 1.027 1.165 1.165
No. 52 52 52 52 52 52
S.D. 0.079 0.086 0.085 0.078 0.089 0.089
C.o.V. 0.075 0.075 0.074 0.077 0.078 0.078
Schardt & Schrade[19]
Avg. 1.086 1.208 1.208 1.029 1.208 1.208
No. 25 25 " 25 25 25 25
S.D. 0.127 0.134 0.134 0.112 0.134 0.134
C.o.V. 0.122 0.116 0.116 0.113 0.116 0.116
Winter[23]
Avg. 1.096 1.134 1.135 1.070 1.134 1.135
No. 15 15 15 15 15 15
S.D. 0.064 0.066 0.066 0.061 0.066 0.066
C.o.V. 0.063 0.063 0.062 0.062 0.063 0.062
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