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Abstract: The work includes the results of numerical, analytical-numerical and experimental study
into the influence of load eccentricities with regard to major axis on post-buckling behaviour and
load-carrying capacity of thin-walled cold-formed steel lipped channel section columns. The study was
solved by using the finite element method (code Ansys) with taking into consideration a full material
characteristics in logarithmic strain system and geometric nonlinearities. The analytical-numerical
solution was based on Koiter’s theory with an application of finite difference method (FDM). Some
chosen results of numerical simulations have been compared to experimental results. The deformations
of columns were registered by means of Digital Image Correlation Aramis System (DICAS) to observe
the maps and the magnitude of displacements for adequate point of a load. The analyses showed that
the decrease in maximum load in a dependency on the eccentricity value can be even 3 times minor in
a comparison to the load-carrying capacity of axially loaded column.
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1. Introduction

Thin-walled cold-formed steel (TWCEFS) sections are widely used in various applica-
tions. Cold-formed steel profiles can be used for entire buildings and for complete roof,
floor and wall systems (Fig. 1a) as well as racking systems (Fig. 1b) From structural point of
view, the thin-walled cold-formed steel members can serve as both primary and secondary
structures.

Fig. 1

Such steel components can have usually stiffening lips on flanges and/or intermedi-
ate stiffeners in wide flanges and webs. Both simple and complex shapes of profiles can
be manufactured for structural and non-structural applications. The problem of buckling
loads and the load-carrying capacity of TWCEFS structures subjected to simple loading
systems (pure bending, uniform compression, e.g.) has been solved with a good accuracy
based on the theory of thin-walled structures as well as in design code specifications as
EN 1993-1-3 [6], giving accurate predictions for the buckling load and ultimate strength
of TWCEFS structures especially under concentric axial compression. Looking at acces-
sible literature, one can find a few reported results of both theoretical and experimental
study on the structural behaviour of TWCFS columns under eccentric compression par-
ticularly with respect to major axis bending. In 1977 Rhodes and Harvey published the
very first results of the research concerning the members of the channel section under
eccentric compression [19]. Miller et al. [17] investigated the effect of load eccentric-
ity in TWCEFS long lipped channel sections with perforated and non-perforated webs.
Mulligan et al. [18] proposed relations of the effective width of members of the lipped
channel section under eccentric load with respect to the minor axis. They compared the
ultimate load predictions obtained on this basis with the experimental results and code
recommendations. Zhao et al. in papers [21,22] analysed the columns with box-type and
L-type sections made of aluminium alloy subjected to eccentric and stainless steel cir-
cular hollow sections under combined loads. Meng and Gardner in [16] investigated the
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influence of yield strength on the in-plane stability and design of structural steel square
and rectangular hollow section beam-columns under compression and uniform bending.
Liang et al. [13, 14] studied the local cross-sectional behaviour of stainless steel channel
sections subjected to the combined axial compression and minor axis bending moment.
They conducted both the experiment and FE simulations. Based on a parametric study they
performed a lot of analyses for a wider range of cross-section aspect ratios and slender-
ness, loading combinations and bending orientations. In other paper [15] of Liang et al.,
experimental and numerical results on the behaviour of laser-welded stainless steel channel
sections under combined loads (compression and bending moment) about the major axis
were presented. Zhang et al. in [23] investigated the buckling behaviour of press-braked
stainless steel channel section beam-columns under combined compression and minor-axis
bending. The performed FE simulations were based on different cross-section dimensions,
member effective lengths and loading combinations. Both experimental and numerical
results were referred to standard design rules. Their results partially covered with stan-
dards predictions. A continuation was a study by Zhang et al. in work [24], who analysed
theoretically and experimentally press-braked stainless steel channel sections under com-
bined compression and major axis bending moment. Based on FEM, Huang and Zhang
in [7] investigated a high strength steel welded I-section overall buckling performance
with respect to the major axis under combined loads (axial compression and bending).
Li and Young in [12] showed the results of experimental tests executed on cold-formed
steel built-up open section members (two back-to-back channel sections with intermedi-
ate stiffeners) under eccentric compressive load (compression and bending with respect
to the minor axis). The tests were carried out for a wide range of column lengths and
the eccentricities. They compared their results with the predictions of the North Ameri-
can Specification, European Code, Australian/New Zealand and American Standard. The
comparisons showed in general that the interactive formulae for the axial load-moment
underestimate the load-carrying capacities of the built-up open section of the cold-formed
steel structures. Kotelko et al. in [11] presented the results of local plastic failure mecha-
nisms for columns of the lipped channel section subjected to eccentric compression with
respect to the minor axis. The continuance of aforementioned paper was work elaborated
by Borkowski et al. [2] relating an experimental program into the post-failure behaviour
of TWCFS members subjected to eccentric compression about the minor axis. They tested
samples under compression load with a wide range of positive and negative eccentricities.
Buchanan et al. in [3] studied experimentally and numerically the strength of stainless steel
circular hollow section beam-columns subject to eccentric load. More than 2000 numerical
results were done to determine new design proposals for stainless steel beam-columns.
They proposed new approach which could be more realistic in predictions of load-carrying
capacity in reference to the current EN 1993-1-4 code. Another authors in [4] analysed
the behaviour of close-section cold-formed steel elliptical hollow members under eccentric
compression. They validated FE models in relations to test results. They accomplished
a wide parametric study and compared their results with the predictions of the design
methods.
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The present paper is continuance of recently performed investigations based on an
assessment of the behaviour of steel lipped channel profiles subjected to eccentric load
about major axis.

2. Subject of objective of research

Since the failure of short TWCFS members in compression or bending is always
characterised by a local plastic mechanism, the possibility occurs to use the yield line
analysis (YLA) to characterize the ultimate strength (to estimate upper bound load capacity)
by combining post-buckling path with post-ultimate curve [9]. It is an alternative way to
the effective width approach. Thus, the objective of the present research was to develop
equilibrium path, determining the members structural behaviour in the whole range of
loading, up to and beyond an ultimate load. The previous studies, mentioned above [2,9,20]
were focused on the identification of plastic mechanisms of failure in the columns subjected
to eccentric compression both about minor and major axis. The focus of this study is the
numerical and experimental analysis of the structural behaviour of the members under
eccentric compression about major axis, particularly on observations of deformation modes
and theoretical derivation of pre- and post-buckling path, and, subsequently, validation of
the theoretical (numerical) solutions via experiment. Pre- and post-buckling paths were
derived not by using FE simulations, but FDM calculations as well. The latter is much
less time consuming and gives an opportunity to develop relatively simple and general
algorithms. Theoretical post-buckling path together with the post-ultimate curve obtained
from YLA analysis [9], obtained also on the basis of simple algorithms, allows one to
estimate an upper-bound load-carrying capacity.

The subject of investigation was the C-column subjected to eccentric load with regard
to major axis (Fig. 2). The dimensions of columns are following: [ = 450 mm, a = 150 mm,
b = 60 mm, ¢ =25 mm. The eccentricity e, (+) ranged from 0 to 120 mm.
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3. Numerical models

Numerical models were based on two different methods. The first one was created based
on finite element method (FEM). The second one was relied on finite difference method
(FDM).

3.1. FE Model

Based on discrete model, computations were performed by using Ansys 18.2 soft-
ware [1]. The mesh of numerical model was created by applying the 4-node 181-shell
element suitable for moderate thin-walled structures. Based on calculation of the time con-
sumption and accuracy, the size of the finite element was 2 mm. Based on Block Lanczos
algorithm, buckling loads were determined. The nonlinear simulations were performed for
large strains and the deflections on the basis of Green-Lagrangian equations. To achieve
the computional convergence for large deformations of structures, the number of substeps
was set from 2000 up to 50,000. In each substep, maximum number of iterations could
come to 5000. FE model and the boundary conditions are showed in Fig. 3. The adequate
eccentricity of the load applied to member took place thanks to two master nodes (upper
and lower) linked to slave nodes being on outer edges of C-profiles. Nonlinear estimations
and convergence analysis were conducted by using the Newton-Raphson algorithm. The
perfect structures were taken into account to prevent from imposing some post-critical
equilibrium path. The mean one-directional tensile curve (as the function of true stress vs.
logarithmic strain) of material based on empirical tests as the true stress-logarithmic strain
was elaborated (Fig. 4a — general view and Fig. 4b — limited range of stress and strain).
Subsequently, the multi-linear material model was applied.

Master Node 1

U,=const ) ) )
U,=U,~ROT,=ROT=0 BT el !

Master Node 2
U,=const
U,=U,=U=ROT,=ROT;=0

Fig. 3
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3.2. Finite difference method (FDM)

Since a buckling mode of a mono-symmetric thin-walled cold-formed steel member
with open cross-section may be global (flexural, flexural-torsional), local, distortional or
interaction of different buckling modes can take place, one of the basic theories, which
enables analysing the buckling, post-buckling, and ultimate strength of such members, is
the Koiter asymptotic theory [8—10]. In order to derive pre- and post-buckling path of the
member, the FDM solution was applied, based on Koiter’s asymptotic method, that was
adjusted to solve the stability problem of beam-columns subjected to compression and
bending. This modification can be written as:

3.1) U=Uy+ U

where: U — field of displacements, U; — field of displacement describing buckling, post-
buckling and part of prebucling state, { — dimensionless parameter (equal to 1).
Equations (3.1) follows from perturbation theory for small values of parameter {. In
analysis, this parameter is helpful to obtain linear equilibrium equations and it has only
this usage. In the next step, differential equilibrium equations are solved using FDM. In
this way, algebraic system of equations was obtained. Buckling state was solved using only
linear part of differential nonlinear equilibrium equations. First, equilibrium equations were
obtained from variation of potential energy of the beam-column and continuity equations
were taken into consideration. Potential energy of beam-column is the sum of strain energy
and work of load on total shortening. Strain energy for simple rectangular plate U can be
expressed as product of stress tensor components and strain tensor components:

(3.2) U= /// {o}{e} av = // {Nx, Ny, Nxy}{e}" da
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where: V — volume of the plate, A — area of the plate and strain tensor component. They
can be written as sum of linear and nonlinear parts of displacements and their derivatives
according to formulae:

1

(3.3) Ex =l (V,zx + W,zx)
Ly

(3.4) &y =Vyts (W,y)

3.5) Yxy TUytV x+W Wy

In formula (3.2), derivative of v (v?x) is used, because of in-plane bending of the plate (wall
of beam-column). Taking constitutive equations and expressions (3.3), (3.4), (3.5) and
(3.2), substituting into equation that expresses variation of potential energy, equilibrium
equations can be written in form (3.6), (3.7) and (3.8):

(3.6) Nxx+Nxy, =0
3.7 Ny y+Nxy,=0
(3.8) M xx + 2Mxy sy + My yy + (Nx - wx)  +(Ny-wy)

+(Nxy-wy)  + (Nxy-wy) =0

5 X

Next, displacements « and internal forces N, distributions of lipped-channel beam-column
for x = 0, L were assumed in form as follows:

b3
el+7—b1+y1

3.9 Uy = 3 u3(y3=0), up=u4=const
1+ —
el + 5
b
e1+—3—y3
(3.10) u3 = s u3(y3=0)
AR
b3
el ——+y5
(3.11) us = o w3(y3=0)
6‘1+7

where: u;—us5 — displacements of walls of analysed beam-column in x direction, y1, y3, y5
— coordinates for walls of beam-columns in y direction, u#3(y3 = 0) — displacement of third
wall of beam-column for y3 = 0, el — eccentricity, b1, b3 — width of first and third wall of
beam-column,

Nx40(y4) — Nx20(y2)
b3
(8b13-12b1263+6b1b3(b3+2e1)+b3# (6b2(b3+2e1)+b3(b3+6¢1)))F
16614416513 (h2-b3)-24b12b2b3+8b 1632 (362+b3) +b32 (12622 +8b2b3+b32)

(3.12) Nx10(y1) =

(b1 = yl) + Nx20(y2)

(3.13) Nx20(y2) = -
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(3.14) Nx40(y4) = Nx20(y2) = ¢
(3.15) Nx30(y3) = Nx20(y2) — y3 * (Nx20(y2) — Nx40(y4))/b3
Nx40(y4) — Nx20(y2)

(3.16) Nx50(y5) = =

y5 + Nx40(y4)

where: Nx10(y1)-Nx50(y5) — internal forces on every edges of walls of beam-column,
¢ — coefficient obtained from conditions of equilibrium written for internal forces and
moments, F' — external force of compression for x = L:

u3(y3 =b3) —u3(y3 =0)

(3.17) u; = (bl —yl) 3 +u3z(y3=0)
(3.18) wy = () REZINIOIZ0) 152 )
(3.19) us = (b3 — y5) 203 = bs)b; “(3=0)  (y3=0)

After linearization of equilibrium equations and using finite difference schemes, al-
gebraic linear system of equations were obtained and solved using Newton method and
Mathematica 12.0 tool. Boundary conditions were assumed in this form (for x = 0, L):

(3.20) vi=0, w;=0
(3.21) Mx=0
N b
(3.22) Z / Nx;dy; = -F
=19
N b
(3.23) Z/in(yi)ri()’i)d)’i = Fel
=19
(3.24) Nyl =0, Mxyl =0, Myl =0
(3.25) Ny5=0, Mxy5 =0, My5=0

where: v, w —displacements in y and z directions (for i-th wall of beam-column), Ny1, Ny5
— internal forces for wall no. 1 and 5, Mxyl, Mxy5 — moments of torsion, Myl, My5 —
bending moments, r; — i-th distance from global axis of bending (symmetry axis of cross-
section of beam-column) to i-th internal force Nx;, N — number of walls of beam-column.

4. Experimental tests

The compression tests of columns eccentrically loaded with respect to major axis,
were performed on Instron (Fig. 5a) testing machine. Also tensile tests of specimens taken
from the profiles, carried out to determine mechanical properties of columns material were
realized on the same machine. This machine allows performing tests for compression and
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tension in the range of 0.2 kN to 200 kN. Tests of columns in eccentric compression were
carried out in the special grip (Fig. 5a). In order to apply certain eccentric load to a column,
special plates with grooves were employed (Fig. 5b). Columns were installed between
two cradles and the cradles were bolted to the base plates enable angular motion. Their
movable element is equipped with the exchangeable steel plate with grooves to place the
short columns in it. Each groove corresponds to a certain eccentricity. The eccentricities
of load in experiment were assumed to be between 0 and 60 mm. The greater value of e,
with respect to the dimensional restrictions of machine wasn’t possible.

Tested column

3 1"*1
-
|

!

(
{
4

o
/]

ARAMIS system

Fig. 5

5. Results of analysis

5.1. Equilibrium paths

This subsection shows the curves of compression load F vs. shortening S for several
eccentricities e, ranging from 0 mm to 120 mm. The critical (buckling) forces obtained
by linear buckling analysis (LBA) and finite difference method (FDM), have been sorted
out in Table 1. Fig. 6a presents the FE paths in full analysed range of shortening whereas
in Fig. 6b the scope was limited to 2 mm to better see differences between curves. In
general, for FE numerical approach with an increase of the eccentricity, the maximum load
decreases and characteristics are similar (See Fig. 6).
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S (mm) . } S .(mm)

(@) (b)
Fig. 6

Table 1. Buckling forces

Eccentricity FDM FEM
(mm) (kN) (kN)

0 - 14.8

10 13.4 14.7

20 133 14.6

40 13.1 14.3

60 12.7 13.9

80 12.3 13.3

100 11.8 12.7

120 11.3 12.0

Taking a look at diagrams (Fig. 7 and Fig. 8) it is noticed that the curves for e, between
30 mm and 60 mm some divergences occur (maximum loads registered for e, = 35 mm,
ex =45 mm and e, = 60 mm were comparable). This could be caused by finding different
equilibrium paths and different deformations of models during increasing load. Moreover,
some paths (ex = 0 mm, e, =5 mm, e, = 60 mm) could suddenly change their trends due
to appearance of local strains.

Fig. 7 and 8 present comparison of FE and FDM simulations, together with experimental
results, for all eccentricities applied in the experimental tests. Additionally, in Fig. 7a an
exemplary post-ultimate curve obtained on the basis of YLA method and developed using
a preliminary theoretical plastic mechanism model shown, is presented. The agreement
of FE and FDM results in the pre- and post-buckling range is very good. Experimental
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Fig. 8

paths indicate that the actual pre-ultimate stiffness of the columns is smaller. It is caused
by initial geometrical imperfections of tested columns and minor differences between real
and assumed boundary conditions. A character of the post-ultimate curve is similar to FE
and experimental curves, but the mechanism model should be calibrated.

5.2. Deformation maps

The deformation maps obtained by DICAS and FE calculations are displayed in Table 2
and 3. Table 2 shows the maps for eccentricities 15 mm and 30 mm whereas Table 3 refers
to cases with eccentricities 45 mm and 60 mm. The deformations maps were presented for
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Fax obtained experimentally or numerically and two next lines in tables are displayed for
higher loads (the same loads for both cases). Based on maps results, some correlations can
be seen. At maximum loads of compression, maps are close (four or five wives appear,
at most). In case of the experiments, plastic mechanisms were initiated and developed
in the vicinity of the supports. In FE model, the points of the largest deformation were
usually in the middle of profile (for e, = 30,45, 60 mm) or in two points (for e, = 15 mm).
Values of displacements appearing during experiment seem to be comparable. A qualitative
agreement of experimental maps and FE simulations is satisfactory.

Table 2. Deformation maps for ex = 15 mm and e, = 30 mm

FEM DICAS FEM DICAS
F (kN) F (kN)
ey = 15 mm ex =30 mm
N
2,120 z 2,105
700 0 2,000 0
. 266783 .238977]
R 1750
.533567] .477955]
al 1.500
.80035) . 716937
Fmax | 1.06713] Fmax | 85591}
L1000 1.33392] - 1.19489|
1.6007] 1.43386)
1.86748] 1.67284]
2.22319) 1.99148|
0250 R
15 13.8
mm . | B3 3
2.46816| 16,000 2.38075,
-
4.93633 14,000 4.7€151]
7.40449) 12000 il
8.2 | 9.87265) 7 . 9.52201
oo 12.3408] | - ’ REAR: |
14.809) | 14.28413)
11291 16.£653)
5.000 000,
20.5€8 o 19.8396)
-
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Table 3. Deformation maps for e, =45 mm and e, = 60 mm

F (kN)

FEM

DICAS

ex =45 mm

F (kN)

FEM

DICAS

= 60 mm

F max

[

[}
150
e
1200

F max

0600

o350

000

a

122852

.382785

.378677

- Ve

932162

1215785

1.24325

1.5291

14.2

10.5

50

00

2250

0750

0030

8.1

5.8

)

16.000

12000

10.000

2.18763]

£.,97525]

7.4€238,

9.95001

121381

14.9258]

17.4134

20,7302

5.3. Load-carrying capacity

The diagrams of maximum loads versus eccentricity are presented in Fig. 9. The load-
carrying capacities of analysed columns were showed based on results coming from FE
calculations, experimental tests and analytical calculations based on Eurocodes 3 (EC3) [5,
6]. It is easily seen that numerical and experimental results are very close to each other.
Numerical calculations for some eccentricities diverge from general trends. This divergence
might be caused by numerical errors. The EC3 predictions underestimate the ultimate

strength.
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6. Conclusions

The paper concerns the results of eccentric load of TWCFS based on two theoretical
methods and experiment. Based on obtained results, some conclusions can be drawn:

1.

The eccentric compression of columns about major axis causes a decrease in the
maximum loads. It was observed that at the eccentricity of 120 mm load-carrying
capacity dropped almost 2.5 times. Moreover, with regard to additional bending
moment, deformation modes of profiles can be different.

Finite difference method (FDM) as an alternative approach used in present paper is
in a good agreement with FE results. Critical loads of both methods differ slightly
from each other but FDM usually gives smaller values (about 5-10%, at most).

Very preliminary results of YLA method used to determine post-ultimate curves
are in a relatively good qualitative agreement with FE simulations and experiment.
However, plastic mechanisms models should be very carefully calibrated using both
DICAS deformation fields and 3D scanning procedures of failed specimens, which
is planned in further research.

Thus, FDM approach together with YLA method can be applied in further de-
velopment of relatively simple algorithms leading to the upper-bound estimation
of the load-carrying capacity of columns subjected to eccentric compression. This
approach should provide a more realistic prediction of the load-capacity than the
effective width method.

Maximum loads estimated on the basis of EC3 for analysed columns gave lower
values in a contrary to maximum loads achieved in experiments and in FE model
(about 10-20%).
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Analiza nosnosci mimosrodowo obcigzonego stalowego stupa
o przekroju ceowym

Stowa kluczowe: konstrukcje cienkoscienne, nosnosé, obcigzenie mimosrodowe, profil ceowy, teoria
Koitera

Streszczenie:

Praca dotyczy analiz numerycznych, numeryczno-analitycznych i eksperymentalnych wplywu
obcigzeri mimoSrodowych wzgledem osi centralnej Imax na pokrytyczne zachowanie i no§nos¢ cien-
kosciennych zimno formowanych stalowych stupéw o przekroju otwartym z zebrami koncowymi
w pasach. Problem zostalrozwigzany stosujac metode elementéw skorczonych (program Ansys)
z uwzglednieniem pelnych charakterystyk materialowych w ukfadnie logarytmicznym oraz nielinio-
wosci geometrycznych. Rozwigzanie analityczno-numeryczne zostalo oparte o teori¢ Koitera z zasto-
sowaniem metody réznic skoficzonych. Wybrane wyniki symulacji zostaly poréwnane z wynikami
empirycznymi. Deformacje stupéw podczas wykonywania badan do§wiadczalnych byly rejestrowane
optyczna metodg cyfrowej korelacji obrazéw za pomocg systemu Aramis w celu okreslenia map de-
formacji i wielkoSci przemieszczen punktéw dla okreS§lonego obcigZzenia. Wyniki analizy pokazaty, iz
spadek w maksymalnych sifach w zaleznosci od przesunigcia sily Sciskajacej wzgledem osi centralnej
stupa, moze by¢ nawet trzykrotny w odniesieniu do no$nosci ceownikéw Sciskanych osiowo.
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