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C-profile beams subjected to pure bending

Leszek Czechowski!, Maria Kotelko?, Jacek Jankowski?,
Viorel Ungureanu®, Annabella Sanduly®, Filip Kazmierczyk®

Abstract: The present work concerns the strength analysis of back-to-back steel C-profiles subjected to pure
(4-point) bending. The load-carrying capacities of considered beams were determined using experimental and
numerical tests. Numerical analysis was performed using the finite element method (Ansys code) considering
the full nonlinearity of the material and large displacement and strains. Three different numerical models were
elaborated to adjust the results to experimental ones. The one of numerical models was based on assumption
of doubled wall thickness. The experiments have been conducted for beams with two different thicknesses.
In the study, the length of the beam and the distance between the supports were taken into account. Two
C-beams designated for the tests were connected using spots welds deployed at adequate places. The results
of numerical simulations based on different approaches have been compared with those of experimental
ones. In general, the results of the numerical simulations are in a good agreement with the experiment.
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1. Introduction

Back-to-back thin-walled cold-formed steel channel sections (B-BTWCEFS) have recently
gained increasing application as members in building structures subjected to bending and
compression. They usually have stiffened lips on the flanges and/or intermediate stiffeners in
the wide flanges and webs. The problem of buckling loads and the load-carrying capacity of
single channel section members subjected to simple loading systems (e.g., pure bending, axial
compression) can be solved with a good accuracy based on the theory of thin-walled structures
and developed in design code specifications such as EN 1993-1-3 [1]. However, the capacity
calculation for members of the built-up cross sections is still an open question. In particular,
the code recommendations [1] underestimate their load capacity compared to the results of
numerical analyses or experimental tests. As observed, most of both the experimental and
theoretical work on built-up cross- sections was focused on centric compression of studs either
with open sections or closed sections. Based on literature, one can find a few newest papers
involving the structural B-BTWCES behaviour.

Young et al. in [2] presented the comprehensive study on the flexural buckling behaviour
of cold-formed steel (CFS) back-to-back built-up columns with 2-section. They conducted
compression tests and numerical simulations to explore the influence of the slenderness ratio
and the fastener arrangements. To solve the problem, material characterisation, shearing
resistance behaviour of the fastener and imperfection measurements were also considered. They
revealed that reducing fastener spacing and increasing shear resistance stiffness improved the
load-bearing capacity. The authors of paper [3] focused on slender thin-walled members with
fixed ends, which are sensitive to local-global interaction or global buckling. The models were
prepared to conduct a parametric study of a compression of members with varying sections,
screw arrangements and lengths. These factors were considered to investigate their failures
due to local-global interaction and global buckling. They also compared the load- carrying
capacities of doubled and individual members and indicated the limitations of the current
design equations available in current standards and research publications.

Fang et al. in [4, 5] analysed the compressive behaviour of back- to-back channels with web
hole. They presented an experimental and numerical investigation on the behaviour of screw fas-
tened back-to-back built-up aluminium alloy columns. They performed a parametric study to pro-
pose equations for the axial strength reduction factor for aluminium alloy back- to-back channels.

Wang et al. [6] analysed the structural performance of back-to-back channels with web
holes subjected to axial compression. Roy et al. [7-11] carried out research based on
experimental tests and FE modelling of different cross-sections of built-up columns. Dabaon
etal. in [12,13] and Anbarasu et al. in [14, 15] performed experimental tests and numerical
simulations of axial compressed cold formed steel (CFS) built-up channels. The authors of
the papers [16, 17] explored the buckling behaviour of CFS back- to-back channels. However,
Zhang and Young [18-20] analysed the structural performance of built-up CFS channels
with stiffeners subjected to axial compression. Young et al. [21,22] based on the Continuous
Strength Method (CSM) investigated the structural behaviour of aluminium alloy channels.



L. CZECHOWSKI et al. 171

Roy et al. [23-25], Yuan et al. [26] and Dobric et al. [27,28] performed both experimental
and numerical studies of the behaviour of cold-formed stainless steel members with built-up
channels cross-sectoion under axial compressive load. Huang and Zhang [29] investigated
a high-strength steel welded I-section overall buckling performance with respect to the major
axis under combined loads (axial compression and bending). Back-to-back open section
beam-columns subjected to eccentric compression (combined compression and bending) were
analysed experimentally and numerically by Li and Young [30].

Son Tung Vy et al. [31] presented a very interesting new design approach for back-to-back
channel sections of TWCFS under compression. Kotelko et al. [32] showed the results of local
plastic failure mechanisms for columns of the lipped channel section subjected to eccentric
compression with respect to the minor axis. The continuation of the paper was a work elaborated
by Borkowski et al. [33] that relates an experimental programme to the post-failure behaviour
of TWCFS members subjected to eccentric compression about the minor axis. Buchanan
et al. [34] studied the strength of the circular hollow section beam- columns subjected to
eccentric loads. Based on these results, a new approach was established that allowed more
realistic predictions of load capacity, contrary to the current EN 1993-1-4 code. Work [35] was
devoted to the identification of plastic mechanisms of failure in columns subjected to eccentric
compression on both the minor and major axes.

Zhao et al. [36,37] explored the behaviour of columns with box- type and L-type sections
made of aluminium alloy subjected to eccentric load and stainless steel circular hollow sections
under combined loads. Zhang et al. in [38] investigated the buckling behaviour of press-
braked stainless steel channel section beam-columns under combined compression and under
minor-axis bending. A continuation of the work was a study [39], in which theoretically and
experimentally press-braked stainless steel channel sections under combined compression were
investigated. The investigations mentioned above found that the design methods underestimate
the strength in both compressed and eccentrically compressed elements. Back-to-back channel
section beams in bending were experimentally tested by Ungureanu et al. [40]. They performed
a comprehensive experimental analysis of the buckling resistance of the TWCFS built-up beams.

Based on the newest literature presented above, in the authors’ opinion, some recent papers
were devoted to the analysis of compression of back-to- back structures, but there is a gap
in the research of such structures in bending. This paper presents the investigations of the
behaviour of back-to- back C-profile steel members, connected with spot welding, subjected
to 4-point bending.

2. Subject and objective of research

The subject of investigation was back-to-back C-profile steel members (DCO1) subjected to
four-point bending tests (see Fig. 1). The dimensions of columns are the following: / = 1000 mm,
a=150mm, b =60 mm, c =10,¢ =1, 1.5 mm.
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Fig. 1. Test conditions (a) and dimensions of beam (b)

To avoid local deformations during bending, full solid blocks made of polyamide were
partially inserted into empty spaces of analysed beams, as shown in Fig. 2a. In the middle
between the load points, the remaining spaces were left empty for observation. The same beam
region was also registered by using the ARAMIS® System (DICAS) [41] to accurately notice
the deformations of samples that were recorded with frequency 1 Hz. The connections between
C-profiles were realised by applying welded spots spaced as was shown in Fig. 2b. The whole
tests were conducted until the beams were fully damaged.

50

(b)
Fig. 2. Test stand (a) and spacing of spot welds (b)
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3. Numerical models

All calculations were performed with Ansys 18.2 software [42]. Tree different numerical
models were elaborated to fit the results to experimental ones. The mesh of numerical model was
created by applying the 8-node 281-shell element suitable for moderate thin-walled structures
and the 20-node 186-solid element. Based on the time consumption for calculation and relative
accuracy, the size of the finite element was assumed to be 4 mm. The nonlinear analysis was
performed for large strains and the deflections based on Green—Lagrangian equations.

In order to obtain a convergence of numerical calculations for large deformations of
the structure, the number of substeps was set from 1000 up to 50,000. In each substep, the
maximum number of iterations was allowed to be even 2000. Nonlinear estimations and
convergence analysis were performed by means of the Newton-Raphson algorithm. For the
purpose of numerical analysis, the perfect structure was taken into account because it was
hard to consider some modes of initial imperfection in bending. FE models and the boundary
conditions are shown in Figs. 3-5.

Moveable Master Nodes
U,=const

Stationary Master Nodes
U,=U,=U,=ROT,=ROT,=0

Doubled thickness of wall

Fig. 3. Numerical model 1 (FEM_1)

The first one, Fig. 3, assumed two webs in contact (I section with lips) with double thickness
of the web wall. The load applied to the beam was achieved thanks to two master nodes tied
with slave nodes of discrete models. The second one (see Fig. 4) introduced the doubled
surfaces between the C-profiles. Moreover, between those neighbouring surfaces, the contact
elements were imposed. In addition, small and local connections between touching surfaces
were made (by using coupled DOFs in all directions) to model the spot weld connections. The
remaining simulation conditions were the same.
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Moveable Master Nodes | I
U,=const

(I

Contact elements between surfaces

Stationary Master Nodes
U,=U,=U,=ROT,=ROT,=0

Local couples DOFs as welded spots

Fig. 4. Numerical model 2 (FEM_2)

The third numerical model (see Fig. 5) was a development of two previous ones in which
moveable semicylinders were used to better reflect the real conditions of the tests. Between the
cylinders and the beam, contact elements were also used. To reflect the boundary conditions
of the conducted experiment, in numerical models, some additional restraints (see Fig. 6) were
introduced. It means that some regions (some nodes) of discrete models were linked with each
other (dimensions LR 1 and LR2). It was necessary to prevent the model from local and accessible
deformations that could have lowered the load-carrying capacity of the beams. As mentioned
previously, experimental models were partially constrained by inserted solids (solid blocks).

U,=const
U,=U,=ROT,=ROT =ROT,=0

]

NS

Contact elements between surfaces

Stationary Master Nodes
U,=U,=U,=ROT,=ROT,=0

Local couples DOFs as welded spots

Contact elements between partial
cylinders and beam

Fig. 5. Numerical model 3 (FEM_3)
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Fig. 6. Extent of stiffening in numerical models a) for FEM_1, FEM_2 and FEM_3 and b) only for
FEM_3

The mean one-directional tensile curve (stresses vs. strains) of the material (DCO01) based
on empirical tests was transformed into the true stress — logarithmic strain (see Fig. 7a —
thickness 1 mm and Fig. 7b — thickness 1.5 mm). The average moduli of the analysed materials
were 200.8 GPa and 185.9 GPa for 1 mm and 1.5 mm, respectively.

400
400

300
300

200 200

stress (MPa)/true stress (MPa)
stress (MPa)/true stress (MPa)

100

100

——EXP_1 ——EXP_1
——EXP2 ——EXP2
—EXP_3 ——EXP3
0 —— FEM - true stress vs. In(strain) 0 ——FEM - true stress vs. In(strain)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.00 005 010 015 020 025 030 035 040 045
strain (-)/In(strain) (-) strain (-)/In(strain) (-)
(@) (b)

Fig. 7. Curves of one-directional tensile tests in full range for thickness 1 mm (a)
and for thickness 1.5 mm (b)

4. Results of analysis

4.1. Equilibrium paths

This section shows the results of the full bending load F versus the deflection of the wall
thickness beam, r = 1 mm (see Fig. 8) and ¢ = 1.5 mm (see Fig. 9). For the first one, the
experimental curves are pretty close to each other and the maximum mean load amounted to
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30.3 kN (see Table 1). Based on FEM curves, it is easily seen that stiffnesses are greater than
in experiment regardless of the case of FEM approaches. The results of FEM_2 for LR1 =
100, 200, 300 mm gave the highest stiffness, but for extent LR1 = 300 mm, the maximum
load seemed to be the greatest. The FEM_1 curves (where doubled touching surfaces were
assumed) showed slightly lower stiffnesses compared to FEM_2 curves but maximum loads
are significantly greater than in the experiment. FEM_3 curves (where semicylinders were
used) indicate the best correlation in relation to experimental curves, especially taking into
account the maximum loads (see Fig. 8). Of course, one can still see distinct discrepancies,
but stiffnesses are smaller. As it turned out, obtaining very close curves in numerical way
was not possible, although many attempts at different conditions were conducted. It might be
a result of the assumption of perfect model or problems with reflection of accurate boundary
conditions. It should be underlined that calculation of each case of FEM_3 took significantly
longer than the calculations of FEM_1 and FEM_2. Moreover, preparation of numerical model
FEM_3 also required more time and attention; therefore, approaches FEM_1 and FEM_2 can
be preliminary used for rough estimations. Taking a look at Fig. 9 (for thickness 1.5 mm),
the maximum average load in bending is 49.2 kN (see Table 2). It is 1.6—1.7 times greater
than the load for beams of thickness 1 mm. All numerical models showed the greater stiffness
relating to experimental curves, but situation repeats as in the previous case, i.e., obtained
FEM_3 characteristics (only for LR1 = 100 mm and LR2 = 40 mm or 90 mm) in relation to
characteristics of FEM_1 and FEM_2 is of the smallest stiffness.

F (kN)

—Exp_1

——EXP_2

—EXP_3

— — FEM_1_100mm
FEM_1_200mm
FEM_1_300mm

===« FEM_2_100mm

FEM_2_200mm

— — FEM_2_300mm

——FEM_3;LR1=100mm;LR2=40mm

——FEM_3;LR1=100mm;LR2=90mm

=———FEM_3;LR1=200mm;LR2=40mm

= FEM_3;LR1=300mm;LR2=40mm

0 4 8 12 16 20 24 28 32 36 40
deflection (mm)

Fig. 8. Load-deflection curves for thickness 1 mm
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Of course, they are still far away from the experimental curves, but maximum loads
coincide with each other (maximum load was registered about 50 kN). FEM_3 (for LR1 = 200,
300 mm and LR2 = 40 mm) demonstrated the considerable stiffness in contrast to FEM_3 for
LR1 = 100 mm (the character of the curves resembles rather a trend of the curves FEM_2). It
might be caused due to a change of the zone of deformation. Reinforcements (extent LR1)
influence both the stiffness and attained peaks of loads (differences are by a few kN).

70

t=1.5mm

60

50

40

F (kN)

4 —exp 1
——EXP_2
EXP_3

— — FEM_1_100mm

—-=-=FEM_3;LR1=100mm;LR2=40mm;
——FEM_3;LR1=100mm;LR2=90mm);
FEM_3;LR1=200mm;LR2=40mm;
FEM_3;LR1=300mm;LR2=40mm;

0 4 8 12 16 20 24 28 32 36 40
deflection (mm)

Fig. 9. Load-deflection curves for thickness 1.5 mm

Table 1. Maximum loads for all presented variants for # = 1 mm

FEM_1 FEM_2 FEM_avg
LR1(mm) kN) (kN) FEM_3 (kN) (kN)
29.7 (LR2 = 40 mm)
100 34.8 341 31.6 (LR2 = 90 mm) 303
200 375 37.1 29.8 ’
300 41.0 44.2 33.6

Table 2. Maximum loads for all presented variants for t = 1.5 mm

FEM_1 | FEM_2 FEM_avg
LR1(mm) N ) FEM_3 (kN) o)
100 519 187 50.8 (LR2 = 40 mm)

54.6 (LR2 = 90 mm)
200 52.4 51.5 56.5
300 54.3 n/d 572

49.2
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4.2. Deformation maps

The deformation maps obtained by DICAS [41] and FE calculations are shown in Figs. 10
and 11. Fig. 10 shows the maps for load peaks and in the early and late post-buckling state
(where a significant deflection occurred).

Force [kN] FE results (FEM_3) Experiment

Maximum load

Post-buckling
behaviour

(24KkN)

Ultimate post-
buckling
behaviour

(25KN20kN)

Fig. 10. Maps of deformations achieved by using FEM_3 and DICAS (for 1 mm)

Based on maps results, some correlations could be seen. During the registration of maximum
loads, the numerical models showed wrinkles near the points of load application. These details
in the sample were not observed in the experiment. With increasing force, local deformations
appeared in the experiment on the one side of the sample (the numerical model behaved
symmetrically). Based on scales, values of displacements appearing during experiment vs.
numerical results are rather comparable (see Figs. 10, 11). The behaviour of the the real
samples (both thickness 1 mm and 1.5 mm) was similar. Between the applied points of loads
for the ultimate load, distinct buckling modes of the web were recorded.
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Force [kN] FE results (FEM_3) Experiment

o ﬂ

Post-buckling
behaviour
(44 kN)

/

Ultimate post-
buckling
behaviour

(40 kN/33 kN)

N ;1

Fig. 11. Maps of deformations achieved by using FEM_3 and DICAS (for 1.5 mm)

5. Conclusions

The paper involves the results of 4-point bending of back-to-back steel C-profiles based
on the numerical approach and experimental tests. With respect to the obtained results, some
conclusions can be drawn:

i. The mean maximum bending loads were 30.3 kN and 49.2 kN for 1 mm and 1.5 mm,
respectively. Repeatability of results for each thickness considered in experiment was
satisfactory.

ii. The numerical results compared to the experimental ones showed some similarities.
Model FEM_3 among the considered models allowed to get close to experimental curves,
but discrepancies in stiffness were also noticed. FEM_1 and FEM_2 gave both the highest
maximum loads and stiffnesses. All differences might be the result of assumptions of
not entirely adequate boundary conditions in the numerical approach.

iii. Observed beam deformation maps usually indicated the unsymmetrical behaviour in
contrast to deformations maps obtained numerically. This effect can be easily explained
because during fitting set at the beginning initial and local deformations in samples
might have occurred that apparently caused unsymmetrical loading distributions.
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Wyznaczenie no$nosci zlozonych profili ceowych poddanych czystemu
zginaniu

Stowa kluczowe: konstrukcje cienkoscienne, no$no$¢ graniczna przy zginaniu, podwdjny profil
ceowy

Streszczenie:

Praca dotyczy wyznaczania numerycznie i eksperymentalnie no$nosci zimno formowanych stalowych
belek otwartych o grubosciach 1 mm i 1,5 mm z Zebrami na pasach typu ,,back-to-back” przy zginaniu
czteropunktowym. Belki byly taczone ze soba za pomoca punktowych spoin. Symulacje zginania belek
zostaly przeprowadzone stosujac metod¢ elementéw skoficzonych (program Ansys) z uwzglednieniem
pelnych charakterystyk materiatowych w uktadnie logarytmicznym oraz nieliniowos$ci geometrycznych. Do
walidacji modelu numerycznego zastosowano trzy rézne modele numeryczne. Wybrane wyniki symulacji
zostaly poréwnane z wynikami uzyskanymi empirycznie. Deformacje belek w trakcie wykonywania
badan do§wiadczalnych byly rejestrowane optyczna metoda cyfrowej korelacji obrazéw za pomoca
systemu Aramis w celu okre§lenia map deformacji i wielkosci przemieszczen punktéw dla okreslonego
obcigzenia. Wyniki analizy pokazaly, iz wyniki symulacji numerycznych pod wzgledem nos$nosci daty
poréwnywalne wyniki wzgledem do§wiadczalnych, natomiast wykazaly wigksza sztywnos¢.
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