
 

1 INTRODUCTION 

High-rise towers are traditionally realized as lattice structures or monopoles hollow sections. In 
the latter case the preferred section is the cylinder. As an alternative, a regular convex polygonal 
sections (RCPS) can be used, offering several advantages. 
In contrast to the cylindrical shells, limited studies can be found for the structural behaviour of 
RCPS. Even though experiments on RCPS profiles can be found in the literature, no systematic 
statistical evaluation has been performed so far. The objective of this paper is to evaluate the 
current rules available against experimental data. 

1.1 General 

The popularity of the RCPS increased significantly once cold-formed elements were introduced 
in design codes. Cold-forming allowed manufacturing with minimum welding, which is highly 
important for fatigue, posing a major threat for such structures. 

More importantly, the number of circumferential welds needed is greatly reduced compared to 
cylinders. The length of the individual pieces is limited by the capacity of the press-brake and 
transportation conditions. Circumferential welds can be entirely avoided if the parts are connected 
with gravity slip joints, a method described in EN 50341-1. 

Monopole towers demand an increased moment of inertia at the base, driving the design to a 
conical shape. Achieving this shape imposes manufacturing difficulties, both for the traditional 
can-welding technique and the innovative spiral-welded towers. In contrast, it is very simple to 
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taper an RCPS tower. Examples of tapered towers can be seen in Figure 1 and Figure 2 as supports 
for lighting and electrical lines. 

This study investigates the local behaviour of RCPS, with the expected failure mechanism due 
to the high stresses near the base. For higher slenderness members under pure compression (λ ≥ 
0.6), Sabau (2018) indicates that RCPS can be safely designed using the buckling curve “c”, pro-
vided that the profile is not in class 4. 

 

 
Figure 1. Example of RCPS light tower. 

 

 
Figure 2. Example of RCPS electricity support tower. 

1.2 Geometric and structural properties 

To describe the application of the alternative design methods, it is necessary to name some basic 
geometric properties. The cross-section of a hexagonal RCPS is shown in Figure 3. 

The RCPS resistance is calculated based on plate theory according to EN 1993-1-1, EN 1993-
1-5 using the width of the flat plate bf and the cross-section area Ap. 

𝑏𝑓 = 2(𝑟𝑝 sin 𝜃 − 𝑟𝑏 tan 𝜃) (1) 

𝐴𝑝 = 2t(𝑛𝑣𝑟𝑝 sin 𝜃 − 𝑛𝑣𝑎𝑏 tan 𝜃 + 𝜋𝑎𝑏𝑡) (2) 

where 𝑛𝑣 = number of sides; and 𝑎𝑏 = 𝑟𝑏/𝑡 

 



 

 
Figure 3. Basic geometric properties of a RCPS. 

 
To apply the calculations of EN 1993-1-6, an equivalent cylinder must be defined. The most 

intuitive way is to consider the cylinder with equal wall thickness and cross-section area to a 
RCPS. By doing so, the radius of the equivalent cylinder is expressed as follows. 

𝑟𝑐 =
𝑛𝑣

𝜋
(𝑟𝑝 sin 𝜃 − 𝑎𝑏𝑡 tan 𝜃) + 𝑎𝑏𝑡 (3) 

1.3 Description of experiments 

In this study, experiments from 7 different sources are gathered, with low flexural slenderness, λ 
≤ 0.2. Bulson (1969) performed the first and most extended experimental study (39 tests with nv 
varying from 4 to 40 and high local slenderness (56 ≤ b / t ≤ 790). 

The second study including experiments on RCPS was performed by Aoki et al. (1991). In 
their paper they presented results from 15 experiments with a much lower local slenderness and 
fewer sides (b / t ≤ 66.7 and nv ≤ 8). Soon after, Migita et al. (1992) added 9 more tests (similar 
nv and b / t ) with flexural slenderness reaching up to λ=0.5. 

Further on, 8 tests on octagonal profiles were performed by Harraq (1997), 4 of which were 
regular (RCPS). Only 2 of them were tested under pure compression. 

A more systematic study was performed by Godat et al. (2012) who reported previous experi-
ments and performed 6 new. Apart from Bulson’s slender profiles, this study provided the first 
results for nv > 8. Specimens of 8, 12 and 16 sides with local slenderness in the region of interest 
to civil engineering (31 ≤ b / t  ≤ 56) were tested. 

A numerical investigation coupled with 9 laboratory tests was performed by Manoleas (2018). 
The 9 additional tests covered higher-order polygons having 16, 20 and 20 sides. These are the 
only tests in high strength steel (S700). 

More recently, 3 additional tests on octagonal specimens were performed by Jiong-Yi et al. 
(2019) providing experimental results for thicker profiles (b / t  = 10.8). 

2 CALCULATION OF COMPRESSIVE RESISTANCE 

Considering European standards, RCPS can be designed based on EN 1993-1-1 in conjunction 
with either EN 1993-1-5, EN 1993-1-3 or EN 1993-1-6. In the first two cases, the facets of the 
RCPS are assumed as simply supported plates, adopting two definitions for the buckling width. 
In the third case, the RCPS is assumed to be a cylindrical shell. 

Additionally, some design rules specifically for RCPS are given in EN 50341-1. This standard 
extends the classification definitions of EN 1993-1-1 to RCPS of 6 to 18 sides. 



2.1 Resistance according to EN 1993-1-5 

By employing EN 1993-1-5, the RCPS is perceived as an extended rectangular hollow section 
(RHS). As such, the cross-section resistance is the sum of its individual facets. 

This definition implies two assumptions: 
 The buckling width is equal to the flat portion of the facet. 
 Each facet acts as a simply supported plate. 

The resistance is calculated for the reduced effective width of the plate as follows: 

𝑁𝑅𝑘 =  𝐴𝑒𝑓𝑓 ∙ 𝑓𝑦 (4) 

𝐴𝑒𝑓𝑓 = 𝑛𝑣(𝐴0,𝑒𝑓𝑓 + 𝐴𝑐𝑜𝑟𝑛𝑒𝑟) (5) 

where 𝐴0,𝑒𝑓𝑓 =  𝜌𝑏𝑓𝑡 and ρ = plate buckling reduction factor, EN 1993-1-5 4.4. 

2.2 Resistance according to EN 1993-1-3 

The application of EN 1993-1-3 for the RCPS requires the same basic assumption of the simply-
supported plate. Oriented towards cold-formed members, EN 1993-1-3 provides a more sophisti-
cated approach for the plate buckling width, which is measured between the midpoints of two 
adjacent corners on the mid-thickness line of the profile (Figure 3). 

Note that EN 1993-1-3 regards to thin gauge members and sheeting and its scalability to larger 
structures is questionable. In addition, the use of EN 1993-1-3 is limited to cold-formed corners 
between 135° and 90°, which implies RCPS with 4 up to 8 sides. 

2.3 Resistance according to EN 1993-1-6 

An alternative approach to calculate the resistance of a RCPS is to assume the equivalent cylinder 
and apply the hand calculation procedure of EN 1993-1-6. This assumption becomes increasingly 
valid as the number of sides increases. 

The local behaviour of an RCPS column under pure compression is equivalent to a short cyl-
inder with a uniform compressive meridional stress field. Eurocode defines four limit states, only 
two of which are relevant to monotonic compression loading: 

 Plastic limit state, LS1. 
 Buckling, LS3. 

Von Misses equivalent stress is considered for LS1. Thus, the case of simple meridional com-
pression this check is identical to the cross section check of EN 1993-1-1. On LS3, a reduction is 
applied to the characteristic yield stress, leading to the following formula. 

𝑁𝑅𝑘,𝑠ℎ𝑒𝑙𝑙 = 𝐴 ∙ 𝜎𝑥,𝑅𝑑 = 𝜒𝑥𝐴𝑓𝑦𝑘 (6) 

 
The reduction factor χx is calculated based on the critical stress, σx,Rcr, and the local imperfec-

tions. The critical stress is a function of the non-dimensional shell slenderness, ω = l / (r t)0.5.  

3 STATISTICAL EVALUATION OF EXPERIMENTAL DATA 

The ratio of the reported experimental resistance values Nu and the characteristic resistance NRk, 
using EN1993-1-3 and EN1993-1-5 as per section 2 are presented in Figure 5 and Figure 4 along 
with the probability density function (PDF), assuming a Gaussian distribution around the mean 
value. The kernel density estimate (KDE) was represented using a kernel size determined by 
means of a Gaussian estimator. The KDE gives a compromise between the histogram and the 
normal distribution. A linear regression was performed having as parameter the number of sides. 
The 90% confidence interval was represented for the regression estimate.  

 



 
 
Figure 4. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance for RCPS  

 

 
 
Figure 5. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-5 
calculated resistance for RCPS. 

 
The characteristic value 𝑋k was calculated as per Equation 7 and is represented as the bottom 
limit (dashed line) of the standard deviation in Figure 4 to Figure 10. In Equation 7, 𝑘𝑛 was taken 
as 1.64, assuming that the result scatter would not change for higher number of test.  

𝑋𝑘 = �̅� − 𝑘𝑛 ∙ 𝑠 (7) 

where: �̅� = mean sample value; 𝑘𝑛 = is a coefficient considering the number of tests; and 𝑠 = 
sample mean standard deviation.  

Figure 4 and Figure 5 clearly show that the assumption of pure plate buckling does not stand 
with increasing number of sides. 

The applicability of the EN 1993-1-3 is limited to bending angles of 90° to 135° between two 
adjacent facets. Thus, it should allow for rectangular and octagonal sections. Additionally, the EN 
1993-1-3 rules are not applicable to cold-formed sections that do not satisfy the bending radius 𝑟 
criteria as per Equation 8.  

𝑟 > 0.04𝑡𝐸/𝑓𝑦 (8) 

where: 𝑡 = plate thickness; 𝐸 = elastic modulus; and 𝑓y = yield strength  
Figure 6 presents a linear regression of the test data as a function of number of sides. The 

statistical quantities were calculated for all the reported data. The information found in the litera-
ture was not sufficient to verify the requirement of Equation 8. However, the limitation allows for 
very large bending radius seldom used in cold-forming technology.  

Several octagonal specimens that reached a lower resistance than the value predicted by the 
EN1993-1-3 were reported to have plate imperfections e0/b of magnitude between 1/30 to 1/40. 
The reported imperfections do not satisfy the minimum requirements imposed by the EN1090-2 
for cold-formed profiles.  

EN 1993-1-3 provides a safer estimate than EN 1993-1-5 for RCPS of up to 18 sides. The 
statistical quantities do not differ significantly between the sampled population consisting of 
RCPS with up to 8 sides and 18 sides as seen in Figure 6 and Figure 7. Thus, EN 1993-1-3 is 
better for the estimating the plate buckling of RCPS up to 18 sides.  



 

 
 
Figure 6. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance, the KDE and the normal PDF for RCPS of 5 to 8 sides. 
 

 
 
Figure 7. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance, the KDE and the normal PDF for RCPS of 5 to 18 sides. 

 
Annex K of EN 50341-1 recommends the use Table 5.3.2 of ENV 1993-1-1 (replaced by table 
4.1 of EN 1993-1-5) for effective widths of RCPS of 6 to 18 sides. The linear regression of Figure 
8 indicates a high uncertainty concerning this methodology. Thus, the recommended safety factor 
𝛾M1 = 1.1 might be insufficient. EN1993-1-1 provides rules for plates thicker than 3 mm. Figure 
8 shows the results of the tested RCPS. 

The limit of 18 sides of EN 50341-1 is justified by the failure mode change. The buckling 
wavelength is no longer restricted between edges, but extends to adjacent facets. In Figure 9 the 
ratio between the experimental and EN 1993-1-6 calculated resistance shows a significant uncer-
tainty for the lower bound limit of sides. Results from RCPS between 20 and 22 fall below the 
predicted values and show large scatter.  

 
Figure 8. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-5 
calculated resistance, the KDE and the normal PDF for RCPS of 6 to 18 sides and thickness above 3 mm. 

 



 
Figure 9. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-6 
calculated resistance, the KDE and the normal PDF for RCPS of 20 to 40 sides. 

 
Figure 10 contains the results from the RCPS with plate slenderness λp < 1.75, equivalent to 

50% effective area reduction. With that limitation, the sampled data show a more conservative 
trend. This limitation seems counterintuitive at first since a higher plate slenderness should push 
the buckling mode towards a plate buckling collapse. However, a higher plate slenderness ulti-
mately leads to a reduced in-plane stiffness of the bended corners. Buckling resistance is thus 
sensitive to interaction between plate and distortional imperfections, causing premature opening 
of the corners. It is unclear where the turning point between plate and meridional buckling is since 
it is a combination of multiple factors. A formula to predict the transition point between the two 
modes was suggested by Manoleas (2018). The formula is applicable even to high-strength steels.  

 

 
Figure 10. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-
6 calculated resistance, the KDE and the normal PDF for RCPS of 20 to 40 sides and λp < 1.75. 

 
The mean value, standard deviation, the coefficient of variation and the lower 5% fractile of the 
sampled data has been summarized in Table 1. 

 
Table 1. Statistical quantities of the analysed data. 

Number of 
sides 

Model Mean 
Standard 
deviation 

Coefficient of 
variation 

5% fractile 
Characteristic 

value 

All 
70 specimens 

EN 1993-1-3 0.934 0.142 0.152 0.679 0.701 

EN 1993-1-5 0.907 0.136 0.150 0.657 0.684 

EN 1993-1-6 0.822 0.245 0.299 0.367 0.419 

5 – 8 sides 
28 specimens 

EN 1993-1-3 1.000 0.114 0.114 0.772 0.814 

EN 1993-1-5 0.962 0.116 0.121 0.739 0.771 

6 – 18 sides 
43 specimens 

EN 1993-1-3 0.985 0.133 0.135 0.707 0.767 

EN 1993-1-5 0.953 0.131 0.137 0.693 0.739 

EN 1993-1-6 0.729 0.247 0.340 0.328 0.323 

20 – 40 sides 
EN 1993-1-61 0.989 0.141 0.142 0.798 0.758 

EN 1993-1-62 1.023 0.129 0.126 0.885 0.812 

1 – includes all 25 specimens; 2 – 15 specimens with λp < 1.75 



4 CONCLUSIONS 

A total of 70 centrically compressed tests performed on cold-formed RCPS specimens have been 
collected from literature and compared against current design standards. The results showed that 
the design standards are unsafe if simplified approaches are used. For 5-8 sides specimens, the 
EN 1993-1-3 gives safer results as opposed to the EN 1993-1-5. This shows that the buckling 
length extends over the flat part of the facet.  

The resistance calculated according EN 50341-1 showed good agreement with the test data. 
The use of the safety factor brings the characteristic value close to unity for specimens with t > 3. 

The methodology of EN 1993-1-6 could be applied to RCPS with more than 18 sides if higher 
safety factors are implied. The experimental values of specimens with 20-40 sides came closer to 
the EN 1993-1-6. However, there is an uncertainty regarding the specimens with 16-24 sides since 
none of the standards provided good estimates for this interval.  
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