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Abstract. Cold-formed built-up members are compression members that are common in multiple areas of
steel construction, which include cold-formed steel joints and stud walls. These members are vulnerable to
unique buckling behaviors; however, limited experimental research has been done in this area. Give this gap,
experimental testing of 71 built-up members was conducted in this study. The variations of the test
specimens include multiple lengths, intermediate welds, orientations, and thicknesses. The experimental
testing was devised to observe the different buckling modes of the built-up C-channels and the effects of the
geometrical properties; to check for applicability of multiple intermediate welding patterns; and to evaluate
both the 2001 and 2007 editions of the American Iron and Steel Institute (AISI) Specification for built-up
members in pure compression. The AISI-2001 and AISI-2007 were found to give inconsistent results that at
times were un-conservative or overly conservative in terms of axial strength. It was also found that
orientation of the member has an important impact on the maximum failure load on the member.
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1. Introduction

For all of the uses of cold-formed steel elements, the ability to design an efficient and accurate
member is vital (Kang et al. 2011, Anbarasu et al. 2013, Heva and Mahendran 2013, Phan et al.
2013, Piyawat er al. 2011, 2013, Valsa Ipe et al. 2013, Wehbe ef al. 2013). A frequent use of
cold-formed steel member is a built-up member, which is a member formed by connecting
multiple steel members. Depending on how the members are connected, the built-up member can
fail as individual members or as one single member. The analysis of these members comes from
Sections C4 and D1.2 of the 2007 edition of the American Iron and Steel Institute (AISI) North
American Specification for the Design of Cold-Formed Steel Structural Members. 1t is the purpose
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of this research to evaluate the current AISI-2007 Specification (AISI 2007) and previous
AISI-2001 Specification (AISI 2001a) for various built-up members in pure axial compression.

Limited experimental research has been done in the area of cold-formed built-up members.
According to the AISI-2001 Commentary (AISI 2001b), the built-up design section has been
“substantially taken from research in hot-rolled built-up members connected with bolts or welds.”
However, the behavior of hot-rolled and cold-formed built-up members may be a lot different.
Given this gap, an experimental program is carried out by performing axial load tests of 71
specimens of the cold-formed built-up members. The variations of the test specimens include
multiple lengths, intermediate welds, orientations, and thicknesses. The testing is devised to
observe the different buckling modes of the built-up C-channels and the effects of the geometrical
properties such as thickness and width of the member. All of the built-up members have welds at
each end of the specimen that are longer than the width of the C-channel, in accordance with the
AISI-2001 or AISI-2007 Specification. The C-channels are welded together using 8 different
welding patterns to check for applicability of multiple intermediate welding patterns.

2. AISI specification
2.1 AISI-2001 specification

The AISI 2001 North American Specification for the Design of Cold Formed Steel Structural
Members includes Section C4.5 as a provision for the design of built-up members. Section C4.5
Built-Up Members is the only change in the design process between a built-up member and a
single member according to AISI Specifications. Local, distortional, and global (flexural and
flexural-torsional) buckling should be considered in the design of cold-formed steel columns of
built-up sections; however, it is stated within the AISI 2001 Commentary (AISI 2001a) that “the
modified slenderness ratio, (KL/r),, replaces KL/r in the Specification C4 for both flexural and
torsional-flexural buckling.” There was no modification factor in the AISI-2001 specification for
any of the other forms of buckling that needs to be considered in the failure of cold-formed
members.

According to the AISI-2001 Specification, it states that if a built-up member undergoes
buckling that “involves relative deformations that produce shear forces in the connectors between
individual shapes,” the modification should be applied to determine the ultimate buckling capacity
of the member (AISI 2001b). This means that the modification is required only when the two
elements of the built-up member globally buckle separately from each other. The slenderness
modification ratio, which is based on the effective length and the radius of gyration of the
specimen, incorporates Euler buckling instabilities when two members are connected at discrete
points (AISI 2001a).

The slenderness modification in Section C4.5 is used to decrease the ultimate buckling capacity
of the built-up member, which is based on the slenderness ratio, intermediate attachment spacing,
and the least radius of gyration of the individual member (AISI 2001b). According to the
AISI-2001 Commentary, the built-up design section has been “substantially taken from research in
hot-rolled built-up members connected with bolts or welds.” However, the behavior of hot-rolled
and cold-formed built-up members is drastically different since hot-rolled members nearly always
buckle due to global or Euler buckling. Another highly contested issue with the AISI-2001
Specification was the uncertainty of the writing. The language infers that the slenderness
modification is not a requirement unless the member “undergoes deformations that produce shear
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forces in the connectors” (AISI 2001a). However, with the complexities of thin-walled column
buckling, it is difficult to determine the buckling modes that the member will experience during
loading and if shear forces will be present in the connectors. The slenderness modification
equation is shown in AISI-2001 C4.5 (Eq. C4.5-1) (AISI, 2001a) or in Eq. (1) of this paper as
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where L is the length of the member; £ is the effective length factor, r is the radius of gyration;
(kL/r) is the overall slenderness ratio of the entire section about the built-up member axis; £ is the
modulus of elasticity of steel; (kL/r),, is the modified slenderness ratio for built-up sections; (kL/r),
is the overall (unmodified) slenderness ratio of the entire section about the built-up member axis; a
is the intermediate fastener or spot weld spacing; 7; is the minimum radius of gyration of the full
unreduced cross-sectional area of an individual shape in a built-up member.

The second provision of Section C4.5 limits the minimum strength and spacing (a) of
intermediate attachments. The purpose of the spacing requirement is to “prevent the flexural
buckling of the individual shape between intermediate connectors” (AISI 2001b). The ratio of the
intermediate fastener spacing is not to exceed one-half of the built-up member’s slenderness ratio,
and the factor of one-half accounts for the possibility of a failed or ineffective attachment (AISI
2001a). Section C4.5(1) of AISI-2001 or Eq. (2) of this paper gives the fastener spacing provision
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In addition, the members end weld lengths are required to be at least the width of the member
to prevent shear slip in the connections, and the intermediate fastener attachments are required to
be able to carry a shear force of at least 2.5% of the total factored LRFD force (AISI 2001a).

2.2 AISI-2007 specification

Section C4.5 of AISI-2001 has been moved to D1.2 Compression Members Composed to Two
Sections in Contact in the AISI-2007 Specification, that is, Egs. (1) and (2) also apply to all
built-up sections. Section C4 of the AISI-2007 Specification (AISI 2007) has been updated to
address the issue of estimating the distortional, torsional and flexural-torsional buckling failure
modes and capacities of cold-formed sections; however, the consideration of such buckling modes
has made the AISI-2007 Specification quite complicated than the AISI-2001 Specification as
shown in the following paragraphs.

The nominal axial strength (P,) and nominal buckling stress (F,) of the built-up cold-formed
sections are given as
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where 4. is the effective area; P, jisorionar 18 the distortional buckling strength; A. is the slenderness
factor defining the transition from inelastic to elastic buckling, as calculated using Eq. (5); F), is the
yield stress; and F, is the least of the applicable elastic flexural, torsional and flexural-torsional
buckling stress. The flexural buckling stress is determined using Eq. (6), while the torsional or
flexural-torsional buckling stress of doubly-symmetric sections is determined using Eq. (8). Note
that although pure torsional buckling rarely controls, g, typically governs in Eq. (7), where g, is the
torsional buckling stress as defined in Section C3.1.2.1 or C4.1.5 of AISI-2007 or in Eq. (8) of this

paper.

2
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where A4 is the full unreduced cross-sectional area; 7, is the polar radius of gyration of the
cross-section about the shear center; G is the shear modulus; / is the Saint-Venant torsion constant;
C,, is the torsional warping constant; K, is the effective length factors for twisting; and L, is the
unbraced length of member for twisting.

The distortional buckling strength (P, sisorionar) I Eq. (3) is calculated as follows

P,(=A4,F) . 2,<0561
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where 4, is the gross area of the cross-section; F) is the yield stress; P, (= 4,F,) is the member
yield strength; P, (= A.Fy) is the distortional buckling load; and F;, is the elastic distortional
buckling stress calculated in accordance with Section 4.2(b) of AISI-2007 for built-up sections as
follows

k,,+k,.,+k
Fj=-f_—7 ¢ (11)

k(/_,fg + k@‘e

where k.. is the elastic rotational stiffness provided by the flange to the flange/web junction in
accordance with Eq. C3.1.4-13 of AISI-2007; k.. (= Ef/[6h,(1 —P)]) is the elastic rotational
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stiffness provided by the web to the flange/web juncture; /4, is the out-to-out web depth; u is the
Poisson’s ratio; k, is the rotational stiffness provided by restraining elements to the flange/web
Junction of a member (zero if the flange is unrestrained); k,, is the geometric rotational stiffness
(divided by F,;) demanded by the flange from the flange/web juncture in accordance with Eq.
C3.1.4-15 of AISI-2007; and k,, is the geometric rotational stiffness (divided by F;) demanded
by the flange from the flange/web juncture in accordance with Eq. C4.2-12 of AISI-2007.

It is worth mentioning that the first equation in Eq. (4) does not govern the nominal axial
strength for most of the “doubly-symmetric built-up” sections. Also, the distortional buckling
equations (Egs. (9) to (11)) govern only for the cases with relatively small effective length or
slenderness ratio; however, the distortional buckling strength should always be calculated to be
compared with other failure modes’ equations (Egs. (1) to (8)) according to Section C4 of
AISI-2007. This may be quite cumbersome to the designers.

3. Experimental testing
3.1 Test description

This research is a continuation of research started at the University of Oklahoma (Brueggen and
Ramseyer 2005, Whittle and Ramseyer 2009), where 1.4 m long built-up sections and 1.8m long
built-up sections with 67 mm width were tested. Therefore, in this study, 1 m long built-up
sections and 1.8 m long built-up sections with 92 mm width were tested to cover the common
range of design parameters. All built-up members were loaded in axial compression with pinned
end connections. The members were tested in two different orientations, one with the C-channels
facing each other to produce a closed shape (rectangular), and the other orientation with the
members facing away (referred to as an I-shaped hereafter). Fig. 1 shows the rectangular and
I-shaped orientations and Fig. 2 shows dimension for each section. Both orientations were tested to
determine if orientation affects the failure pattern and if one orientation leads to a higher failure
load than the other. The closed R-section provides exceptional torsional resistance, which could
lead to an increased buckling capacity.

One test for each member type was used to determine each of the buckling strengths. A total of
71 experimental tests were conducted. Sixty specimens were unique and explored a different

Fig. 1 Rectangular and I-shaped orientations
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Fig. 2 Dimension for rectangular and I-shaped sections
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Fig. 3 (a) Pivot free to rotate; and (b) Pivot restrained to show initial position

specimen type. At the conclusion of the 60 specimens tested, there was a repeat of 11 tests to
confirm a truly pinned condition was used on all the testing. To confirm this, the 11 tests used a
gimbel pivot shown in Fig. 3. The pivot represents a true pinned connection with an almost
frictionless surface. This is required to have the effective length factor £ equal to 1.0, which is used
in the AISI-2007 Specification of the maximum buckling capacity. Fig. 3 shows the mobility of
the pivot, which allows the test specimen to fail in either the strong or weak axis without an
influence on the failure pattern.

Not all of the built-up members that were tested were in compliance with the fastener spacing
requirements of the AISI-2007 Specification (Section D1.2). The reason for testing some members
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that did not meet the Specification requirements was to evaluate Section D1.2 of AISI-2007.
3.2 Specimen properties

All members that were tested were created from two, lipped C-channels which were connected
by 102 mm (4 in.) long welds at the top and bottom, in accordance with AISI-2007 Section D1.2.
There were also intermediate weld locations throughout the member which had a weld length of 25
mm (1 in.). The different intermediate weld patterns are shown in Fig. 4. All welds were
approximately 4.8 mm (3/16 in.) thick. All intermediate welds were equally spaced throughout
each member.

The thickness of the C-channels was a variable during the experimental testing. The thicknesses
chosen were based off common built-up members used in cold-formed trusses. There were a total
of three nominal thicknesses used in the testing which were 1.6, 2 and 2.5 mm (0.064, 0.08 and 0.1
in.). All of the members tested had a web length of 92 mm (3.625 in.) and were square in shape
(i.e., flange width = 3.625 in. or 92 mm). This was the only web length investigated during the
testing, because previous testing (Whittle and Ramseyer, 2009) focused on smaller web lengths of
41 and 67 mm (1.625 and 2.625 in.).

Besides the variable thickness, the change in the number of intermediate welds and member
length made up the other varying factors in the built-up specimen. In addition to the locations of
the intermediate welds described in Fig. 4, the welds were also tested on just a single side of the
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Fig. 4 Intermediate attachment orientations and descriptions
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member and both sides of the member. There were two lengths of 1.8 and 1 m (71 and 42 in.)
investigated during this research. The selection of the 1 m (71 in.) length was based on the
previous research done by Whittle and Ramseyer (2009) to be able to compare results and see if
the same trends were present. The 1 m (42 in.) length was chosen based on the elastic buckling
model from the Cold-Formed Steel (CFS) program. The CFS program evaluates the members to
determine at what lengths different buckling modes occur. It was determined that a 1 m (42 in.)
member would provide the greatest chance of distortional buckling for all member thicknesses
rather than the global buckling mode that occurred with the longer 1.8 m (71 in.) members.

3.3 Test setup

The tests were performed using 2 different setups. The first setup discussed is for the 1.8 m (71
in.) specimen. The loads were applied using a hand pump that is attached to a hydraulic pump,
allowing the operator to easily control the rate of loading. On each end of the test is a greased
swivel pivot which allows for a pinned connection and an effective length coefficient (k) value of
1. The member set between the two pivots in an upright position. The vertical displacement of the
specimen is measured through an LVDT (Linear Variable Displacement Transducer) that is
located at the bottom of the specimen below the pivoting head. The horizontal displacement is
measured at third points on the specimen using strain gauges. The final instrument used was a load
cell to measure the load applied to the built-up member. A 445 kN (100 kips) load cell was used
for early testing; however, at higher loads a 1335 kN (300 kips) load cell was used. The chains
were used for safety to prevent the specimen from propelling out of the test setup after failure had
occurred.

The load on the 1 m (42 in.) sections was applied using a machine that evenly applies the load
to the member instead of using a hand pump and hydraulic pump. The same pivots were used on
each side of the built-up member and all of the same instruments were used to record the data to
ensure consistency within the data.

3.4 Test procedure

Before fabricating some pieces, the geometric properties of the C-channels were taken to
ensure that the channels meet certain tolerances. Material properties of the steel were obtained by
carrying out coupon tests on each of the three thicknesses used (Table 1). The fabrication process
involved multiple steps. The C-channels came in 3.7 m (144 in.) lengths, allowing multiple
specimens to be made at one time. The first step was welding the two C-channels together. Clamps
were placed throughout the specimen to ensure that the heat of the welds would not cause the
member to spread apart before the C-channels could be fully welded together. The welding
included the 102 mm (4 in.) long welds on each end of the specimen and 25 mm (1 in.) long welds
at the intermediate attachments. The end welds were started 25 mm (1 in.) from the edge of the
C-channels: this allowed the members to be cut on a band saw as one piece after the welding
process to ensure the edges were flat and proper bearing on the pivots occurred. After welding, the
members were cut to the proper lengths of 1 to 1.8 m (42 or 71 in.).

Before each member was placed in the test rig a plum bob was used to ensure that all pieces of
the test setup were in line so the force on the member would be purely axial. The specimen was
placed in the test rig with just enough pressure to hold the specimen still while at the same time
allowing any final adjustments to be made to the specimen to line it up with the rest of the setup. A
safety chain was connected from the specimen to a frame column behind the test setup. Finally, the
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Table 1 Steel coupon test results

Specimen Thickness Original New length Elongation Area (mm?) P, P, F, F,
(mm) length (mm) (mm) (mm) (kN) (kN) (MPa) (MPa)
1.6A 1.56 50.65 64.03 0.2643 20.1 972 11.35 490 5719

1.6B 1.54 50.09 64.26 0.283 19.9 9.83 11.13  501.2 567
1.6C 1.53 51.44 64.69 0.2578 19.9 983 11.13 5012 567.7
1.6 avg - - - - - - - 497.5  568.9

2A 1.93 50.37 62.66 0.2441 25.5 10.8 1424 4298 567
2B 1.91 50.75 64.36 0.2683 253 10.8  14.14 4326 567.7
2C 1.91 50.32 64.69 0.0286 24.8 10.5 13.8 4319 566.3

2 avg - - - - - - - 4314 567

2.5A 2.5 51.38 65.51 0.2748 32.5 163 18.16 5082 567
2.5B 2.57 50.5 64.21 0.2716 33.7 16.6 1887 500.5 568.4

2.5B 2.56 51.38 64.59 0.257 33.7 16.5 1881 499.1 567
2.5 avg - - - - - - - 502.6  567.5

P, =Yield axial load, P, = Ultimate axial load; F, = Yield stress; I, = Ultimate stress

wire potentiometers for lateral displacement were magnetically connected to the specimen, and the
LVDT for vertical displacement was connected to the bottom of the load cell. From a safe distance
and location, the operator began to add the load using either the hand pump for the 1.8 m (71 in.)
test or the machine for the 1 m (42 in.) test. The final buckling of the specimen was usually
apparent by either the load vs. axial shorting graph or a sudden failure where the specimen would
attempt to come out of the test rig after buckling.

4. Test results and analysis
4.1 Results and analysis of rectangular members

The axial load-displacement relations for the selected specimens are plotted in Fig. 4. The axial
load was measured using a load cell, whereas the corresponding axial displacement was measured
using an LVDT. An essentially linear relationship was revealed until buckling with small variation
for most of the specimens. The maximum buckling capacity of the member, labeled P, was the
largest axial load applied to the member when failure occurred. The nominal loads of the members,
P,, were calculated in accordance with AISI-2001 or AISI-2007 Specification Section C4 column
design method (in combination with Section D1.2 built-up member slenderness modifications).
The global buckling was considered in accordance to Section C4 of the AISI-2001 Specification,
while all the buckling modes were considered in AISI-2007. The effective area (4.) of each
member was calculated with the applied load as the maximum test load, P,.g. In all cases the
effective area was lower than the gross area of the section. This reduction in area is to take into
account the wide flange’s susceptibility to multiple failure modes. The use of the effective area
instead of the gross area gives a lower nominal axial strength and a more conservative value as
seen in Eq. (3).
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Table 2 Comparison of maximum buckling load to nominal load (Rectangular members)
= ) = _ g P, (kN) Buckling mode P,/ P,
< E —~ —~
Na) = Z ” — ~
= 7 E E Y 2 B ¢ : ¢ 3 2 5 :
o0 kS < A = 3 = ~ S NI a a S S,
3 3§ B £ g2 ~ = £ & & Z 0z &
- g 7 F = z =
1.8 Rec. 92 1.6 double 153.0 419 522 90.7 773 F I F-T 169 198
1.8 Rec. 92 1.6 SWI1 1619 429 522 1344 1035 F I F-T 120 156
1.8 Rec. 92 1.6 DW1 168.1 445 522 131.6 1035 F I F-T 128 1.62
1.8 Rec. 92 1.6 SW2 159.8 411 522 1465 1035 F I F-T 109 154
1.8 Rec. 92 1.6 DW2 177.8 458 522 1379 1026 F I F-T 129 173
1.8 Rec. 92 1.6 SW5 1733 439 522 146.7 1035 F I F-T 118 1.68
1.8 Rec. 92 1.6 DW5 178.6 452 522 1443 1035 F I F-T 124 173
1.8 Rec. 92 2.0 double 220.6 748 519 1593 1055 F I F-T 138 2.09
1.8 Rec. 92 20 SWI1 2139 633 519 1935 1448 F I F-T 1.11 148
1.8 Rec. 92 20 DWI1 2443 723 519 184.0 1448 F I F-T 133 1.69
1.8 Rec. 92 20 SW2 2243 647 519 195.1 1448 F I F-T 115 155
1.8 Rec. 92 20 DW2 258.0 745 519 184.7 1448 F I F-T 140 1.78
1.8 Rec. 92 20 SW5 2348 667 519 198.0 1448 F I F-T 119 1.62
1.8 Rec. 92 20 DWS5 2730 776 519 1829 1448 F I F-T 149 1.89
1.8 Rec. 92 2.5 double 360.7 1122 45.7 1709 156.1 F I F-T 211 231
1.8  Rec. 92 2.5 SWI 3764 996 457 2133 2200 F I F-T 176 1.71
1.8 Rec. 92 2.5 DWI 3884 1028 45.7 202.8 2200 D I F-T 192 177
1.8 Rec. 92 2.5 SW2 4493 1154 457 2162 2200 F-T I F-T 208 2.04
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Table 2 Continued

P, (kN) Buckling mode P,/ P,

T £ 2 2 & o <

: z E E T 2 % ¢ : 3 B B :
3 3 = = = A A = 4 2 A A
1.8 Rec. 92 25 DW2 4452 1143 457 204.6 220.0 F 1 F-T 218 2.02
1.8 Rec. 92 25 SW5 4184 1055 457 220.1 2200 D 1 F-T 190 1.90
1.8 Rec. 92 2.5 DW5 4199 1059 457 203.2 220.0 D 1 F-T 207 1091
1 Rec. 92 1.6 double 160.9 380 309 1739 1364 D 1 D 093 1.18
1 Rec. 92 1.6 SWI1 168.7 377 309 1789 1553 D I D 094 1.09
1 Rec. 92 1.6 DWI1 1722 385 309 176.8 1553 D I D 097 1.11
1 Rec. 92 2.0 double 1969 527 30.7 2349 1852 D 1 D 084 1.06
1 Rec. 92 20 SWI1 241.8 617 30.7 225.6 2082 D I D 1.07 1.16
1 Rec. 92 20 DWI1 2523 644 30.7 220.5 2082 D 1 D 1.14 1.21
1 Rec. 92 2.5 double 452.3 1063 27.1 309.6 2974 D 1 D 146 1.52
1 Rec. 92 2.5 SWI1 5282 1173 27.1 3079 3454 D 1 D 1.72  1.53
1 Rec. 92 2.5 DWI1 474.1 1053 27.1 3243 3454 D 1 D 146 1.37

F = Flexural buckling mode; / = Inelastic buckling mode; F-T = Flexural-torsional buckling mode; D =
Distortional buckling mode

Table 3 Comparison of maximum buckling load to nominal load (I-shaped members)

P, (kN) Buckling mode P,/ P,

Thk. (mm)

Weld type

Pies (KN)

A, (mm’)
L/r,

Py 2001

P, 2007

Length (m)
Section shape
2001
2007
Tested

AISI-2007

1.8 I-shaped 92 1.6 double 158.0 490 453 131.8 773 D
1.8 I-shaped 92 1.6 SWI1 141.1 374 453 170.0 130.2 F&D
1.8 I-shaped 92 1.6 DWI1 135.0 358 453 1742 1302 F&D
1.8 I-shaped 92 1.6 SW2 1548 399 453 1669 130.2
1.8 I-shaped 92 1.6 DW2 1523 392 453 168.5 130.2
1.8 I-shaped 92 1.6 SWS5 1456 368 453 176.5 130.2
1.8 I-shaped 92 1.6 DWS5 156.7 396 453 169.3 130.2
1.8 I-shaped 92 2 double 214.1 727 455 1855 105.5
1.8 I-shaped 92 2 SWI1 2035 602 455 216.8 178.6
1.8 I-shaped 92 2 DWI1 2084 617 455 2139 178.6
1.8 I-shaped 92 2 SW2 180.2 520 45.5 2315 178.6

2

2

F-T 120 2.04
F-T 083 1.08
F-T 078 1.04
F-T 093 1.19
F-T 090 1.17
F-T 083 1.12
F-T 093 120
F-T 115 203
F-T 094 1.14
F-T 097 1.17
F-T 078 1.01
F-T 1.00 1.18
F-T 113 128

1.8 I-shaped 92 DW2 211.2 610 455 212.2 178.6
1.8 I-shaped 92 SW5 228.7 650 45.5 203.1 178.6

~ o~~~ ~ e~~~ o~ ~| AISI-2001

DOODUOUmMoObObUoOUOU
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Table 3 Continued

P, (kN) Buckling mode P,/ P,

(]

~~ o ~~ —~_~ o — —

E £ £ E 2 2 % - - 2 5 . .
5 g S - = ST E = =z 5 3 8 5 S
3 3 =z 2 2

1.8 I-shaped 92 2 DW5 179.0 509 455 23221786 D I F-T 077 1.00
1.8 I-shaped 92 25 double 368.4 1146 457 2499 1561 D I F-T 147 236
1.8 Ishaped 92 2.5 SWI 3850 1019 457 297.7 2878 D I F-T 129 134
1.8 Ishaped 92 2.5 DWI 367.6 973 457 3047 2878 D I FT 121 128
1.8 Ishaped 92 2.5 SW2 3468 891 457 31452878 D I FT 110 120
1.8 Ishaped 92 2.5 DW2 309.7 795 457 3269 2878 D I F-T 095 108
1.8 Ishaped 92 2.5 SW5 3162 797 457 3244 2878 D I F-T 097 110
1.8 Ishaped 92 2.5 DWS5 4047 1021 457 2939 2878 D I F-T 138 141
I Ishaped 92 1.6 double 179.1 423 268 1683 1364 D [ D 106 131
I Ishaped 92 1.6 SWI 1779 398 268 1776 1681 D I D 100 1.06
| Ishaped 92 1.6 DWI 180.6 404 268 1761 1681 D I D 103 107
I Ishaped 92 2 double 2640 707 269 2187 1852 D I D 121 143
I Ishaped 92 2 SWI 2680 684 269 2170 223.1 D I D 124 120
| Ishaped 92 2 DWI 2534 646 269 22362231 D I D 113 114
I Ishaped 92 2.5 double 4832 1135 27.1 3202 2974 D [ D 151 162
1 Ishaped 92 25 SWI 509.6 1131 27.1 31213787 D I D 163 135
1 Ishaped 92 2.5 DWI 5022 1115 27.1 31443787 D [ D 160 133

F = Flexural buckling mode; / = Inelastic buckling mode; F-T = Flexural-torsional buckling mode;
F&T = Flexural and torsional buckling mode; D = Distortional buckling mode

Table 2 gives a summary of the members that had a closed orientation which is labeled as
“rectangular” in the table. Within the weld type column, the term “double” refers to members that
had no intermediate weld attachments. The terms SW and DW represent a single-sided weld and a
double-sided weld, respectively. The numerical value after the SW or DW symbol tells the number
of intermediate weld attachments through the member, where a 1 is a mid-point weld, a 2 is a
third-point weld, and a 5 is a sixth-point weld. For example, SW2 indicates a member that only has
intermediate welds on one side and those welds are located at the third-points of the member. A
visual description of 3™ point welds is shown in Fig. 4. Note that only the intermediate weld
attachments of SW2, DW2, SW5 and DW5 meet Section C4.5 of AISI-2001 or D1.2 of AISI-2007.
Table 2 also includes both the maximum axial load (P,.s) applied to the member in testing, along
with the nominal capacities (P, 2001 and P, 2007) calculated using both 2001 and 2007 AISI
Specifications and the measured and predicted buckling failure modes.

The test results of the 92 mm (3.625 in.) wide built-up rectangular members were compared to
the previous experimental results of the same members but with smaller widths of 41 and 67 mm
(1.625 and 2.625 in.) (Whittle and Ramseyer, 2009). The results were compared to see if the same
patterns appeared for the larger members as did with the smaller ones. The main pattern of interest



Experimental testing of cold-formed built-up members in pure compression 1343

was an increase in the (P.,/P,) ratio for thicker material, which means the AISI-2001
Specification becomes more conservative in terms of axial strength for thicker members (Whittle
and Ramseyer 2009). Fig. 6 shows the pattern that formed during the current research of 92 mm
(3.625 in.) wide members with a 1.8 m (71 in.) length, and Fig. 7 shows the (P,/P,) ratio for all 1
m (42 in.) long rectangular members.

From visual comparison of these graphs, it can be seen that for rectangular 1 and 1.8 m (42 and 71
in.) built-up members the same pattern occurs, where the ratio becomes more conservative with a
greater thickness. This applies to both AISI-2001 and AISI-2007 Specifications. However, another
pattern is generated from the comparison of all three graphs. It can be seen by comparing Fig. 6
and the previous results (Whittle and Ramseyer 2009) that the (P;../P, 2001) ratio is getting closer
to 1.0 and less conservative the larger the member width becomes. Looking at Fig. 7 the
(Presi/ Py 2001) ratio drops below 1.0 for the 1.6 mm (0.064 in.) section which results in an
un-conservative nominal capacity based on AISI-2001. This problem, however, is not seen for the
AISI-2007 Specification.

25
E ]
*
2 = B
A * il |
» 4 § -
<
QS15 3
< $
§ 8
[
0.5
[2001] [2007] [2001] [2007] [2001] [2007]
0
1.6 2.0 2.5

Member Thickness (mm)

Fig. 6 (Py/P,) ratio for 92 mm (3.625 in.) wide, 1.8 m (71 in.) long members

2
15 -
=
<
Q $
N 8 8 o
B A
N o
0.5
[2001] [2007] [2001] [2007] [2001] [2007]
0
16 2.0 25

Fig. 7 (Pyes/ P,y) ratio for 92 mm (3.625 in.) wide, 1 m (42 in.) long members

Member Thickness (mm)
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In analyzing the results of the tests for the 1.8 m long members in comparison with AISI-2001,
the axial capacity based on the modified slenderness ratio was conservative for all 1.8 m (71 in.)
members. The 1.6 mm (0.064 in.) thick member with third-point single sided welds was the least
conservative out of all 1.8 m (71 in.) long specimens, at a value of 9% conservative. The most
conservative member had a value of 118% conservative and came from the 2.5 mm (0.1 in.) thick
member with double-sided third-point intermediate welds. For the 1 m (42 in.) long members, all
of the 1.6 mm (0.064 in.) thick members had an un-conservative value which ranged from 7% to
3% un-conservative. For the 2.5 mm (0.1 in.) thick members, all tests gave conservative results,
with the largest coming from the 2.5 mm (0.1 in.) thick member with a single-sided mid-point
weld, at a value of 72% conservative.

On the other hand, the AISI-2007 Specification overestimates the capacities of all of the 1.8 m
(71 in.) and 1 m (42 in.) long members. The axial capacities for most of the specimens (except for
7 specimens) predicted by AISI-2007 are larger than AISI-2001 by 25% on average. Particularly,
the AISI-2007 capacities are overly conservative in terms of axial strength for all the 1.8 m (71 in.)
long members by a margin of safety of at least 48% and up to 131% conservative (Fig. 6; Table 2).
The 1 m (42 in.) long members with 2.5 mm (0.1 in.) thickness are also highly conservative by
47% on average (Fig. 6; Table 2).

4.2 Results and analysis of I-shaped members

Table 3 gives a summary of all the tests that were performed on members with an I-shaped
orientation. The tests of the [-shaped orientation were done to see if there is a significant change in
the maximum axial buckling capacity of the member with a change in orientation. The same tests
that were performed on the rectangular sections were chosen for the I-shaped member tests. The
final data are compared to the results of the rectangular members along with seeing if all the same
trends are present in the I-shaped members that were discussed in the preceding section. Fig. 78
shows the (P,./P,) ratio for the 1.8 m (71 in.) long I-shaped members, while Fig. 89 shows the
same ratio for all 1 m (42 in.) long I-shaped members.

For the I-shaped orientation the overall trend of an increase in the (P../P,) ratio with an
increase in member thickness remains true. Out of the members that meet the AISI-2001
Specification Section C4.5, only 3 of the 14 tested 1.8 m (71 in.) long members with a thickness
less than 2.5 mm (0.1 in.) had a conservative value, with the highest at 20% conservative. The
other 9 tests gave un-conservative results with a value as high as 23% un-conservative. Within the
1 m (42 in.) long members, all tests gave a conservative value with a maximum of 63%
conservative occurring with the 2.5 mm (0.1 in.) thick member having a single-sided mid-point
weld.

When the AISI-2007 prediction is made, a similar trend is found; however, there are no
un-conservative predictions. For both the AISI-2001 and AISI-2007, the (P,/P,) ratio increases as
the thickness of the member increases. The scatter is larger than the AISI-2001 predictions.
Particularly, the capacities of the I-shaped members are highly under-predicted by AISI-2007
compared with AISI-2001. Two primary reasons are that: 1) the 2007 AISI torsional buckling
specification (Section C4.1.2) gives relatively low values for P,; however, there were no observed
torsional buckling modes of failures from the tested “doubly-symmetric built-up” sections; and 2)
that the 2007 AISI distortional buckling capacity appears to significantly underestimate the actual
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Fig. 8 (Ps/P,) ratio for 1.8 m (71 in.) long I-shaped orientation
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Fig. 9 (Py/P,) ratio for 1 m (42 in.) long I-shaped orientation

capacity. Note that Section 4.2 of AISI-2007 was not available in the 2001 AISI Specification.
4.3 Comparison of effects of member orientation

When the buckling load of the 1.8 m (71 in.) long rectangular members is compared to that of
the I-shaped members, it can be seen that the I-shaped members have a lower buckling capacity
than that of the rectangular members (Tables 2 and 3). The 1.6 mm (0.064 in.) thick I-shaped
members are an average of 11% lower than the 1.6 mm (0.064 in.) thick rectangular members. The
2 mm (0.08 in.) thick I-shaped members are an average of almost 20% lower, and the 2.5 mm (0.1
in.) thick I-shaped members are also an average of 20% lower.

There are significant differences between rectangular and I-shaped members for the 1.8 m (71
in.) members. These lower capacities for I-shaped members are also resulting in a less
conservative nominal capacity calculation. It can be seen that many of the I-shaped members are
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un-conservative according to the AISI-2001 Specification while all of the rectangular members
have a conservative value.

The rectangular 1.8 m (71 in.) specimens normally failed in a form of global buckling.
However, this was not always the case and the intermediate weld attachments did affect the final
failure pattern of the member. For the single-sided welds of the 1.6 and 2 mm (0.064 and 0.08 in.)
thick members the failure pattern was flexure buckling with a separation of the flanges on the
opposite side as the intermediate welds. The global-flexural buckling can be seen in Fig. 10 along
with a close view on the buckling of the flanges. A single-sided member of a 2.5 mm (0.1 in.)
thick member has experienced flexural-torsional buckling. The torsion on the member caused
bending in the strong-axis of the member, along with the weak-axis flexural buckling. This failure
was unique during the testing, because no other member showed an obvious bending in the
strong-axis.

For 2.5 mm (0.1 in.) thick members, the five intermediate single-sided welds along with all
double-sided weld patterns failed by either a crushing of the end or an individual buckling of the
flanges. Fig. 11 shows both of these failures on the SW5 member, where the top of the member
was crushed along with the flanges on the right side of the member failing. It can be seen within
the Fig. 11 that no flexural buckling occurred on the member; instead it was these distortional
buckling modes that failed the member. Fig. 12 shows a distortional failure of the DW1 member,
with the metal bulging out at the web along with bending of the flanges.

The I-shaped 1.8 m (71 in.) long members were much more susceptible to distortional buckling
of the flange and web than the rectangular members. The majority of the I-shaped members failed
in a form of distortional buckling (Fig. 13); however, there were a few showing a slight flexural
buckling pattern so the failure mode could be flexural or distortional. Two members that showed
both failure modes were the 1.6 mm (0.064 in.) thick SW1 and DW1 members, which are shown
in Fig. 14. Here there is a slight global buckling of the overall member, but there is also
distortional buckling of the flanges. The third member in Fig. 14 shows a 2 mm (0.08 in.) thick
SW1 member, which was the only I-shaped member to show only a flexural buckling pattern.

For all 1 m (42 in.) long members the buckling mode was a form of distortional buckling,
which consisted of a crushing at the end of the member, crippling of the flange and web of the
member, or a combination of the two. Fig. 13(c) shows the buckling pattern of I-shaped members,
which represents the failure pattern of all I-shaped 1 m (42 in.) long members. The failure in the
flanges of I-shaped members can be seen; however, there was also buckling in the web of some
members.

In terms of the fastener spacing, similar results are shown for both rectangular and I-shaped
orientations. Although only the double side stitch pattern of two or five intermediate welds (DW2
or DW5) complies with the AISI 2007 upper limit of the fastener spacing, the result showed that
the specimens with the larger spacing also generally achieved a buckling strength larger than AISI
2007 nominal strength. However, there was no definite relationship between the strength and weld
spacing in this experimental study.

4.4 Confirmation of pinned end condition

At the conclusion of the testing of 60 members, selected 11 members were retested to confirm
that the initial end pivots had a truly pinned end connection and show that the effective length
factor k is 1. The results of a set of 11 tests with a new pivot (see Fig. 3) are shown in Table 4.

Two important observations can be seen by the results of the new gimbel pivot tests. First, the
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(a) (b)
Fig. 10 Flexural buckling of 1.8 m (71 in.) long, 1.6 mm (0.064 in.) thick SW5 rectangular member

(a) (b)

Fig. 11 Crushing at end and individual flange buckling of 1.8 m long (71 in.), 2.5 mm (0.1 in.) thick
SWS5 rectangular member

(a)
Fig. 12 Flange distortional buckling of 1.8 m (71 in.) long, 2.5 mm (0.1 in.) thick DW1 rectangular member
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(b) (c)

Fig. 13 Distortional buckling of I-shaped members [In order left to right: 2 mm (0.08 in.) thick, 1.8 m
(71 in.) long SW3 member; 2.5 mm (0.1 in.) thick, 1.8 m (71 in.) long SW5 member; and 2.5
mm (0.1 in.) thick, I m (42 in.) long SW1 member]|

(2) (b) (©

Fig. 14 Mixed flexural and distortional buckling modes of 1.8 m (71 in.) long I-shaped members [In
order left to right: 1.6 mm (0.064 in.) thick SW1, 1.6 mm thick (0.064 in.) DW1, and 2 mm
(0.08 in.) thick SW1 members]
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Table 4 Comparison of new pivot to original pivot

Buckling mode  Pypest / P

(5]
—_ o —~ —_~ © — = 2 -
g % g ig*/ ;& ] é Q\i N§ £ 0B - S
=3 a = 2 =
1.8 I-shaped 92 1.6 SW2 1548 1558 1.01 093 0.93 F 1 F-T 093 1.2
1.8 I-shaped 92 1.6 DW2 1523 152.1 1 0.9 0.9 F 1 F-T 09 1.17
1.8 I-shaped 92 1.6 SWS5 1456 1548 1.06 0.82 0.82 F 1 F-T 082 1.19
1.8 I-shaped 92 1.6 DWS5 156.7 160.8 1.03 093 0.93 F I F-T 093 1.24
1.8 I-shaped 92 2 SW2 180.2 176 098 0.78 0.78 F 1 F-T 0.78 0.99
1.8 I-shaped 92 2 DW2 211.2 2204 1.04 1 1 F I F-T 1 1.23
1.8 I-shaped 92 2 SW5 2287 178 0.78 1.13 1.13 F 1 F-T 1.13 1
1.8 I-shaped 92 2 DW5 179.0 2103 1.17 0.77 0.77 F 1 F-T 077 1.18
1 I-shaped 92 1.6 double 179.1 168.5 094 1.06 1.06 D I D 1.06 1.24
1 I-shaped 92 1.6 SWI1 1779 1679 094 1 1 D I D 1 1
1 I-shaped 92 1.6 DWI1 180.6 158 0.87 1.03 1.03 D I D 1.03 0.94

F = Flexural buckling mode; I = Inelastic buckling mode;
F-T = Flexural-torsional buckling mode; D = Distortional buckling mode

assumption that the original end condition of pinned-pinned, which has been used throughout all
of the testing, is confirmed to be true with the data of the specimens. Five of the eight 1.8 m (71
in.) tests had a slight increase in failure capacity. If the initial end pivots had provided even a
partial restraint the gimbel pivot results when compared would have been consistently lower. Out
of the five that produced an ultimate failure load below the original tests, three of these were
within 6% of the original data.

5. Conclusions

Based on the examination of the previous and current AISI Specifications for cold-formed
“built-up” members and from results of an extensive experimental study, the following important
conclusions were drawn:

(1)

2)

The results of the testing showed that both AISI-2001 and AISI-2007 Specifications
become more conservative in terms of axial strength for thicker members and less
conservative for wider members, exhibiting inconsistencies in the calculated values by
AISI-2001 or AISI-2007 as compared to the maximum capacity loads determined in the
experimental testing. This may be considered in future updates.

According to AISI-2001, the tested built-up members range from a conservative ratio of
(Ps/P,) of 2.18 to a non-conservative value of 0.77. This is in part due to little
consideration of distortional and local buckling modes and their lower capacities. The
2001 AISI Specification is more likely to give a non-conservative nominal capacity value
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for members that are susceptible to distortional failure rather than a form of global
buckling.

(3) According to AISI-2007 that incorporated the new or modified Specification of
distortional, torsional and flexural-torsional buckling capacity, the tested built-up members
had conservative maximum buckling loads. Particularly, the AISI-2007 capacities are
overly conservative for all the 1.8 m (71 in.) long members by a margin of safety of at
least 48% and up to 131% conservative. This is partly because AISI-2007 considers the
instability of the torsional buckling mode, which however was not observed for the tested
doubly-symmetric built-up members.

(4) The orientation of the member significantly impacts the maximum load of the member, as
much as 20% for the 1.8 m (71 in.) tests. For members that use the I-shaped orientation, a
reduction factor in the range of 0.75 to 0.8 may be added to the Specification. The
orientation effect is more significant for wider members.

(5) The fastener strength and spacing requirements of the AISI-2007 Specification D1.2,
including the modified slenderness ratio (Eq. D1.2-1), need to be considered. Further,
given that this provision in AISI-2007 is conservative in terms of axial strength for both
the closed- and open-section built-up members, the intermediate fastener or spot weld
spacing requirement could be relieved.

(6) The current 2007 AISI Specification is quite complicated for practicing engineers. Hence,
there is a need for further simplification, while simultaneously considering the
aforementioned conclusions. For this, additional testing should be performed particularly
on the shorter sections that are more vulnerable to distortional buckling.
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