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Abstract. Cold-formed channel sections are used in a variety of applications in which they are required
to absorb deformation energy. This paper investigates the collapse behaviour and energy absorption
capability of cold-formed steel channels with flange edge stiffeners under large deformation major-axis
bending. The Yield Line Mechanism technique is applied using the energy method, and based upon
measured spatial plastic collapse mechanisms from experiments. Analytical solutions for the collapse
curve and in-plane rotation capacity are developed, and used to model the large deformation behaviour
and energy absorption. The analytical results are shown to compare well with experimental values. Due to
the complexities of the yield line model of the collapse mechanism, a simplified procedure to calculate
the energy absorbed by channel sections under large bending deformation is developed and also shown to
compare well with the experiments.
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1. Introduction

Cold-formed sections have been used as structural elements in building systems, car bodies,
aircraft and highway barriers. They may be required to dissipate energy during plastic collapse, or
when subjected to seismic or dynamic loads. They are primarily made from thin-walled sections due
to these sections being efficient and versatile (Nagel 2005). When thin-walled sections fail in
bending, they undergo plastic folding of the cross-sections walls and collapse in a spatial plastic
mechanism. Yield Line Mechanism (YLM) analysis of the collapse mechanism provides a bending
moment-rotation relationship, from which estimates of member strengths and energy absorption
capacity can be estimated.

Davies et al. (1975) analysed a plate element under uniaxial compression and proposed a yield
line theory. They showed that the ultimate load capacity of the plate depends on the localised
yielded portion of the plate. Murray (1984) proposed a yield line theory with ignoring the shear
force and twisting moment. Zhao and Hancock (1993) performed experimental tests on plastic
hinges under axial force for different inclination angles. They compared their test with the theory
results of Murray (1984) and also the Zhao and Hancock (1993a) theory results. They concluded
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that Murray’s theory, due to not including the shear force and twisting moment, miscalculates the
plastic moment drop.

The first step of such an analysis is to correctly identify the spatial plastic mechanism that forms
in the member, for which experimental observations have been found to be the most reliable
method. Based on experimental observations, Murray and Khoo (1981) developed eight basic
mechanisms for plates and five combinations of simple mechanisms for channel columns. Kecman
(1983) studied the bending collapse behaviour of rectangular and square hollow sections, and
developed a yield line mechanism model including travelling yield lines. Kecman’s model was
verified using experimental results from fifty six bending tests on twenty seven different sections.
Kotelko (1996) investigated yield line mechanisms of rectangular and trapezoidal box section beams
with a high width to depth ratio compared to Kecman’s sections. Kotelko’s models are similar to
Kecman’s, with a slight difference of the web hinge line angles. Kotelko (2007) subsequently
developed mechanism models for channel and hat-sections in compression. By using YLM,
Setiyono (2007) estimated the ultimate capacity of a cold-formed channel section under axial
compression load. Setiyono assessment indicated that the YLM results are in a good agreement with
the test results. Elchalakani (2007) found a good agreement between the measured and predicted
collapse curve using YLM. As the inclination angle and the number of inclined yield lines in the
local plastic mechanism have a considerable influence on the final analysis results, Zhao (2003) and
Ungureanu et al. (2010) collected basic yield line mechanisms from a number of authors. This work
presents a comprehensive review of YLM analysis and its application to steel structures and
connections.

In the present paper the YLM analysis approach is applied to cold-formed steel channel sections
subjected to major-axis pure bending, where the channel flanges have simple edge stiffeners or
complex edge stiffeners. The mechanisms are based on the experimental results of a broad range of
channel sections, and the plastic collapse curves developed from the analysis are shown to compare
well with the experimental curves. Similar to Ye er al. (2007) study, a semi-empirical solution for
the collapse curve is then developed, in order to simplify the complex calculation of the exact
curve. The collapse curve solutions are then used in conjunction with elastic and in-plane plastic
theory, to fully describe the large deformation bending moment-rotation behaviour of the channel
sections, which allows for the total energy absorbed to be calculated analytically. The energy
absorption results are shown to compare well with the experimental values, and provide analysts
with a robust tool for estimating the energy absorption capacity of cold-formed channel sections in
pure bending.

2. Development of the YLM model for channel sections with edge stiffeners
2.1 Spatial plastic mechanism from experimental results

To define the spatial plastic mechanism for the YLM analysis, experimental observations of 40
channel sections cold-formed from G450 grade steel of nominal thickness 1.6 mm under major-axis
bending were employed. The flanges of the channel sections contained either a single lip edge
stiffener (simple stiffeners), or two lip edge stiffeners (complex stiffeners). The measured section
dimensions are shown in Table 1, as are the slenderness ratios, elastic slenderness limits and plastic
slenderness limits calculated according to the Australian Standard for steel structures AS4100
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Table 1 Section properties and section slenderness (Eq. (53)) and slenderness limits according to AS4100 (1998)

Thickness
Sections by bs b, b, ¢ 1 1 1
(mm) (mm) (mm) (mm) (mm) i » v
3 12.32 15.94 44.92 122.14 1.57 36.06 35 8
4 14.20 14.94 62.75 79.85 1.56 54.06 35 8
5 12.62 21.67 41.49 111.16 1.57 32.88 35 8
6 12.51 16.29 41.27 129.03 1.57 113.99 110 22
7 12.39 15.78 34.99 139.88 1.58 123.26 110 22
8 11.82 17.66 48.23 110.04 1.59 38.64 35 8
9 9.78 18.06 56.65 99.00 1.56 48.25 35 8
10 17.12 17.98 49.36 99.83 1.54 41.42 35 8
11 10.85 16.19 60.10 94.21 1.54 52.20 35 8
12 10.85 16.50 50.93 113.76 1.53 43.20 35 8
13 9.98 14.27 58.18 102.90 1.57 48.89 35 8
14 22.74 47.59 121.10 1.58 38.78 35 8
15 13.34 42.49 141.02 1.58 125.88 110 22
16 18.67 31.40 159.19 1.57 143.73 110 22
17 12.44 37.01 161.69 1.54 148.93 110 22
18 17.34 62.09 102.68 1.56 52.89 35 8
19 12.45 47.50 141.42 1.55 128.70 110 22
20 14.53 55.88 121.20 1.56 47.10 35 8
21 12.88 65.86 103.61 1.57 56.09 35 8
22 20.00 39.99 89.00 1.50 33.34 35 8
23 19.96 45.00 89.98 1.50 38.25 35 8
24 19.96 49.99 89.96 1.50 43.15 35 8
25 19.97 35.00 79.80 1.55 27.53 35 8
26 20.00 40.20 79.99 1.50 33.54 35 8
27 19.97 45.00 79.98 1.52 37.75 35 8
28 19.96 29.97 70.05 1.50 23.51 35 8
29 19.95 34.99 70.10 1.55 27.52 35 8
30 19.99 39.97 70.00 1.50 33.32 35 8
31 20.00 25.00 58.90 1.50 18.64 35 8
32 19.97 29.96 60.80 1.55 22.74 35 8
33 19.97 35.00 60.40 1.55 27.53 35 8
34 14.80 19.90 49.50 1.55 13.19 35 8
35 14.96 24.99 50.10 1.50 18.63 35 8
36 14.95 29.97 50.10 1.50 23.51 35 8
37 9.75 14.78 38.20 1.55 30.56 110 22
38 9.63 19.75 39.40 1.55 13.05 35 8
39 9.83 24.68 38.50 1.55 17.73 35 8
40 9.20 10.45 28.10 1.55 20.98 110 22
41 9.70 14.50 29.50 1.55 8.07 35 8
42 9.73 19.55 29.00 1.55 12.86 35 8
Pb;"l
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Fig. 2 Typical observed YLM model for the flange  Fig. 3 Typcial observed YLM model for the web
and lip edge stiffener and the flange

(1998). The channel sections were tested using a large deformation pure bending rig developed by
Cimpoeru (1992), as shown in Fig. 1. Fig. 2 shows the typical experimental collapse mechanisms
for the flange and edge stiffeners, and Fig. 3 for the webs of the channel sections. Full details of the
experimental setup and results are presented in Maduliat e al. (2012).

2.2 Analytical solution for the collapse curve

The energy method is used in the present analysis to establish the plastic collapse curves, whereby
the equilibrium condition is derived by equating the work of external loads to the work absorbed by
the mechanism during a kinematically admissible displacement, and is applied to stationary yield
lines. The total work absorbed by the collapse mechanism is the sum of the work absorbed by all
the yield lines in the mechanism

(o) =3 W(0) M
1

where » is the number of yield lines in the model.
The bending moment is obtained from Eq. (2)
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(a) Simple lip edge stiffener (b) Complex lip edge stiffener

Fig. 4 YLM model for cold-formed channel sections with flange edge stiffeners

aw
M) = —5 2
where @ is the rotational angle of the beam. Therefore, for different values of rotation angle the
bending moment can be determined, and the collapse curve (moment-rotation graph) can be
incrementally plotted.

The plastic mechanism that forms in the compression flange in Fig. 2 is similar to those found by
Kecman (1983), and the work components developed by Kecman for the energy absorption of such
yield lines are adopted for the compression flange hinges in the present channel sections. Similarly,
the V-shape mechanism in the web exemplified in Fig. 3 is similar to that proposed by Kotelko
(2007), and Kotelko’s work components are adopted for the webs. Additional work components are
introduced for the yield lines in the simple and complex edge stiffeners, and the tension flanges.
The YLM model thus developed for the cold-formed channel sections with simple and complex lip
edge stiffeners are shown in Fig. 4, and the work components for each yield line are defined as
follows

m,b, (1, + 1)
= Wit Weo == o™ ()
a= arctan(alb_az) @
2
nto= arccos((a1 —b,tanf)cos 9) )
a;
pt o= arccos((az_ bstan6)cos 9) ©

a;
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Fig. 5 Longitudinal cross-section of the web YLM model
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Fig. 6 The angle between plane GCA and plane GCA4,

X, = Ja%—((al—bltang)cosﬂ)z (7
b .
= (Ea-sl—eJr(al—bltanH)smH) _x, ®)
2_p
2 2 2 —
uy = (by—uy)) —li=u = ;bll )]
&= arcsin( “1 ), §2=arcsin( X2 ) (10)
b, —u, bs—u
Wy, =W = mp(bZ Tuytu)(n Tt ) (11)
Wi =Wpet Wig = 2mpa1§ (12)
Wy=Wgipt Wgp= Zmpa2§ (13)
Ws = Wset Wae = 2m,mlcg (14)

where the angles and dimensions are shown in Figs. 5 and 6.
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The (x,y,z) co-ordinates of points G, C and A; (Fig. 6) are as follows, where z is into the page
G:(a,c086,0,0) C:(b,cosb,b,cosb,a,;sinb, 0) A,:(a,cosb,(b,—u,)cos&,;,0) (15)
The slope of CG is

tanf, = ABS()ﬂi) (16)
Xe—X
The (x,),z) co-ordinates of A" are
+yC_yAl

tanf3,
Yar = Va,
zm =0 (17)

X ym

The angle 7, is the angle between plane GCA, and plane GCA, and the lengths of 4,4" and
A A" are

Liww = J(Cep =x0) + (g —y0) + (24 —200)) (18)
Lyar = Ly amsinfiy (19)
m= arctan(i) (20)

Lis
leg = (b +a)) 1)
We=Wipt+Wyp= 2mp Malip (22)

The (x,),z) co-ordinates of points /, D and B; (Fig. 6) are as follows, where z is into the page
I:(a,c0s6,0,0) D:(b;sin6, bscosf+ aysind, 0)  By:(a,cosb, (b;—u,)coss,,0) (23)

The slope of ID is

tanf3, = ABS(yD—_y’) (24)
Xp—X
The (x,),z) co-ordinates of B"' are
I )
B P tang,
Ve = VB,
zgn =0 (25)

The angle 7, is the angle between plane /DB; and plane /DB, and the lengths B,B"" and B,B"
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and remaining work components are

lBlB"’ = «/((XB, —Xpm )2 + ()’B, —Yp )2 + (ZB, —Zpm )2)

lBIBH = ZBIBIH Slnﬂz
Uy

n, = arctan| ——
ZBIB’

Ip; = A(b3+a3)

IFA
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27

(28)

(29)
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(32)

(33)
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m
Wio= Wgpt Wgp = ZABDBI7E (42)
2
Appp, = uzTaz (43)
Wi =Wey = 2mpb219 (44)
Wi =Wyt Wy = Wip+ Wi (45)
)
Wi=Wy = WIB(ﬂ) (46)
L1
Wis = Wi+ Wyo+ Wi =2m,byy+2m,b,p (48)

where m,, is the plastic moment capacity of the steel sheet

F,f’
m, = % (49)

P

It is noted that the dimension a; took the assumed value of the minimum of 1/3 of the web depth
and 1/3 of the flange width, and a, took the assumed value of the minimum of 1/3 of the edge
stiffener depth and 1/3 of the flange width (Fig. 4). These assumed values closely resembled the
measured experimental values, and simplified the calculations.

2.3 Analytical solution for the rotation capacity

The rotation capacity (R) is a measure of the extent to which a section may maintain in-plane
yielding prior to collapsing in a plastic mechanism. In accordance with the technique developed for
thin-walled hat-sections in bending by Bambach et al. (2009), using Tan (2009) test results, it is
assumed that the rotation capacity varies from one to four for non-compact sections and exceeds
four for compact sections, and that the value is a function of the section slenderness (A;). Using the
present experimental results an empirical equation for determining the rotation capacity of a channel
section from its slenderness value was generated. The following equations are proposed for
determining the rotation capacity of cold-formed channel sections in pure major-axis bending

p)

A< A, R:(ZB)4 at M, (50)
A=A,

hy<d<h, R=(22)4 a M, (s1)
ﬁ“y_;tp

A<l R=0 (52)

where 4, is the value of either the web or flange slenderness ratio with the greatest value of A./A,,,
A, (elastic slenderness limit) and A, (plastic slenderness limit) respectively are taken as the values of
the web or flange element slenderness limits, A, and A, given in AS4100 (1998) for the element
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of the cross-section which has the greatest value of A./4,,, and the slenderness ratio of each element

(Ae) 1s calculated according to Eq. (53)
b\ | £,
2= (1) | 53
¢ (t 250 (53)

where 7 is the element thickness and b is the clear width of the element between the face of
supporting elements.

Accordingly, the bending moment is assumed to maintain the plastic moment for compact sections
(Eq. (50)), the yield moment for non-compact sections (Eq. (51)), for the rotation capacity defined
in Egs. (50) and (51). Consequently, the plastic collapse curve is shifted in order to begin at the
curvature that corresponds to the end of the in-plane plastic stage defined by R. For slender sections
where R = 0 (Eq. (52)), the plastic collapse curve is assumed to begin at the curvature that
corresponds to the ultimate moment capacity. The theoretical ultimate moment capacities of the
channel sections were calculated according to AS4100 (1998). For all section classes, the sections
are assumed to respond in a linear-elastic manner prior to reaching the ultimate moment capacity.
Sample large deformation bending solutions for slender, non-compact and compact sections are
shown in Fig. 7. The values of R calculated with Egs. (50) to (52) are compared with the
experimentally determined values in Table 2, where they are shown to provide reasonable
predictions, and on average are 33% conservative.
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Fig. 7 Sample normalised moment-curvature diagrams from the experiments compared with the YLM results
for: (a) slender, (b) non-compact and (c) compact sections
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Table 2 Calculated rotation capacity value, energy absorption and constant X
Absorbed Best fit with test graph Absorbed
Calculated Test 3 665w 665
Sections Energy  M/Mp=X(kikp) X=2.8(A Asp) Energy
R R (test/YLM) X (tislte/tshl(‘)‘g;le

3 0.00 0.4 at My 1.08 1.00 1.03 1.10
4 0.00 0.00 1.01 0.75 0.79 0.93
5 0.31 at My  0.80 at My 0.9 1.00 1.09 0.83
6 0.00 0.20 at My 0.84 1.00 0.94 0.96
7 0.00 0.60 at My 0.68 1.25 0.89 0.96
8 0.00 0.25 at My 0.88 1.00 0.98 0.85
9 0.00 0.00 1.04 0.83 0.85 1.01
10 0.00 0.65 at My 1.16 1.00 0.94 1.08
11 0.00 0.00 1.04 0.78 0.80 0.91
12 0.00 0.00 1.07 0.90 0.91 1.22
13 0.00 0.00 0.87 0.84 0.84 0.88
14 0.00 0.00 1.12 0.84 0.98 1.06
15 0.00 0.10 at My 0.8 0.90 0.88 0.91
16 0.00 0.00 0.66 1.16 0.80 0.97
17 0.00 0.00 0.59 0.97 0.78 0.77
18 0.00 0.00 0.86 0.70 0.80 0.84
19 0.00 0.00 0.75 0.82 0.86 0.83
20 0.00 0.00 0.92 0.70 0.86 0.79
21 0.00 0.00 1.01 0.66 0.77 0.93
22 0.25 at My  0.70 at My 0.91 1.00 1.08 0.89
23 0.00 0.20 at My 0.87 0.86 0.99 0.81
24 0.00 0.00 0.8 0.78 0.91 0.74
25 1.11 atMy  0.75 at My 0.73 1.22 1.23 0.81
26 0.22 at My  0.85 at My 0.9 0.94 1.08 0.91
27 0.00 0.45 at My 0.86 0.92 1.00 0.80
28 1.70 at My 045 at My 0.75 1.38 1.37 0.79
29 1.11 at My  0.90 at My 0.84 1.19 1.23 0.93
30 0.25 at My  0.70 at My 0.92 1.05 1.08 0.95
31 2.42 at My  1.85 at My 0.91 1.85 1.60 1.03
32 1.82 at My  2.00 at My 0.9 1.55 1.40 1.05
33 1.11 at My  0.95 at My 0.85 1.30 1.23 0.96
34 3.23 at My  1.80 at My 0.9 1.80 2.01 0.86
35 243 at My  1.70 at My 0.81 2.00 1.60 0.87
36 1.70 at My  2.75 at My 0.96 1.70 1.37 1.27
37 3.61 at My  2.50 at My 0.94 2.20 2.25 0.92
38 3.25 at My  2.75 at My 0.9 1.85 2.02 0.88
39 2.56 at My  1.85 at My 0.95 1.75 1.65 0.87
40 420 at Mp  4.30 at Mp 1.1 3.00 2.89 1.06
41 3.99 at My  3.15 at My 0.94 2.40 2.78 0.94
42 3.28 at My  5.70 at My 1.19 2.10 2.04 1.21

Mean =0.91 0.93

COV=0.15 0.13
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3. Comparison of the experiments and the YLM model

3.1 Collapse curve

The hypothesis test is a statistical technique to establish whether two sets of measurements are
significantly different. Using this technique, the collapse curves developed with the YLM model
were compared with the experiment collapse curves. Significance is supported with the null
hypothesis in which the mean values of the two sets of measurements are equal. In this case the
matched pair #-test is applicable for normally distributed data (parametric tests). If the normality
assumption has been violated for the experimental differences, the Wilcoxon signed-rank test as a
non-parametric test procedure was used. All the collapse curves for the channel sections were tested
with this technique and discrepancies were found to lie within the 95% confidence intervals.
Accordingly it may be concluded that the experimental and YLM collapse curves are in good

agreement.
3.2 Energy absorption

The total energy absorbed under large deformation pure bending of the channel sections was
determined using the following equation

E= ?Mde (54)
0

The integral represents the area under the moment-rotation curve, and the areas under the full
large deformation moment-rotation curves (such as those shown in Fig. 7) were calculated, where
the Simpsons rule was used for the curved portions. The total absorbed energy for the experimental
and YLM results are compared in Table 2, where the YLM results are shown to compare relatively
well, with a mean test/predicted ratio of 0.91 and COV of 0.15. In Fig. 8 the test/predicted ratio for
the energy absorbed is compared with the width to depth ratio of the sections, where it is evident
that as the width/depth ratio decreases the YLM model becomes increasingly unconservative.

1.50
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0.75 - .5
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Fig. 8 Energy absorption from test results over the YLM results verses the width to depth ratio
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4. Simplified YLM model

While the collapse curve of the YLM solution compares well with the experimental results, the
geometry and the determination of the work done by the various hinge lines are complex, and
provide significant computational complexity to analysts wishing to describe the full bending
moment-rotation behaviour of channel sections. In order to reduce this complexity, a simplified
empirical formula was determined. From the YLM analysis it was determined that for the collapse
curve the normalised moment is a function of the normalised curvature, given by the generalised
Eq. (55)

M/Mp = X(k/k,) ™56 (55)

where £, is the sections plastic curvature.

The exponent —0.665 was determined from trial and error, and values of the constant X were then
similarly determined. An example curve fitting is shown in Fig. 9, where X was found to be 1.0 in
order for the curve to closely match the experimental curve. Values of X for all sections are
tabulated in Table 2.

In order to generalise Eq. (55) further, for any channel section geometry, an equation for the
constant X was sought as a function of the slenderness ratio (4). Plotting X as a function of the
slenderness non-dimensionalised to the plastic slenderness, revealed the trend shown in Fig. 10,
from which the generalised Eq. (56) was developed

—-0.665 —0.665
M 2.8@) (ﬁ) (56)
M, i)

p

The coefficient 2.8 was found to be the best fit for the test curves. The values of the constant X
determined from Eq. (56) are compared with those determined from the experiments in Table 2. In
Fig. 11 sample experimental curves are compared with the simplified YLM for a non-compact and
compact section.

Calculating the total energy absorbed under large deformation pure bending of the channel
sections for the simplified YLM, according to the method outlined in section 3.2, yields the results

Section22
1.2
Test Result

e ) N o Linear part

0.8 —>— Curve part
o /:
206 - -0.665
57 M/Mp = 1.0(k/kp)

0.4 ¢

02} o

0.0 + S S

00 1.0 20 3.0 40 50 6.0 70 8.0 9.0 10.0

k/kp
Fig. 9 Curve fitting Eq. (55) with the experimental results
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Fig. 10 The best curve fit for calculating the constant X from the ratio of the sections
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Fig. 11 Normalised moment-curvature diagram from the experiments compared with the simplified proposed

method for (a) non-compact and (b) compact sections

tabulated in Table 2. The test/predicted values are in close agreement with those using the exact
collapse curve, with a mean of 0.93 and COV of 0.13. These results indicate that the simplified

YLM produces accurate and reliable determinations of the energy absorbed by cold-formed channel

sections under large deformation major-axis pure bending.

5. Conclusions
A theoretical procedure has been developed to determine the large deformation bending moment-
rotation behaviour of cold-formed steel channel sections with flange edge stiffeners under major-
axis bending. Theoretical plastic collapse curves were developed with yield line mechanism theory
using the energy method, and were used in conjunction with an in-plane plastic theory to model the
full moment-rotation response. The in-plane rotation capacity of non-slender sections was
determined with an empirical estimation based on the section slenderness value. Both the collapse
curves and energy absorbed under large deformation bending were shown to compare well with the
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results of 40 experiments of cold-formed steel channel sections with a variety of section geometries,
and with simple or complex flange edge stiffeners. Due to the inherent complexities of the geometry
and work equations for the yield lines in the spatial plastic mechanism, a simplified equation to
represent the plastic collapse curve was additionally developed, and was shown to provide accurate
and reliable determinations of the energy absorbed by cold-formed channel sections under large
deformation major-axis pure bending.
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