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ABSTRACT
The trend of structural engineering in the recent years is toward the use of lighter and more
economical structural elements. In steel construction, peculiarly, main structural member
composed by thin-walled elements are being explored by researchers due to their potential to
offer better solution with economical features. However, the use of slender profiles and a complex
cross sections shape lead to requirements to study instability phenomenon in a form of local,
distortional, flexural, torsional and coupled instability. Such complex structural behaviour is
inevitably accompanied by demand to improve calculation methods and design provisions. In this
context an innovative solution of structural element composed of thin-walled plates is proposed
for the application on lattice support structure of wind turbine. A semi-closed section is made by
assembling series of folded plates into polygonal profiles with mechanical fasteners, loaded in
compression and bending moment which occurs as the effect of forces acting on the connection.
The expected structural behaviour of the column is a mixture between the open and closed crosssection. These cases will be investigated through numerical analysis and parametric studies of the
proposed profiles for the investigation of buckling behaviour and ultimate resistance,
respectively.
Keywords: Buckling; Finite element analysis; Semi-closed polygonal section; Thin-walled
element
1.

INTRODUCTION

Thin-walled cold-formed structural members are becoming more popular and have a growing
importance. One of the reasons is the versatile nature which allows for the forming of almost any
section geometry which can be produced at low-cost by cold forming and rolling from thin steel
sheets. Other advantages such as high strength-to-weight ratio, reduced labour costs and fast
erection due to the light weight of cold-formed members have been promoting its extensive
applicability. Cold-formed steel sections are usually thinner than hot–rolled sections and can be
subject to different modes of failure and deformation and therefore extensive testing is required
to provide a guideline for the design of cold-formed thin-walled structural members (Yu,
LaBoube, & Chen, 2019).
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Thin-walled cold-formed profiles are usually made from cold rolled coils and folded in the second
step. In this way, only open profiles can be produced. The predominant problem of this individual
plate open cross-section is the excessive torsional effect, which is unfavourable for compressive
members. This means that the resistance to global buckling frequently is governed by torsional
or torsional-flexural buckling with a relatively low resistance compared to flexural buckling. A
better response is possible with closed cross sections, but such profiles could not be produced by
the folding. The solution is to make semi-closed section by assembling them into polygonal
profiles with mechanical fasteners, as presented in this research. It is here called a semi-closed
cross-section because it is not continuously and rigidly connected.
Figure 1 shows possible polygonal profiles for compression chords and diagonals in a lattice. The
gusset plates required for the connections are inserted into the polygonal profile and secured with
pretension bolts.

Figure 1 Illustration of individual plate and the proposed semi-closed
polygonal cross section for chords and diagonals

2.

STATE OF THE ART

In the current design of steel towers for onshore wind turbines the most common type of tower is
cylindrical tubular tower. Some challenging limitations regarding tower height and erection
process attributed to this type of structures including transportation restriction for maximum shell
diameter of 4 - 4.5m, fatigue endurance due to transversal and longitudinal welding, connection
problems with thick flanges, expensive rolling process, and lifting technology that limit the height
of current installed tower to be 80 - 100m. Lattice or truss support structure then proposed to deal
with such problems, however the steel CHS section as common cross section for this type of
structure has complication in welding connection and member thickness. All these issues will
eventually affect the cost effectiveness of tower component in the overall building cost. Many
researches have been looking for different solutions to these problems. Three projects which have
been dealing with these questions are from Milan Veljkovic et al. (2012), M Veljkovic et al.
(2014), and the most recent from European Comission (2016). New challenging load conditions
and new type of support structures for wind energy converter which foster new structural concepts
and high performance material became the focus of those researches. As part of these projects,
Heistermann (2011) proved a new solution with friction connections to replace the traditional in
flange connection, and then Garzon (2013) conducted comprehensive study of polygonal tubular
towers made of folded plates. However, the research of lattice towers made of semi-closed
polygonal columns has not been conducted yet, thus this type of structural member is adopted in
this research. Globally, the work is intended to promote competitiveness of semi-closed
polygonal cross section for truss structure application.
Unlike heavy hot-rolled steel sections, cold-formed thin-walled sections tend to buckle locally at
stress levels lower than the yield strength of the material, characterised by the relatively short
wavelength buckling of individual plate element. However, these members do not fail at these
stress levels and continue to carry further loads, which is called post-buckling behaviour. In thinwalled cold-formed steel structures, elastic bucking and load deformation response are closely
related (Teng & Rotter, 2006). There are different possible buckling modes: Local, Distortional,
Euler (Flexural), Torsional-Flexural of column or Lateral-Torsional of beam (B. Schafer &
Peköz, 1999). Overall column strength is greatly dependent on the interaction effect of local and
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overall column buckling. The curves shown in Figure 2 have been obtained using elastic Finite
Strip (FS) method, analysing and describing the change of buckling strength versus buckle halfwavelength.

Figure 2 Buckling strength versus half-wavelength for a lipped channel in compression
Sources: (Hancock, 1997)

In general, the buckling mode is influenced by cross-section geometry, end conditions, loading
and material. Also, introducing openings and imperfections to structures has a significant effect
on the critical buckling load and the buckling mode (B. W. Schafer, 2006). The dashed line in
Figure 2, qualitatively shows the pattern of all modes or coupled mode. The effect of interaction
between sectional and global buckling modes results in increasing sensitivity to imperfections,
leading to the erosion of the theoretical buckling strength (Dubina, 2014).
The design procedure stated in Eurocode EN 1993-1-3 (European committee for standardization,
2006) applies limited only for the cross sectional types mentioned in the design code, which are
open cross sections, and does not cover specific built-up member. Therefore, one of the objectives
of this research is to rule out structural characteristics of the proposed section for design
recommendation.
3.

METHODOLOGY

In order to gain a deeper understanding and formulate hypotheses for the structural behaviour of
semi-closed thin-walled steel columns with polygonal section, a comprehensive numerical
analysis and parametric studies was carried out by means of FE modelling in ABAQUS package.
Both processes were created through scripting using MATLAB and Python.
First, the profiles geometrical database of the sections was generated by using MATLAB code.
This database was then exported to Python via pickle file. Then the automation was performed
in Python environment that will be fed to ABAQUS. The modelling process in Python was carried
out through back and forth process between ABAQUS/CAE and Python to build the final working
models and eventually used as an input file for ABAQUS. This input file of all models was then
run simultaneously in batch mode of ABAQUS platform.
The analysis requires three steps: (i) pre-processing to build up the FE model and generate the
input file, (ii) job-running, and (iii) post-processing to extract the results. Basically, the ABAQUS
scripting is a Python-based application programming interface (API) to ABAQUS. Thus, it is an
advantage to utilize Python for FE modelling and analyses in ABAQUS.
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Figure 3 Base view of the studied tower

The chord is a built-up member composed of folded plates and gusset plates. The close-up picture
of the member is shown in Figure 4. Assembly of the member is performed by bolting them along
the lips of the folded plate at a specified spacing. As for the connection between chord and
diagonals, gusset plates coming out from the core of the chord provide the joint.

(a)

(b)

Figure 4 (a) Illustration of chord-to-diagonals bolted connection;
(b) Extruded view of the studied column

The modelling and design process of this research is fully described in Ryan (2017) and here only
a summary will be given. The material property given by EC3 for cold-formed profile and used
in the normal production is S355, which elastic properties are summarized in Table 1.
Table 1 Steel property used

The plastic characteristic of steel was taken from relationship between yield stress and plastic
strain defined based on uniaxial coupon test data. The testing machine measured total strain and
reaction value of each specimen from elastic range until failure. It is worth noting that the true
stress-strain data was used as input into ABAQUS as a series of data points.
Ranges of values for each parameter used in the parametric study are tabulated in the Table 2. In
order to complete the FE modelling and analyses optimally in the predefined time, the number of
input variables used in this parametric study were reduced, so that only some input variables of
the parameter were taken from the database.
Based on Table 2 above there are five parameters accounted in this study, namely n, d, slend, len,
and b_ratio which will determine the naming of numerical model. l_ratio and t_ratio are
functions based on the value of parameter. Parameter of bolt density (b_ratio) and length (len)
are to be significant in the buckling behaviour of the member since they affect the buckling halfwave length of the member which in turn becomes decisive parameters for the buckling and
interaction buckling failure mode.
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Table 2 Ranges of parameter values

The length of chord is calculated by keeping the non-dimensional slenderness, 𝝀𝝀� , to certain
values, which are 0.65, 1.0, and 1.25. These values were chosen to make sure the member will
not either be too slender or too stocky. The calculation requires cross-section properties: area of
closed cross-section, A, and moment of inertia, I, and this was carried out in MATLAB script and
stored in meta file which then used in the Python script.
Five primary parameters which have varied values: n, d, slend, len, and b determine the naming
of numerical model. In order to make easy identification, it was decided to name the models with
numbers, as follows.

The variable number for naming and the corresponding value is shown in the table below.

4.

RESULTS AND DISCUSSION

4.1. FE Elastic Buckling and Non-linear Analysis
4.1.1 Verification of Elastic Buckling Analysis
A geometrical and material non-linear analysis with imperfection (GMNIA) was used in this
work. However, determination of an accurate elastic buckling load and mode shape is important
to the existing design method (Moen, 2008). The correlation between the elastic buckling and
ultimate resistance of cold-formed members provides the basis for the design strength.
Buckling mode shape of the models with the lowest non-dimensional global slenderness ( 𝜆𝜆̅ ), i.e.
0.65 are characterized by distortional buckling of the sector plate in between the lip’s bolt
connection, whereas higher non-dimensional slenderness, i.e. 1.0 and 1.25 were dominated by
flexural buckling and interaction flexural-distortional buckling. This phenomenon occurs since
𝜆𝜆̅ correlated with length of the member or half-wave length of the buckling.
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Figure 5 First buckling of Model 1-2-3-1-3

In this analysis, buckling analyses were performed for four eigenvalues and mode shapes for all
models. It was shown that from the other buckling mode shapes, the deformations of the models
were changing and unsymmetrical. It proves that in some cases, choosing a suitable buckling
mode shape is complicated. It will influence on the cost of performing the analysis and accuracy
of the results. Therefore, in this study the imperfection took the first until the fourth mode shapes
in order to make it more realistic.
Table 3 First critical load according to elastic buckling analysis

Results of elastic buckling analysis for all models are presented in Table 3. It can be seen from
the table that the theoretical or Euler elastic buckling calculations based on EN1993-1-1 have a
disagreement on the FEM analysis critical load for models with distortional-controlled buckling.
In this case, the Euler critical loads are much higher than results from FEM analysis since the
Euler buckling formulae consider the member as a whole perfect column and for flexural case
only, without taking into account local or distortional buckling and interaction between them. In
other hand, FEM considers the real geometrical conditions, thus the effect of non-fully rigid
connected plates to the buckling behaviour was taken into account.
4.1.2 Verification of Non-linear Analysis
The non-linear FE analysis using Riks solver was carried out for analyses of unstable, materially
and geometrically nonlinear with imperfections considered. FE models uses four-node generalpurpose shell element with finite membrane strains, elastic-plastic material with strain hardening,
and imperfections based on Simulia (2007) documentation.
From the result in Table 4, it can be seen that the failure modes of the models are dominated by
distortional failure with the remaining models show interaction distortional-flexural failure. The
difference of this result to the elastic buckling analysis can be clearly noticed, where there is no
independent global flexural failure mode in non-linear analysis. This affirms the significant
influence of material and geometrical non-linearity and imperfections on the ultimate resistance
of the studied models.
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Table 4 Ultimate loads and corresponding displacement from FE non-linear analysis

The results of the parametric studies of all column models are presented in Figure 6 in the form
of normalized resistance (Pu-FEM/Pyg) based on fully effective cross-section resistance (Pyg) versus
local slenderness λcr-FEM = (Pyg/Pcr-FEM)0.5 based on Pyg and the critical buckling load by the FEM
analysis. It is important to note that the failure mode of all models in this non-linear study is
distortional type, while some of the first critical buckling loads by FEM discussed in previous
section were the flexural type. Therefore, it is needed to obtain distortional buckling loads for
those models in order to have proper local slenderness, according to the actual failure mode. This
is performed by looking at other buckling modes which give distortional type of buckling in
ABAQUS. Then, these critical buckling loads were taken for constructing the graph. Figure 6
also shows the EN1993-1-3 resistance curve for distortional buckling mode, and other codes for
different corresponding buckling modes.

(a) grouped in bolt spacing
(b) grouped in profile diameter
Figure 6 Parametric study results of the studied columns (normalized resistance based on
Pyg vs. slenderness based on Pyg and FEM critical buckling loads)

From the graph it is worth noted that there are two obvious scatters of data points when
slenderness 0.9 < λcr-FEM < 1.2. The higher scatter group corresponds to those columns which
failed in a pure distortional mode, while the lower scatter corresponds to those columns failed in
distortional-flexural interaction. This means although the vast majority of the failure modes from
the FEM are distortional modes, an interaction distortional-flexural failure did occur for models
with high global slenderness, 𝜆𝜆̅ = 1.25, in which give lower strength than the distortional modes.
Figure 6 shows that in case of distortional failure, a full proportion of the numerical ultimate
resistance were slightly underestimated by the design code, which means that EN1993-1-3
corresponds to the FEM analysis results and gives safe but less conservative prediction. It can be
said that the EN1993-1-3 curve almost forms the lower bound of the numerical ultimate resistance
for the studied models.
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A small scatters of data points which appeared below the EN1993-1-3 strength curve in the graph
are all models with global slenderness 𝜆𝜆̅ = 1.25, and a safe estimates of strength cannot be
provided by EN1993-1-3 since it is an interaction modes. Very unsafe predictions were provided
by the EN1993-1-3 curve for those models. These data points fell on local slenderness, i.e. λcrFEM ≥ 0.9 for models with bolt spacing ratio, b = 4 and larger slenderness λcr-FEM ≥ 1.0 for models
with b = 5. The flexural slenderness which was significantly high and larger than the distortional
slenderness may induce the flexural deformation interacted with the distortional mode. It is
suggested by this parametric study that the EN1993-1-3 curve provides safe (or almost safe)
predictions if the columns fail in a pure distortional mode, whereas give unsafe prediction if the
columns fail in interaction mode, D-F interaction in this case.
By travelling from the highest to the lowest Pu-FEM/Pyg values, the scatter of data points
corresponds to the increase of bolt spacing ratio b-parameter. This shows that with the increase
of bolt spacing, being from b = 3 to b = 4 and b = 5, the ultimate resistance tends to decrease.
This graph shows that the non-dimensional slenderness and bolt spacing are the most influencing
parameter which characteristics resulted in significantly deviated ultimate resistance. Likewise,
the diameter d-parameter and thickness t-parameter give unfavourable effect on the ultimate
resistance when it increases, however this influence is not significant and considerably lower than
those caused by slenderness and bolt spacing.
From this analysis it can be noted that for the studied columns, distortional failures have lower
post-buckling capacity than the other mode, i.e. local buckling. Furthermore, distortional
buckling may control the failure mechanism even when the elastic distortional buckling stress
(fcrd) is higher than the elastic flexural buckling stress (fcrf).

(a)
(b)
Figure 7 Failure mode of a RIKS model failing (a) by distortional mode
and (b) by distortional-flexural interaction mode

As a sample for visualization of failure mode, Figure 7(a) shows a typical distortional buckling
mode at the ultimate load of model 1-2-5-1-3. The colour contours represent the magnitudes of
von Misses stress. The failure is characterized by buckling of the lips outward, while no
significant rotation along its weak axis experienced by the entire column. This type of buckling
is also known as “stiffener flexural buckling” or “local-torsional buckling”. Lips as connection
between plates in this type of sections can be considered as the stiffener. Distortional buckling
exists at intermediate longitudinal half sine waves (half-wavelength), between short local
buckling half-wavelength and long flexural or flexural-torsional buckling half-wavelength. In
this case, the half-wavelength is the bolt spacing distance (s).
Meanwhile, Figure 7(b) shows the failure mode by interaction between distortional and flexural
buckling for models with 𝜆𝜆̅ = 1.25. The failure mode is characterized by buckling of the lips
outward and at the same time, large rotation of the entire member.
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Moreover, this parametric study is expected to rule out the limit of normalized resistance for the
expected failure mode, in this case distortional buckling, based on slenderness of the member.
From graph in Figure 6, it can be suggested that the expression (Eq. 5.12) in EN1993-1-3 (CEN,
2009) for reduction factor due to distortional buckling may be adopted for the semi-closed
polygonal type of cross-section undergoes pure distortional buckling mode used in this
parametric study, with provision of global slenderness, 𝜆𝜆̅ < 1.25. The EN1993-1-3 became the
lower bound for the results of numerical ultimate strength.
(1)
(2)
(3)

Meanwhile, a distortional-flexural interaction would be found in models with global slenderness
𝜆𝜆̅ = 1.25. Therefore, by excluding the cluster data points of pure distortional mode, a linear
regression was developed to get the expression of ultimate resistance as shown in Eq. 4.
(4)

4.2. Analytical analysis according to the standard rules EN1993-1-3
In this section, the results from numerical analysis of the models used in parametric studies were
compared and verified to the analytical calculations according to EN1993-1-3 General rules for
cold-formed members and sheeting. Table 5 shows the result of analytical calculation according
to EN1993-1-3 for cross-section resistance and comparison between numerical and analytical
results. Only models with b-parameter = 3 are presented here.
The ultimate resistance of cross-section from the finite element analysis showed a good
agreement with EN-1993 part 1-3. However, some numerical models have a disagreement and
show unsafe predictions compared to the design standard. Cluster of models with global
slenderness 𝜆𝜆̅ = 1,25 and bolt spacing b = 3 and b = 4 exhibit considerably lower resistance than
the design standard. Examination showed that these models are all models failed in interaction
mode, i.e. distortional-flexural interaction. Therefore, it can be concluded that the analytical
calculation based on EC1993-1-3 performed in this section corresponds to the numerical analysis
carried out beforehand; whereas the deviations due to the interaction mode cannot be captured by
EN 1993-1-3.
Table 5 Analytical calculation result of (a) the cross-section resistance and (b) buckling resistance
for the studied columns according to EN1993-1-3 and comparison of the resistance to the FE results
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CONCLUSION

Based on the results presented in this paper, the following conclusions can be drawn:
(1) For the proposed semi-closed built-up columns, there is no expression in the Eurocode for
predicting the elastic critical buckling, either for sectorial or global buckling modes. FE
analyses need to be performed to obtain accurate buckling and failure mechanism.
(2) From non-linear post-buckling analysis considering material, geometrical non-linearity
and initial imperfections, it can be concluded that FE models in the range of the predefined
parameters failed in predominant distortional mode. Models with high global slenderness,
i.e. 𝜆𝜆̅ = 1.25, experienced distortional-flexural interaction with significantly lower
resistance than the one failed in pure distortional mode. From this analysis it is suggested
that for the models in this parametric study, distortional buckling may control the failure
mechanism even when the elastic distortional buckling stress (fcrd) is higher than the
elastic flexural buckling stress (fcrf). Moreover, it was noticed that members with high
distortional and global slenderness have higher parameter sensitivity on the ultimate
strength and failure mode interaction.
(3) Evaluation of ultimate resistance according to EN1993-1-3 shows that for members with
𝜆𝜆̅ = 0.65 and 𝜆𝜆̅ = 1.0 a good agreement was obtained, while for very slender columns 𝜆𝜆̅ =
1.25 a large scatter numerical results were in found in unsafe region. This corresponds to
the FE results which exhibit a distortional-flexural interaction mode in those models.
Therefore, it can be suggested that the expression (Eq. 5.12) used in EN1993-1-3 for
reduction factor due to distortional buckling may be adopted for the semi-closed
polygonal type of cross-section undergoes pure distortional buckling mode used in this
parametric study, with provision of global slenderness, 𝜆𝜆̅ < 1.25. The EN1993-1-3 became
the lower bound for the results of numerical ultimate strength. It is important to note that
for this type of cross-section, a careful application of design standard shall be done since
current design methods ignore buckling interaction and do not explicitly consider
sectional buckling. Knowing the exact failure mode is necessary, in order to avoid too
conservative predictions.
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