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Abstract

The objective of this work is to report a careful experimental investigation, planned at the University
of Lisbon and carried out at The University of Hong Kong, concerning the behaviour and ultimate
strength of cold-formed steel web-flange-stiffened (WFSLC) and web-stiffened (WSLC) lipped
channel columns undergoing local-distortional (L-D) interaction. It involves 31 specimens (16
WFSLC+ 15 WSLC), brake-pressed from high-strength zinc-coated grades G450, G500 and G550
structural steel sheets, exhibiting critical distortional-to-local buckling load ratios ranging between
0.75 and 1.88. The column geometries were carefully selected to enable testing fixed-ended columns
undergoing true L-D interaction and secondary distortional-bifurcation L-D interaction (ensuring
evidence of the latter required selecting rather slender columns) — all tested specimens exhibited the
expected L-D interactive failures. The specimen material properties were obtained from tensile
coupon tests and their initial geometrical imperfections were measured prior to testing. The
experimental results presented and discussed consist of column (i) load-displacement equilibrium
paths, (ii) photos evidencing the evolution of the column deformed configurations along those paths
(including the failure mode) and (iii) failure loads. Finally, the experimental failure load data
obtained are compared with their estimates provided by the currently codified DSM design
approaches for columns failing in L and D modes, showing their inadequacy to handle L-D
interactive failures — the fresh light shed by this comparison will contribute to the timely codification,
in the near future, of a DSM design procedure for columns affected by L-D interaction.

1. Introduction

It is well known that thin-walled open-section cold-formed steel (CFS) columns are highly susceptible
to several instability phenomena, involving either local (L), distortional (D) or global (G) buckling,
or any coupling between them, i.e., L-D, L-G, D-G or L-D-G interaction — see the recent state-of-the-
art report concerning CFS members affected by interactive buckling phenomena (Camotim et al.
2018). This investigation deals exclusively with columns affected by L-D interaction and aims at
providing additional experimental failure loads associated with collapses in L-D interactive modes.
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A significant amount of work has been devoted to investigate the behavioural features inherent to this
relevant coupling phenomenon in short-to-intermediate columns. Indeed, such investigations deal with
(1) shell finite element analysis (e.g., Martins et al. 2015, Dinis & Camotim 2015), (ii) Generalised
Beam Theory (GBT)-based investigations used to assess the mechanics underlying this coupling
phenomenon (e.g., Martins et al. 2018), (iii) design proposals (e.g., Silvestre et al. 2012, Martins et al.
2017a, Matsubara et al. 2019), mostly based on the Direct Strength Method (DSM) concepts (Schafer
2008, Camotim et al. 2016, Schafer 2019), and (iv) experimental investigations (discussed next).
Although a significant number of experimental results concerning the behaviour and strength of CFS
columns affected by local-distortional (L-D) interaction is available in the literature, most of them dealing
with lipped channels, specimens providing clear experimental evidence of this coupling phenomenon and
ensuing failure load erosion are relatively scarce — certainly much less than those collected to propose,
calibrate and validate the existing local, distortional, global and local-global DSM design curves. To the
authors’ best knowledge, the available experimental results evidencing the occurrence of L-D interaction
in fixed-ended CFS columns are due to (i) Kwon & Hancock (1992), Young & Rasmussen (1998),
Kwon et al. (2009), Loughlan et al. (2012), Young et al. (2013), Chen et al. (2019) and Matsubara et al.
(2019), for lipped channel (LC) columns, (ii) Kwon et al. (2005), for LC and hat-section (H) columns,
(iii) Chen et al. (2019), for zed-section (Z) columns, (iv) Dinis et al. (2014) and Chen et al. (2019), for
rack-section (R) columns, (v) Chen et al. (2019), for channel columns with “return lips” (RLC), (vi)
Kwon & Hancock (1992), Kwon et al. (2009), Yap & Hancock (2011), He et al. (2014) and Chen et al.
(2019), for web-stiffened lipped channel (WSLC) columns, (vii) Yang & Hancock (2004), for
web/flange-stiffened lipped channel (WFSLC) columns, and (viii) Yap & Hancock (2008), for columns
with complex-stiffened cross-sections, totalling 134 test results. Naturally, reliable and illuminating
experimental data are essential to establish efficient DSM-based design rules to handle column L-D
interactive failures, which are still lacking in the current CFS specifications worldwide. Aiming to fill
this gap, Martins et al. (2017a) recently proposed a well-founded preliminary version of the sought
DSM-based design approach. It just needs to be “fine-tuned”, a task that (i) requires carefully obtained
fresh experimental failure loads, namely those reported in this paper, and (ii) should pave the way for
codification — the final goal of this research effort.

The main objective of this work is to present a careful experimental investigation, planned at the
University of Lisbon and carried out at The University of Hong Kong, concerning the behaviour and
ultimate strength of CFS WFSLC and WSLC columns undergoing L-D interaction. It comprises 31
specimens (16 WFSLC and 15 WSLC) (i) brake-pressed from high-strength zinc-coated structural steel
sheets of grades G450, G500 and G550, and (ii) exhibiting distortional-to-local critical buckling load
ratios ranging between 0.8 and 1.9. The column geometries selected, discussed in Section 2, were
carefully chosen to enable the testing of fixed-ended columns undergoing (i) “true L-D interaction”, i.e.,
with nearly coincident critical local and distortional buckling loads, and (ii) “secondary distortional-
bifurcation L-D interaction”, i.e., with the non-critical (distortional) buckling load visibly above the
critical (local) one. Acquiring clear evidence of the latter L-D interaction required selecting rather slender
columns — their measured dimensions are presented in Section 3.1. The specimen material properties
were obtained from tensile coupon tests (Section 3.2) and their initial geometrical imperfections were
measured prior to testing (Section 3.4). After addressing the set-up procedure, in Section 3.3, the
experimental results are presented in Section 3.5 and consist of column (i) load-displacement
equilibrium paths, (ii) deformed configuration evolutions along those paths, including the failure
mode, and (iii) failure loads. Finally, in Section 4, the experimental failure load data obtained are compared
with their estimates yielded by the currently codified DSM design curves for columns failing in pure L or D
modes, providing additional clear experimental evidence that these design curves are unable to handle



adequately L-D interactive failures. Moreover, the fresh light shed by this comparison will contribute to the
timely codification of an efficient (safe, accurate and reliable) DSM design procedure in the near future.

2. Column geometry selection

The success of any experimental investigation is directly linked to its planning. In the present case,
the selection of the specimen geometry plays a pivotal role in achieving the objectives proposed. The
aim of this test campaign is to obtain experimental failure loads of fixed-ended columns exhibiting
WSLC and WFSLC cross-sections, and having distortional-to-local critical buckling load ratios
(RoL=Pcrp/Pcr) varying between 0.8 and 2.0 (approximately), i.e., prone to either (i) “true L-D
interaction” (0.8<Rp.<1.3)° or (ii) “secondary distortional-bifurcation L-D interaction” (Rp.>1.3)
(Martins et al. 2015). Note that, columns having Rpi<1.3 are prone to distortional or “secondary
local-bifurcation L-D interaction” — since the latter are characterised by a negligible failure load
erosion (i.e., are adequately handled by the current DSM distortional design curve), they fall outside
the scope of this investigation. In order to reach the sought column specimen geometries, their
selection procedure should:

(i) provide specimens characterised by 0.8<Rp.<2.0 (as previously discussed);

(if) be associated with critical global buckling loads (Pcrc) much higher than their Perp and Per
counterparts (to avoid the interaction with the global buckling mode, i.e., L-D-G interaction), and

(iii) identify columns prone to “secondary distortional-bifurcation L-D interaction” that are (locally)
slender, since stocky columns with Rp>1.3 are prone to local failure and exhibit no interaction.

On the other hand, the column selection procedure is “constrained” by the following limitations:

(1) specimens with lengths not exceeding L=3000mm (testing machine limitation);

(if) specimens without small lip and stiffeners widths (manufacturing limitation);

(i) thickness values and steel grades of t=1.0mm (G550), t=1.2mm (G500) or t=1.5mm (G450), and

(iv) failure loads (Pexp) not exceeding 220kN (load actuator capacity) — to ensure this condition,
materially and geometrically non-linear shell finite element analyses (not addressed here) were
conducted and showed that all the selected specimen have expected failure loads well below the
above limit value (as presented in Section 3.5.2).

The column selection procedure was conducted through and “trial-and-error” approach by means of
the GBT-based code GBTuL (Bebiano et al. 2018), mainly due to its computational efficiency and
modal nature — note that, for the sake of simplicity, the round corners were neglected since they are
typically lower than the wall thickness. In addition, the Young’s modulus and the Poisson’s ratio
were considered equal to 210GPa and 0.30, respectively. Table 1 shows the output of this selection
procedure and displays the obtained cross-section dimensions (D, B, by, t — see Fig. 1, and length L),
critical (global, local and distortional) buckling loads, critical distortional half-wave number
(indicated between brackets in the column Perp), RoL value and local (A1) and distortional slenderness
(Ap) — the v-shape (45°) stiffener widths bws and bys (see Fig. 1) were considered equal to 15v2mm in

& At this stage, it should be mentioned that these Rp. values, providing the “boundaries” between “true L-D interaction” and
“secondary local or distortional-bifurcation L-D interaction”, are only approximate and somewhat arbitrary — they are just
intended to identify, with reasonable accuracy, the columns undergoing strong L-D interaction. These values were first
proposed by the authors (Martins et al. 2015), in the context of lipped channel, hat-section, zed-section and rack-section
columns. Subsequently, it was found that they apply also to web-stiffened (Martins et al. 2016) and web-flange-stiffened
(Martins et al. 2017b) lipped channel columns, even if this information is not provided explicitly in the above references.



Table 1: Selected column specimen (i) geometries, (ii) critical local, distortional and global buckling loads, and (iii) local
and distortional slenderness

Specimen D B b t L Steel fy Perc Perl Perp RoL AL )
(mm) (mm) (mm) (mm) (mm) Grade (MPa) (kN) (kN) (KN) () ) ()
WS-1 280 150 17 15 2500 G450 530 1776 86.0 71.2(2) 0.83 241 264
WS-2 280 150 17 15 2200 G450 530 2293 862 77.7(1) 090 240 253
WS-3 220 130 17 15 1700 G450 530 2181 984 955(1) 0.97 206 2.09
WS-4 220 130 17 15 1500 G450 530 2801 98.3 100.0(1) 1.02 2.06 2.05
WS-5 260 150 17 15 1800 G450 530 3005 843 81.8(1) 097 239 243
WS-6 260 150 17 15 1550 G450 530 4052 842 886(1) 1.05 239 233
WS-7 270 160 17 15 1500 G450 530 4928 778 86.9(1) 112 255 241
WS-8 270 160 17 15 1650 G450 530 4073 777 813(1) 1.05 255 249
WS-9 270 170 17 1.2 1650 G500 560 3447 367 53.3(1) 145 347 2388

WS-10 270 170 17 12 1950 G500 560 2468 36.7 47.0(1) 1.28 3.47 3.06
WS-11 250 150 17 1.0 1750 G550 600 1973 248 40.7(1) 1.64 347 296
WS-12 250 150 17 1.0 1650 G550 600 2219 248 427(1) 172 3.80 2.89
WS-13 250 150 17 1.0 1350 G550 600 3315 248 50.7(1) 2.04 3.80 2.66
WEFS-1 250 200 17 1.0 1750 G550 600 2431 63.2 51.9(1) 0.82 262 2.89
WEFS-2 250 200 17 1.0 1650 G550 600 2735 63.2 56.8(1) 0.90 262 2.76
WES-3 250 200 17 1.0 1500 G550 600 3309 637 66.1(1) 1.04 261 2.56
WEFS-4 250 220 17 12 1250 G500 560 6159 1132 108.7(1) 0.96 220 2.25
WEFS-5 270 240 17 12 1300 G500 560 7162 102.6 101.3(1) 0.99 240 242
WEFS-6 270 180 17 1.0 1700 G550 600 2749 532 56.4(1) 1.06 281 273
WES-7 280 190 20 1.0 2000 G550 600 2298 515 549(1) 1.07 293 284
WEFS-8 250 220 17 1.0 1350 G550 600 4400 65.6 76.8(1) 117 264 244
WEFS-9 270 180 17 1.0 1400 G550 600 4054 534 76.0(1) 142 281 235
WFS-10 270 180 17 1.0 1500 G550 600 3531 534 68.2(1) 1.28 281 248
WFS-11 280 190 20 1.0 1500 G550 600 4085 51.7 82.4(1) 159 292 232
WEFS-12 300 200 20 1.0 1650 G550 600 4042 47.0 71.3(1) 152 315 256
WES-13 300 200 20 1.0 1500 G550 600 4891 469 80.9(1) 1.72 3.15 2.40

all specimens. The close observation of this table shows that (i) all the aforementioned requirements
are satisfied and (ii) a total of 26 (13 WFSLC+ 13 WSLC) specimens were selected. Indeed, there are
(1) 14 specimens with t=1.0mm (grade G550), labelled WS-11,12,13 and WFS-1,2,3,6,7,8,9, 10,
11,12,13, (ii) 4 specimens with t=1.2mm (grade G500), labelled WS-9, 10, and WFS-4,5, and (iii) 8
specimens with t=1.5mm (grade G450), labelled WS-1,2,3,4,5,6,7,8 and (iv) only one specimen
with a critical distortional buckling mode exhibiting two half-waves (WS-1). For illustrative
purposes, Fig. 2(a)-(c) shows the critical local (1) and distortional (2) buckling mode shapes of
columns WS-1, WS-13 and WFS-5, respectively — note that local buckling is triggered by the web
and flanges, respectively in all WSLC and WFSLC columns.
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Figure 1: Cross-section shapes and dimensions of (a) web-stiffened, and (b) web-flange-stiffened lipped channels.
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Figure 2: Critical (1) local and (2) distortional buckling mode shapes of columns (a) WS-1, (b) WS-13 and (c) WFS-5.

3. Experimental investigation

3.1 Test specimens

The CFS test specimens were brake-pressed from high strength zinc-coated grades G450, G500 and
G550 structural steel sheets having nominal yield stresses of 450, 500 and 550MPa, respectively. The ends
of the column specimens were welded to 16mm thick steel end plates, to ensure full contact between the
specimen end cross-sections and bearing plates. The base metal thickness (t”) was measured by removing
the zinc coating by acid-etching. The thickness of the zinc coating, measured on one side of the cross-
section, was (i) 23.5/21.5/26.0um for wall thickness 1.0/1.2/1.5mm (WSLC specimens) and (ii)
30.5/22.5um for wall thickness 1.0/1.2mm (WFSLC specimens). The measured cross-section dimensions,
cross-section area (A) and length (L) for each specimen are shown in Table 2 (definitions/nomenclature
given in Fig. 1). Note that, in order to assess the reliability of the test procedure, five pairs of specimens
with nearly coincident dimensions were considered, namely WS-5+5R, WS-6+6R, WFS-5+5R,
WFS-6+6R and WFS-9+9R (see Table 2).

3.2 Material properties

Tensile coupon tests were conducted to determine the material properties of the CFS WSLC and WFSLC
column specimens. The coupons were extracted, in the longitudinal direction, from the central part of the
unstiffened portions of the webs of specimens WFS-4, WFS-8, WS-4, WS-9 and WS-13, covering all the
distinct wall thickness and cross-section shape considered in this investigation. The column specimens
with the same nominal wall thickness and steel grade were fabricated from the same batch of steel. For
instance, the material properties obtained from specimen WFS-4 (t=1.20mm) were deemed similar to
those of the other specimens sharing the same wall thickness and steel grade, i.e., specimens WFS-5 and
WEFS-5R (see Table 1) — the same “extrapolation” was made for all the other specimens.

The coupon dimensions were determined according to the American standard ASTM-E8M (2016)
(tensile testing of metals) using 12.5mm wide coupons of gauge length 50mm. An MTS displacement-
controlled testing machine using friction grips was used to conduct the coupon tests. In addition, the
coupons were tested according to the recommendations of Huang & Young (2014) for cold-formed
carbon steel. A calibrated extensometer of 50 mm gauge length was used to measure the coupon
specimen longitudinal strains. A data acquisition system was used to record the load and the strain
readings at regular intervals during the tests. The tests were paused for 100 seconds near the 0.2% proof
stress and the ultimate tensile strength, to allow for the stress relaxation associated with plastic straining



Table 2: Measured cross-section dimensions, lengths and cross-section area of the tested specimens (WSLC and WFSLC).

Specimen D B b bt bw brs bus t t* ri L A
(mm) (mm) (mm) (mm) (mm) (Mmm) (mm) (mm) (Mmm) (mm) (mm) (mm?
WS-1 279.6 1505 15.7 - 122.0 - 186 1565 1513 097 2501 969.9
WS-2 278.7 1511 16.1 - 121.7 - 19.2 1567 1515 072 2201 973.2
WS-3 220.6 129.8 155 - 92.2 - 18.2 1565 1513 059 1701 807.1
WS-4 2223 1296 16.0 - 93.8 - 184 1574 1522 096 1502 821.3
WS-5 2619 1503 164 - 113.3 - 185 1564 1512 072 1803 9415
WS-5R 2627 1499 16.3 - 113.2 - 18.7 1572 1520 0.84 1801 946.1
WS-6 258.8 150.6 16.3 - 111.4 - 188 1565 1513 0.72 1552 9375
WS-6R 2595 1498 156 - 112.3 - 176 1560 1508 060 1554 927.4
WS-7 269.1 160.3 16.0 - 116.8 - 183 1553 1501 0.72 1500 974.8
WS-8 269.0 160.4 15.7 - 117.3 - 18.2 1563 1511 0.72 1651 981.8
WS-9 2745 1704  16.7 - 120.4 - 185 1258 1.215 0.87 1653 826.9
WS-10 2727 1716 16.4 - 120.2 - 184 1262 1219 0.74 1955 830.4
WS-11 252.1 1512 165 - 109.3 - 192 1060 1.013 097 1753 634.0
WS-12 253.3 1516 16.3 - 109.1 - 193 1058 1.011 085 1652 6325
WS-13 2555 1509 15.8 - 109.8 - 18.7 1059 1.012 085 1350 630.5
WFS-1 2524 2022 159 86.7 1085 194 19.0 1.052 0991 0.72 1752 755.9
WEFS-2 2525 2015 158 838 108.6 193 198 1.064 1.003 0.97 1652 7705
WFS-3 2522 2016 159 835 108.2 193 189 1.063 1.002 0.72 1503 762.3
WFS-4 250.1 2205 158 937 107.7 188 184 1.254 1209 1.00 1254 9519
WFS-5 2714 2412 150 103.2 1172 186 186 1.263 1.218 0.62 1299 1020.8
WFS-5R 273.8 2402 150 103.3 119.0 186 181 1.265 1.220 0.62 1299 1026.6
WFS-6 2706 1826 162 734 1173 186 188 1.067 1.006 0.72 1702 738.5
WFS-6R 2733 1814 158 737 1192 196 194 1.070 1.009 0.72 1703 750.8
WFS-7 2838 1932 172 780 1237 186 185 1.055 0.994 0.72 2005 764.2
WFS-8 2525 2220 155 942 1094 191 163 1.059 0.998 0.72 1355 799.6
WFS-9 273.0 1827 177 734 1191 192 184 1.055 0.994 0.72 1398 738.9
WFS-9R 2715 1821 164 736 1188 195 19.8 1.071 1.010 0.84 1401 753.6
WFS-10 270.8 1826 156 748 1172 195 199 1.059 0.998 0.72 1504 7435
WFS-11 2826 1916 175 784 1228 190 204 1.061 1.000 0.72 1501 7749
WFS-12 3005 2020 169 829 1284 199 206 1.060 0.999 0.72 1654 818.2
WFS-13 3026 2016 167 830 1340 181 19.2 1.069 1.008 0.72 1502 816.0

and to obtain the static stress-strain relationship. The nominal and measured material properties
obtained from the coupon tests are summarised in Table 3 and include the measured values of (i)
Young’s modulus (E), (ii) static 0.2% proof stress (ov2), (iii) static tensile strength (ou) and
corresponding strain (&), and (iv) elongation after rupture (&) — note that, the various values obtained
for the Young’s modulus are very similar. The constitutive laws obtained for all the coupons analysed
are very similar — for illustrative purposes, Fig. 3 shows the stress-strain (test and static) curves
obtained from one coupon test analysed (specimens WFS-4 and WS-13). Naturally, the numerical
analyses intended to simulate these tests must employ the appropriate true stress-strain curves, obtained
from the curves displayed in Figs. 3(a)-(b).

Table 3: Nominal and measured material properties of CFS WSLC and WFSLC specimens.

Test Series Nominal Measured
t 0.2 E 0.2 ou & &

(mm) (MPa) (GPa) (MPa) (MPa) (%) (%)
WFS-4 1.2 500 215.2 617.2 631.4 51 9.1
WFS-8 1.0 550 215.6 601.7 615.4 5.0 8.3
WS-4 1.5 450 212.6 488.2 507.6 6.0 11.9
WS-9 1.2 500 214.1 612.2 627.6 5.0 8.1
WS-13 1.0 550 216.7 602.7 613.8 4.9 8.0
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Figure 3: Tensile coupon tests: illustrative stress-strain curves concerning specimens (a) WFSLC-4 and (b) WSLC-13.

3.3 Test set-up and procedure

A schematic representation of the test rig and set-up employed in this investigation is shown in Fig.
4. It consists of a vertical testing frame conceived to conduct displacement-controlled tests, an
essential feature in assessing geometrically non-linear behaviours involving the need to obtain a
structural response after the peak load has been reached. A servo-controlled hydraulic testing
machine was employed to apply a compressive axial force to the column specimens (see the top of
Fig. 4), which can go up to 220kN. In addition, two thick steel plates were welded to the specimen
end cross-sections (see the top and bottom of Fig. 4). The specimen top end plate was bolted to the
rigid flat bearing plate, which was restrained against bending rotations about the minor and major
axes, twist rotations and warping. On the other hand, a special bearing device was used at the bottom
end support. Initially, this special bearing was free to rotate in any direction, since it contains a
spherical hinge. Then, the actuator ram was moved slowly until the specimen bottom end plate was
in full contact with the special bearing, following the imposition of a small initial load
(approximately 2kN). This procedure eliminated any possible gaps between the special bearing and
the specimen bottom end plate. Then, the bottom end plate was bolted to the special bearing, which
was subsequently restrained against bending rotations (minor and major-axis) and twisting, by means
of vertical and horizontal bolts, respectively — these bolts locked the bearing in position after full
contact was achieved. Thus, the use of this special bearing makes it possible to materialise a fixed-
ended support, as it restrains the end-section minor and major-axis bending rotations, twist rotations
and warping.

Displacement control was used to drive the hydraulic actuator at a constant speed of 0.2mm/min for
all column specimens. Moreover, in order to measure relevant displacements along the procedure,
several transducers (Linear Variable Displacement Transducers — LVDTSs) were installed along the
specimen length — Figs. 5 and 6 show the transducer arrangement. Regardless of the cross-section
shape, three longitudinal displacement transducers (Al to A3 in Fig. 6) were installed to measure the
column axial shortening. In addition, eleven (WSLC) or twelve (WFSLC) horizontal transducers
were installed to measure the deformations of the mid-height cross-section — note that the horizontal
transducers near the corners were located 15mm away from those same corners (e.g., web-flange
corners). In addition, in both specimens (see Figs. 6(a)-(b)), (i) three transducers were placed in each
stiffened or flat flange (T1 to T3 and T9 to T11), to capture the corresponding in-plane distortional
displacements, (ii) four transducers were placed in the stiffened web (T4, T5, T7 and T8), to capture
its in-plane distortional (T4, T7 and T8) and local (T4, T5 and T7) displacements. Note also that



either one (T6 — WFSLC specimens) or two (T6 and T12 — WSLC specimens) additional transducers
were placed 130mm away from the specimens mid-height (see Figs. 6(a)-(b)), in order to detect the
cases in which the maximum displacements did not occur at the specimen mid-height — 130mm is
close to the width of the flat web portions (bw). It should be mentioned that, rigorously speaking, the
horizontal transducers do not measure exclusively local and/or distortional displacements, since
significant minor-axis flexure emerges as loading progresses. It is due to the effective centroid shift
effects caused by the substantial cross-section stress redistribution occurring at advanced loading
stages (e.g., Young & Rasmussen 1999), a phenomenon that was recently quantified by means of
GBT-based post-buckling analysis in (Martins et al. 2018) — in this case, the stress redistribution
stems mainly from the distortional deformations. Lastly, it is worth noting that the characterisation of
the load-displacement equilibrium paths was achieved through a data acquisition system that
recorded the applied load and the readings of the displacement transducers at regular intervals during
the tests.

Actuator

End plate

Specimen

e N — Transducer

End plate

Special bearing

Figure 4: Fixed-ended column test rlg and set-up.
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3.4 Initial geometrical imperfections

In order conduct future numerical simulations, initial geometrical imperfections were measured prior to
testing, namely distortional and global (minor-axis flexure displacements and torsional rotations). The
initial imperfection distortional component (oo — see Fig. 7(a)) was obtained as half the difference
between the readings concerning (i) the web width D and (ii) the distance between the two flange-lip
corners D> (op=(D»-D)/2) — this imperfection component was obtained on the basis of readings provided
by a theodolite at three locations: specimen top, bottom and mid-height cross-sections. The ¢ values
obtained are given in Table 4, where the positive sign indicates “outward” (distortional) flange-lip
motions. The minor-axis flexural (o) and torsional (or) initial geometrical imperfections were based on
the readings indicated in Figs. 7(b)+(c), always measured at the specimen mid-height cross-section web-
flange corners. These initial imperfection components are also given in Table 4, “adequately’” normalised,
where positive /L and 257/D values indicate, respectively, (i) minor-axis bending curvatures towards the
web, and (ii) clockwise torsional rotations. It is also worth mentioning that (i) only discrete displacements
were measured (mainly at mid-height), which means that no initial geometrical longitudinal profiles are
available, and that (ii) these specimens are rather slender (see/recall Section 2), which means that their failure
loads are not significantly affected by the initial geometrical amplitude and/or shape —see Martins et al. (2017a).

Table 4: Measured initial geometrical imperfections for all the specimens tested: distortional and minor-axis flexure
displacements, and torsional rotations (see nomenclature in Fig. 7)

Specimen Distortional imperfection (mm), & = (D, — D)/2 imI;I:r)ligt[,?ilon imT;errsflg:t?cl)n
Top end Mid-height Bottom end O IL 261 /D
WEFS-1 7.00 12.50 2.25 -1/27375 1/181
WEFS-2 6.50 12.25 7.50 1/51625 1/209
WEFS-3 4.25 11.50 6.75 1/5917 1/496
WFS-4 -1.00 5.50 0.00 -1/3956 1/658
WFS-5 3.50 14.75 5.00 1/10228 1/1069
WEFS-5R 0.00 8.50 1.50 0 1/269
WFS-6 7.75 11.50 4.50 1/13402 1/355
WEFS-6R 8.00 13.50 6.00 0 1/359
WFS-7 0.00 2.00 4.75 -1/31328 1/172
WEFS-8 2.50 10.50 3.25 1/105 1/10
WFS-9 5.66 12.30 7.44 0 1/269
WFS-9R -0.21 3.93 -0.48 1/4420 1/428
WEFS-10 7.50 10.25 5.00 1/7874 1/305
WFS-11 6.75 10.50 4.25 1/5909 1/556
WFS-12 0.25 2.75 0.75 1/6512 0
WFS-13 -2.00 4.75 1.00 -1/23841 1/217
WS-1 10.00 7.50 13.25 1/2624 1/732
WS-2 2.75 -4.50 -2.50 1/2476 1/1097
WS-3 3.25 1.75 1.25 1/2232 0
WS-4 2.00 2.00 4.00 1/2626 1/351
WS-5 450 2.50 5.75 1/5166 1/317
WS-5R 450 4.00 8.25 1/2026 1/517
WS-6 3.75 1.25 2.50 1/2037 1/509
WS-6R -1.75 -4.50 -4.00 1/3059 0
WS-7 -0.25 -2.50 -0.50 1/2953 1/530
WS-8 -0.75 -1.25 1.75 1/8644 1/192
WS-9 -2.25 -4.50 -2.75 1/8654 1/722
WS-10 5.50 -1.25 -1.50 1/2566 1/268
Ws-11 1.75 -0.75 4.00 1/1454 1/663
WS-12 4.50 0.25 0.75 1/2888 1/285
WS-13 -0.50 -1.25 4.00 1/2126 1/251
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Figure 7: Initial geometrical imperfection measurements at specimen mid-height cross-section: (a) distortional
displacements, (b) minor-axis flexure displacements, and (c) torsional rotation.

3.5 Test results

The experimental results obtained from this test campaign, presented and discussed in the two next sub-
sections, consist of (i) load-displacement equilibrium paths and photos showing deformed configurations
along those paths, including the failure mode (Section 3.5.1), and (ii) failure loads (Section 3.5.2). Before
these results are addressed, Figs. 8(a)-(0) (WSLC) and Figs. 9(a)-(p) (WFSLC) display the failure modes,
i.e., the deformed configurations at the onset of collapse, of all the 31 specimens tested. These photos
provide clear evidence of local and (mostly) distortional deformations taking place along the column,
which confirms that all these specimens are affected by L-D interaction (as intended). Moreover, since
most of the specimens tested exhibited similar structural responses, only a representative fraction of the
results obtained for the 31 columns are presented and discussed in this manuscript.

3.5.1 Deformed configurations and equilibrium paths

3.5.1.1 True L-D interaction

This sub-section presents and discusses the structural response of four column specimens with close
critical local and distortional buckling loads, namely specimens WS-1, WS-5, WFS-6 and WFS-9.
Figs. 10 (WS-5), 11 (WFS-6) and 12 (WFS-9) show several views of column deformed configurations (i)
along the equilibrium path ascending branch (before collapse — Figs. 10(a)-12(a)), (ii) at the onset of
collapse (Figs. 10(b)-12(b)) and (iii) along the equilibrium path descending branch (after collapse — Figs.
10(c)-11(c)) or after removing the applied load (Fig. 12(c)). Fig. 13, concerning column WS-1, shows the
deformed configurations prior to collapse (Fig. 13(a)) and at the onset of collapse (Fig. 13(b)). Moreover,
Fig. 14 shows recorded equilibrium paths, concerning the aforementioned columns, displaying the applied
load P, measured by the hydraulic actuator load cell, versus (i) the column axial shortening (average of the
measurements by transducers Al, A2 and A3 — Figs. 14(a1)-(as4)), and the mid-height (ii) flange-lip
vertical displacements (measured by transducer T1), (iii) web-top flange horizontal displacements
(measured by transducer T4) and (iv) mid-top web horizontal displacements (measured by transducer
T5). The observation of these results leads to the following comments:

(i) First of all, pronounced local and distortional deformations occur in the columns prior to collapse, as
shown in Figs. 10-13(a1)-(a4), thus attesting that these columns experience “true L-D interaction”.
Moreover, the columns selected (recall Section 2) were designed to exhibit high local and distortional
slenderness values, which allows for the development of such pronounced deformations, which
become even more visible at the onset of collapse (see Figs. 10-13(b1)-(b4)).

(i) All column failure modes exhibit one or two distortional half-waves — same as the critical distortional
half-wave number (recall Section 2). Except column WS-1, which exhibited two distortional half-
waves, all the columns exhibit one distortional half-wave involving either “inward” or “outward”
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Figure 8: L-D interactive failure modes of WSLC specimens (a)-(0) 1, 2, 3,4, 5,5R, 6, 6R, 7, 8,9, 10, 11, 12 and 13.
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Figure 9: L-D interactive failure modes of WFSLC specimens (a)-(p) 1, 2, 3,4, 5,5R, 6, 6R, 7, 8, 9, 9R, 10, 11, 12 and 13.
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Figure 10: WSLC-5 column deformed configurations (a) prior to collapse (ascending equilibrium path), (b) at the onset of collapse
(failure mode) and (c) after collapse (descending equilibrium path).

flange-lip motions. In fact, all WSLC columns (except the WS-1 one) exhibited “inward” flange-lip
motions (see Fig. 8), which is in agreement with the findings reported in (Martins et al. 2016),
where most initially imperfect columns tend to exhibit “inward”” motions at fairly advanced post-
buckling stages — note that, depending on the initial geometrical imperfection pattern, these
columns may also exhibit “outward” flange-lip motions. On the other hand, all WFSLC
columns exhibited one distortional half-wave, in most cases involving “outward” flange-lip
motions, unlike their WSLC counterparts and now in close agreement with the findings reported in
(Martins et al. 2017b). Indeed, Fig. 9 shows that 14 (out of 16) columns exhibited “outward”
(distortional) flange-lip motions. As far as the local deformations are concerned, no relation can be

14
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Figure 11: WFSLC-6 column deformed configurations (a) prior to collapse (equilibrium path ascending branch), (b) at the onset of
collapse (failure mode) and () after the collapse (equilibrium path descending branch).

established with the critical local buckling modes as was reported in (Martins et al. 2018) — since the
distortional deformations are always highly dominant, no information about the number of local
half-waves can be obtained from the measurement of (any) displacement longitudinal profile.

(ii1) The plastic hinges appear either near the end regions or at mid-span, and are also in close agreement
with the numerical results reported in (Martins et al. 2016, 2017). The main difference between the
experimental and numerical features occurs in the columns with plastic hinges near the end regions:
two plastic hinges, equally distant from each end, are obtained numerically, while only one is
observed experimentally — this is most likely due to the non-symmetry exhibited by the initial
geometrical imperfections, unlike the critical-mode imperfections involved in the numerical simulations.

15
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Figure 12: WFSLC-9 column deformed configurations (a) prior to collapse (equilibrium path ascending branch), (b) at the onset of
collapse (failure mode) and (c) after the collapse (equilibrium path descending branch) or after the applied load has been removed.

The location of each plastic hinge is clearly illustrated further ahead in the paper — see Figs. 18+19.

(iv) The column axial shortening grows almost linearly with the applied load in the early loading stages
only — as loading progresses, this growth becomes gradually more non-linear (see Figs. 14(a1)-(as)).

(v) Confirming recent numerical findings (Martins et al. 2018), the distortional deformations play a
dominant role in the behaviour of all the columns tested, when compared with their local and global
counterparts. This fact is clearly illustrated and quantified in Figs. 14(b1)-(bs), providing the
displacements measured by transducer T1 (those measured by transducer T11 are very similar and,
thus, not shown here) — note that small portions of these displacements may be due to torsion present
in the initial imperfections.
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(b:) (b) b) (b
Figure 13: WSLC-1 column deformed configurations (a) prior to collapse (equilibrium path ascending branch) and (b) at
the onset of collapse (failure mode).

(vi) The displacements measured by transducer T4 consist overwhelmingly of contributions from minor-
axis flexure arising from the stress redistribution caused mostly by the distortional deformations
but also, to a lesser extent, by the local ones (Martins et al. 2018). Rigorously speaking, these
displacements may also contain tiny contributions from local and distortional deformations —
recall that T4 is not placed exactly at the web-flange corner. It is interesting to note that this
displacement points towards either the web (WSLC columns), as in plain lipped channels (Martins
et al. 2018), or the lips (WFSLC columns). Moreover, a substantial increase is observed when the
applied load reaches the critical buckling load level (see Fig. 14(c)). For applied loads below this
level, the minor-axis flexural displacements are very small and stem exclusively from the initial
geometrical imperfections.

(vii) As already mentioned in item (ii), the contribution from local deformations cannot generally be
quantified in members affected by L-D interaction, regardless of the measurement location, because
they always appear jointly with highly dominant distortional deformations. Indeed, the displacement
measured by transducer T5 combines contributions from distortional, local and minor-axis flexural
deformations (and possibly also a tiny contribution from the torsion present in the initially imperfect
geometry). Only a rigorous modal analysis is able to quantify the above contributions (e.g.,
(Martins et al. 2018)). Nonetheless, Figs. 10-13 provide fairly clear evidence of the presence of
local deformations, particularly in the flanges of WSLC columns or in the web of WFSLC columns.

(viii)Since the WS-1 column exhibits two distortional half-waves, unlike the remaining specimens, its
equilibrium paths (Figs. 14(as)-(ds)) and deformed configurations (Figs. 13(a.)-(bs)) are quite distinct.
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Figure 14: Experimental equilibrium paths: applied load P vs. (a) axial shortening, and displacements (b) T1, (c) T4 and
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(d) T5, for specimens (1) WS-5, () WFS-6, (s) WFS-9 and (s) WS-1.



First of all, the presence of initial geometrical imperfections with a large amplitude (see Table 4)
leads to a highly non-linear behaviour since the early loading stages and until the applied load reaches
approximately 80kN (close to the critical buckling load level). Between 80kN and 100kN, the
displacement T1 remains practically constant, which is due to a fairly abrupt “configuration switch”
from one to two distortional half-waves: the bottom and top “half columns” exhibit “inward” and
“outward” flange-lip motions, respectively — this configuration is depicted in Fig. 13(az). Once more,
again due to the initial geometrical imperfection shape, the deformed configuration is not symmetric,
as attested by the fact that the mid-height cross-section exhibits “outward” flange-lip motions. As was
mentioned in item (vi), the minor-axis flexural displacements point towards the web (see Fig. 14(cs)).
Lastly, Figs. 13(a1)-(as) show that almost exclusively distortional deformations develop before the
peak load is reached, since the local deformations only emerged at fairly high loads — for instance,
visible flange local deformations can only be observed in Fig. 13(as), which concerns an applied load
level well above those associated with Figs. 13(a1)-(as)) — moreover, compare the flange deformed
configuration shown in Fig. 13(as) with those appearing in Figs. 13(a2)+(as). This behavioural feature
Is in agreement with the theory, since distortional buckling precedes local buckling load for this
particular column (Rp.=0.80). Finally, note that L-D interaction occurs because the column is locally
and distortionally rather slender — for less slender columns, the failure mode may be pure distortional
(i.e., not exhibit local deformations). Rigorously speaking, this column geometry is associated with
the transition between “secondary local-bifurcation L-D interaction” and “true L-D interaction”.

3.5.1.2 Secondary distortional-bifurcation L-D interaction

The results presented in this sub-section, which are qualitatively similar to those presented previously,
concern columns WS-12 and WS-13 and consist of (i) photos showing column deformed configurations
prior to collapse (Figs. 15(a1)-(a4) and Figs. 16(az1)-(a4)) or at the onset of collapse (Figs. 15(b1)-(bs) and
Figs. 16(b1)-(b4)), and (ii) the recorded column axial shortening and displacements measured by
transducers T1, T4 and T5 (Fig. 17). The observation of these results prompts the following comments:

(i)

(ii)

The equilibrium paths P vs. T5 (Fig. 17(d)), qualitatively similar to those obtained numerically
(e.g., Martins et al. 2018), are almost linear behaviour at the early loading stages, up until the
vicinity of the critical (local) buckling load (=26kN — see Table 6). Thereafter, they become non-
linear and associated with considerable post-critical strengths up until P=50kN (i.e., close to the
level of the theoretical critical distortional buckling load. For higher applied loads, there is noticeable
strength erosion that happens while the distortional deformations grow fast and continues until the
collapse — note that the failure load is much higher than the theoretical Pep value (slender
column). The emergence of pronounced distortional deformations (see, for instance, Fig. 17(b)) in
columns where local buckling precedes distortional buckling characterises the “secondary
distortional-bifurcation L-D interaction”.

The photos displayed in Figs. 15 and 16, concerning deformed configurations either before or at the
onset of collapse, show once again clear distortional (mostly) and local deformations even when local
buckling precedes distortional buckling by a significant amount (Rp.=2.00) — this characterises L-D
interaction (e.g., Martins et al. 2018). On the other hand, it was observed that, for applied
loads between the theoretical critical local and distortional buckling loads, mostly local
deformations occur in these two columns — they are much more pronounced than those
appearing in the columns addressed in the previous sub-section (unfortunately, there exist no
photos backing/illustrating this assertion). Once distortional buckling is triggered, the distortional
deformations grow rapidly and outweigh their local (and minor-axis flexural) counterparts.
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(b) (b2) (b) (b)
Figure 15: WSLC-12 column deformed configurations (a) prior to collapse (equilibrium path ascending branch) and (b) at the onset of
collapse (failure mode).

(iii) The WS-12 and WS-13 column failure modes exhibit, once again, a single distortional half-wave
that is akin to the critical distortional buckling mode and involves “inward” flange-lip motions (like
all WSLC columns affected by “true L-D interaction”).

(iv) The equilibrium paths P vs. T4 (Fig. 17(c)) show that significant minor-axis flexural
displacements emerge, mainly after the development of considerable distortional deformations —
they pointing towards the web, like in all the WSLC columns addressed in the previous sub-section.

(v) Unlike in most of the WSLC columns addressed in the previous sub-section, the plastic hinges
now developed in the mid-height region (see, for instance, Figs. 16(b1)-(b2) and also Fig. 19),
which is in close agreement with available numerical simulations (e.g., Martins et al. 2016).
These plastic hinge locations are very similar to those exhibited by the failure modes of columns
buckling and failing in pure distortional modes (involving one half-wave) — this fact is responsible
for the drastic strength erosion associated with this type of L-D interaction. Indeed, if the occurrence
of L-D interaction could be fully prevented, the columns would collapse in pure local modes, which
have a completely different nature — i.e., L-D interaction causes a clear change in failure mode nature.

3.5.2 Failure loads

The values of the experimental failure loads (Pexp) obtained in this investigation for the 31 WFSLC and
WSLC column tested are given in Table 5. This table also shows (i) the maximum displacements at or
just before the peak load, namely the axial shortening (A) and the flange-lip vertical displacement (Ap),
and (i1) the observed failure mode nature (“L” and “D” stand for local and distortional deformation,
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Figure 16: WSLC-13 column deformed configurations (a) prior to collapse (ascending branch) and (b) at the onset of collapse (failure mode).
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Figure 17: Experimental equilibrium paths: applied load P vs. (a) axial shortening, and displacements (b) T1, (c) T4 and
(d) T5, concerning specimens (1) WS-12 and () WS-13.
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respectively). As mentioned earlier, all specimens failed in L-D interactive modes and, with one single
exception, exhibited one distortional half-wave — the exception was specimen WS-1, which exhibited two
distortional half-waves. Out of the 30 specimens exhibiting one distortional half-wave, those exhibiting
failure modes involving “inward” or “outward” flange-lip motions are identified in Table 5 by the
designations “L-D~ and “L-D™”, respectively — the numbers of distortional half-waves are given between
brackets. The failure loads of the repeated specimens (WFS-5R, WFS-6R, WFS-9R, WS-5R and WS-6R)
differed only by 1.5, 1.0, 1.3, 0.2 and 1.8% from their “original” counterparts, thus indicating an excellent
reliability of the test set-up and procedure. In addition, the “original” and repeated specimens showed
similar deformed configurations at the onset of collapse — the small failure load differences are naturally
attributed to the distinct initial geometrical imperfections. Finally, Figs. 18 and 19 show photos of the
whole sets of WFSLC and WSLC specimens after the completion of the experimental procedure, showing
their deformed configurations once the applied load has been fully removed.

Table 5: Column experimental failure loads, corresponding displacements and observed failure mode natures.

Specimen Pexp A Ap Failure mode nature
(KN) (mm) (mm)

WFS-1 86.1 4.6 445 L+D(1)*
WEFS-2 86.5 4.1 44.7 L+D(1)*
WEFS-3 85.9 4.1 40.5 L+D(1)*
WFS-4 115.8 4.3 39.1 L+D(1)*
WEFS-5 110.9 4.7 45.1 L+D(1)*
WEFS-5R 112.6 5.1 44.0 L+D(1)*
WFS-6 86.5 4.4 39.5 L+D(1)*
WEFS-6R 85.6 3.8 39.1 L+D(1)*
WEFS-7 71.2 4.3 -46.8 L+D(1)”
WFS-8 86.5 4.0 394 L+D(1)*
WFS-9 88.7 35 30.8 L+D(1)*
WFS-9R 89.9 3.9 323 L+D(1)*
WEFS-10 86.4 3.5 35.0 L+D(1)*
WFS-11 87.7 3.8 36.0 L+D(1)*
WFS-12 80.9 3.9 -44.1 L+D(1)”
WEFS-13 84.3 4.1 38.7 L+D()*
WS-1 112.7 5.3 -15.0 L+D(2)

WS-2 117.9 6.4 -9.8 L+D(1)”
WS-3 120.7 4.2 -17.3 L+D(1)”
WS-4 122.4 35 -24.2 L+D(1)”
WS-5 119.6 4.8 -40.9 L+D(1)”
WS-5R 119.8 4.9 -25.3 L+D(1)”
WS-6 120.5 4.4 -30.4 L+D(1)”
WS-6R 118.4 4.2 -37.7 L+D(1)”
WS-7 120.3 3.6 -30.1 L+D(1)”
WS-8 118.1 5.0 -335 L+D(1)”
WS-9 86.7 5.4 -44.7 L+D(1)”
WS-10 86.0 5.6 -44.3 L+D(1)”
WsS-11 68.9 5.2 -46.9 L+D(1)”
WS-12 65.6 4.0 -40.0 L+D(1)”
WS-13 66.7 3.9 -29.4 L+D(1)”
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4. Direct Strength Method (DSM) design

This section presents the failure load estimates provided by the currently codified DSM-based column
design curves, namely the local and distortional design curves, for the tested specimens, and compares
them with the experimental failure loads obtained during this investigation. Since all specimens failed in
L-D interactive modes, it makes no sense to compare their failure loads with the predictions of the global
or local-global interactive design curves. Table 6 presents the (i) critical local and distortional buckling
loads, obtained with GBTUL (Bebiano et al. 2018) on the basis of the measured geometries (Table 2) and
determined elastic properties (Table 3), and (ii) local and distortional slenderness values, both required to
obtain the DSM failure load predictions associated with distortional (Pnp) and local (PnL) collapses. In
addition, Figs. 20(a)-(b) show the Pexp/Pnp Vs. Ao and Pex/PrL vs. AL plots concerning all the experimental
failure loads obtained in this work. The observation of these results leads to the following comments:
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(i)

(i)

The comparison between the values given in Tables 1 and 6 shows that the critical buckling load
ratios (RoL) of the planned and tested specimens differ mainly in the critical distortional buckling
loads — the latter are a bit lower, particularly for the WFSLC columns. This is due to a combination
of less wide lips (compared to the designed ones) and less efficient web-stiffeners, since their
horizontal (parallel to the flanges) depth is, in most cases, lower than 15mm (the designed value).

Fig. 20 shows clearly that the currently codified local and distortional DSM design curves are unable
to provide acceptable failure load predictions for columns undergoing L-D interaction, since they do
not capture the associated failure load erosion — all column failure loads are overestimated and the
overestimation is more pronounced for the slender columns. Moreover, the DSM distortional design
curve naturally outperforms its local counterpart, as attested by comparing their statistical indications
given in Fig. 20(a)+(b) — recall that it predicts lower failure loads (for AL=Ap). This confirms previous
findings (e.g., Martins et al. 2017a) and demonstrates, once more, that it is absolutely
indispensable to equip the CFS technical/scientific community with efficient (safe, accurate and
reliable) DSM-based design rules that are able to capture adequately the failure load erosion
stemming from L-D interaction.

Table 6: Tested column specimens (i) geometries, (ii) failure loads, (iii) critical (local and distortional) buckling loads and

(iv) local and distortional slenderness values.

Specimen D B b| t L fy Py PExp PerL Pep RoL A D
(mm) (mm) (mm) (mm) (mm) (MPa) (kN) (kN) (kN) (kN) (OO NN G)
WS-1 279.6 1505 157 1513 2501 530 514.0 1127 89.7 72.8(2) 0.81 239 266
WS-2 278.7 1511 16.1 1515 2201 530 5158 1179 90.0 81.9(1) 091 239 251
WS-3 2206 129.8 155 1513 1701 530 427.8 1207 103.0 944(1) 092 204 213
WS-4 2223 1296 16.0 1522 1502 530 4353 1224 106.3 107.3(1) 101 202 201
WS-5 2619 1503 164 1512 1803 530 499.0 1196 884 86.7(1) 098 238 240
WS-5R 262.7 1499 163 1520 1801 530 501.4 1198 90.2 87.6(1) 0.97 236 239
WS-6 258.8 1506 16.3 1513 1552 530 4969 1205 88.0 94.0(1) 1.07 238 230
WS-6R 2595 1498 156 1508 1554 530 4915 1184 87.1 85.8(1) 0.98 238 2.39
WS-7 269.1 160.3 16.0 1501 1500 530 516.6 120.3 79.3 88.1(1) 111 255 242
WS-8 269.0 1604 157 1511 1651 530 520.4 118.1 80.7 82.1(1) 1.02 254 252
WS-9 2745 1704 167 1215 1653 560 463.1 86.7 39.3 59.1(1) 150 3.43 2.80

WS-10 2727 1716 164 1.219 1955 560 4650 86.0 39.1 50.7(1) 129 345 3.03
WS-11 2521 1512 165 1013 1753 600 3804 689 26.7 454(1) 170 378 290
WS-12 2533 1516 163 1.011 1652 600 3795 65.6 263 456(1) 173 3.80 288
WS-13 2555 1509 158 1.012 1350 600 3783 66.7 265 499(1) 188 378 275

WFS-1 2524 2022 159 0.991 1752 600 4535 86.1 629 475(1) 0.76 2.69 3.09
WES-2 2525 2015 158 1003 1652 600 4623 865 650 55.8(1) 0.86 267 288
WEFS-3 2522 2016 159 1002 1503 600 4574 859 656 60.4(1) 092 264 275
WFS-4 250.1 2205 158 1.209 1254 560 533.1 1158 1187 106.0(1) 0.89 212 224
WEFS-5 2714 2412 150 1218 1299 560 5716 1109 1102 82.8(1) 0.75 228 263
WFS-5R  273.8 2402 150 1220 1299 560 5749 1126 1086 85.8(1) 0.79 230 259
WFS-6 2706 1826 162 1006 1702 600 4431 865 557 49.2(1) 088 2.82 3.00
WFS-6R 2733 1814 158 1.009 1703 600 4505 85.6 553 54.3(1) 098 285 288
WEFS-7 283.8 1932 172 0994 2005 600 4585 712 509 40.3(1) 0.79 3.00 3.37
WFS-8 2525 2220 155 0.998 1355 600 4798 86,5 65.6 63.7(1) 097 270 274
WFS-9 273.0 18277 17.7 0994 1398 600 4433 887 532 709(1) 133 289 250
WFS-9R 2715 1821 164 1.010 1401 600 4522 89.9 56.0 76.2(1) 136 284 244
WFS-10 270.8 1826 156 0.998 1504 600 446.1 864 555 64.1(1) 116 284 264
WFS-11 2826 1916 175 1.000 1501 600 4649 87.7 530 68.6(1) 129 296 2.60
WFS-12 3005 2020 16.9 0.999 1654 600 4909 80.9 480 60.0(1) 125 320 286
WFS-13 3026 201.6 16.7 1.008 1502 600 489.6 843 484 584(1) 122 319 290
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Figure 20: Plots of (a) Pep/Pnp VS. Ap and (b) Pex/PnL vs. AL of all WSLC and WFSLC specimens tested.

In view of what was mentioned in item (ii) above, the authors are currently working on the
development and validation of a DSM-based design approach for CFS columns affected by L-D
interaction that (i) predicts safely, accurately and reliably the whole set of available experimental and
numerical failure loads, and (ii) hopefully will be a strong candidate for codification in the near future.
The work under way, which will be reported soon, (i) includes the performance of fresh numerical
simulations, prompted by the experimental results reported in this work and using a shell finite element
model validated against them, and (ii) takes into account the currently available (preliminary) DSM-
based design proposals (Silvestre et al. 2012, Martins et al. 2017a, Matsubara et al. 2019).

4. Conclusions

This work reported an experimental investigation, planned at the University of Lisbon and carried out at
The University of Hong Kong, dealing with the structural behaviour and ultimate strength of cold-formed
steel web-stiffened (WSLC) and web-flange-stiffened lipped channel (WFSLC) columns undergoing
several levels of local-distortional (L-D) interaction. After addressing the selection of the column
specimen geometries, which ensured different critical distortional-to-local buckling load ratios, the paper
described (i) the mechanical material properties of the specimens tested, obtained through tensile coupon
tests, and (ii) the test set-up and the procedures related to the test performance, including the location of
the displacement measurements and the initial geometrical imperfections recorded. Then, attention was
turned to the presentation and discussion of the results obtained from the 31 column tests, namely (i) non-
linear load-displacement equilibrium paths, (ii) photos showing deformed configurations along those
paths (including the failure modes) and (iii) failure loads. Lastly, the paper compared the experimental
failure loads obtained in this investigation with their estimates provided by the currently codified DSM
(Direct Strength Method) local and distortional design curves.

This investigation provided clear experimental evidence about the occurrence of L-D interaction in
WSLC and WFSLC slender columns for a fairly large range of critical distortional-to-local buckling
load ratios, comprised between 0.75 and 1.88. In addition, it (i) enabled the acquisition of substantial
experimental failure load data (the main purpose of this investigation) and (ii) provided experimental
validation/confirmation of several findings obtained in the recent past, on the basis of numerical
results (similar load-displacement equilibrium paths and failure modes) and (iii) showed that L-D
interaction is mostly governed by distortional deformations (even when local buckling precedes its
distortional counterpart). The comparison between the experimental failure loads and their predictions
provided by the currently codified local and distortional DSM design curves confirmed the high impact
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of L-D interaction, in the sense that it leads to substantial failure load erosion, and also the inability of the
above design curves in capturing this impact. It also demonstrated, once more, the need for design rules
able to handle properly column L-D interactive failures. The authors are currently working on fulfilling
this need, by developing an efficient DSM-based design approach intended for cold-formed steel
columns affected by L-D interaction that can be proposed for codification — the fruits bore by this research
effort will be reported soon. In this context, the column failure loads acquired in this work, together
with those already available (either experimental or numerical), will certainly play a pivotal role in paving
the way towards the sought codification — the ultimate goal of this ongoing investigation.
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