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This thesis examined the bendability and stability of aluminium extrusion profiles made
from EN AW-6082 alloy, with particular emphasis on their applicability in roll bending
processes. The design process of aluminium profiles for roll bending was intended to be
clarified. The research combined a literature review, finite element analysis, and
experimental testing on KT-Shelter door profiles. Main goal was to advance knowledge on
aluminium profile design for bending.

The literature review indicated that softer tempers enhance bendability; for KT-Shelter
profiles, T4 or softer conditions are the most suitable. Experimental tests were conducted in
the T4 temper. With the current methods, bending of the complete door profile was not
feasible. While bending of split door profile was successful when the free edges were placed
on the tension side, failure occurred when the free edges were subjected to compression,
making this approach impractical. These bending failures could be predicted using finite
element analysis.

The main challenges in bending aluminium profiles arise from local buckling and cross-
sectional distortions. For KT-Shelter’s current profiles, the use of supports during bending
is essential for a successful outcome. Examples of successful bending of comparable profiles
were identified in the literature. Based on the findings, it is recommended to design internal
and external supports for KT-Shelter hollow profiles or consider existing solutions provided
by companies specializing in aluminium profile bending.
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Téssd  diplomityossd  tutkittin@ EN ~ AW-6082  -seoksesta  valmistettujen
alumiinipuristeprofiilien taivutettavuutta ja stabiliteettia, erityisesti niiden soveltuvuutta
rullataivutusprosessiin.  Alumiiniprofiilien suunnitteluprosessia rullataivutusta varten
haluttiin selkeyttda. Tutkimusmenetelmina kéytettiin kirjallisuuskatsausta,
elementtimenetelméd sekd kokeellisia testejd KT-Shelterin oviprofiileilla. Tyon
padtavoitteena oli kehittdd alumiiniprofiilien taivutukseen liittyvad suunnitteluosaamista.

Kirjallisuuskatsauksen perusteella pehmedmmat toimitustilat parantavat taivutettavuutta;
KT-Shelterin profiileista taivutukseen soveltuvat parhaiten T4- tai sitd pehmedmmidt tilat.
Kokeelliset testit suoritettiin T4-tilassa. Nykyisilli menetelmilld kokonaisen oviprofiilin
taivutus epdonnistui. Halkaistun oviprofiilin taivutus onnistui, kun vapaat reunat sijaitsivat
vedon puolella, mutta vapaiden reunojen sijaitessa puristuksen puolella taivutus epdonnistui
tehden idean puolikkaista profiileista epdkéytdnndlliseksi. Namé taivutustulokset voitiin
ennustaa elementtimenetelmalla.

Alumiiniprofiilien taivutuksen keskeisimmét haasteet liittyvdt lommahdukseen ja
poikkileikkauksen muodonmuutoksiin. KT-Shelterin nykyisilld profiileilla tukien kaytto
taivutusprosessin aikana on vélttimétontd onnistuneen lopputuloksen saavuttamiseksi.
Tyossd 10ydettiin esimerkkejd vastaavien profiilien onnistuneista taivutuksista. Tulosten
perusteella suositellaan kehittiméédn KT-Shelterin onttoihin profiileihin sisdiset ja ulkoiset
taivutustuet tai hyodyntdméddn valmiita ratkaisuja alumiiniprofiilien taivutukseen
erikoistuneilta yrityksilta.
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SYMBOLS AND ABBREVIATIONS

Roman characters

b
E
Jo
Ju

Mpl

Wel

Wpl

Width of cross-section part

Young’s modulus

Characteristic value of 0,2 % proof strength
Characteristic value of ultimate tensile strength
Plastic moment capacity

Ramberg — Osgood exponent

Rotation capacity

Thickness of cross-section part

Elastic section modulus

Plastic section modulus

Greek characters

B

Slenderness factor
: o fzso
Material dependent normalization factor, -
0

Strain

coefficient to allow for stress gradient or stiffening of cross-section part
Elastic rotation corresponding to the plastic moment My

Rotation at the point where the moment resistance drops below M,
Elastic curvature corresponding to the plastic moment M,

Curvature at the point where the moment resistance drops below M,
Poisson’s ratio

Bending stress



Abbreviations

BC

C-S

EC9

EP

FE

FEA

FEM

GMNA

HAZ

Ra

VKP

Buckling Class

Cross - Section

Eurocode 9

Extruded Profiles

Finite Element

Finite Element Analysis

Finite Element Method

Geometrically and Materially Nonlinear Analysis
Heat Affected Zone

Roughness average

KT-Shelter’s frame profile
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1 Introduction

This master’s thesis is conducted for KT-Shelter Oy. KT-Shelter design, manufactures and
delivers mobile hangars designed for rapid deployment without the need for heavy
machinery or cranes. This assembly method enables efficient relocation and setup using only
manual labor. To facilitate this, individual structural components must remain lightweight.
Despite the lightweight design, the structure must be capable of withstanding extreme
environmental conditions, including wind and snow loads, as well as additional operational

loads imposed by integrated accessories such as service cranes.

KT-Shelter hangars are primarily used in military and defence industry. Hangars have
significant role in safeguarding fighter jets, helicopters, large UAV and armoured vehicles

from adverse environmental conditions.

Primary goal of the thesis is to develop a design guideline especially for bent aluminium
extrusion profiles intended for use in hangars. The guideline is created through literature
review, finite element analysis (FEA) and analytical evaluation of profiles as well as
experimental tests. The aim is to increase the knowledge of aluminium extrusion profile
characteristics, which will enable more versatile and scalable options for hangar
configurations. In short-term, the focus is directed toward improving the current door frame

profile.

1.1 Motivation and purpose

Currently, aluminium profile design for mobile hangars is challenging due to fabrication
related limitations. Designing a profile with geometry that suits both roll bending and

payload requirements for hangar use is complex.

Current main frame profiles (VKP) consist of extruded flanges which are first roll bent and
then welded to a shape-cut web plate. Multiple manufacturing stages, including extrusion,
bending, cutting, and welding, contribute to higher costs compared to a single bendable

extrusion profile.
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The straight door profiles are manufactured through an extrusion process and assembled
using bolted mounting components. Current extruded door profiles are unsuitable for roll
bending, as they are prone to buckling and extensive geometric distortions, which degrade
structural integrity and functionality. The resulting straight profile geometry creates an
angular door configuration, which presents challenges for canopy installation. Furthermore,
the angular design introduces flat surfaces that promote snow accumulation, whereas a
rounded profile would help prevent this issue. The angular shape negatively impacts the
door’s aesthetic compatibility, particularly in relation to the rounded VKP structure. From a
stealth technology perspective, curved surfaces are preferable as they more effectively

scatter radar signals.

Design guideline for bendable aluminium profiles is needed since it enables efficient design
for mobile hangars with different geometries that allow KT-Shelter hangars to be used in an
increasing number of different applications fulfilling standards and directives of different

customers.

1.2 Research problem and questions

The research problem is the lack of a guideline for aluminium profile design that meets the
requirements of the roll bending process. Currently, design is considered to be challenging.
This study aims to provide a guideline to enhance the design process of aluminium profiles

for mobile hangars.
Research questions are listed below:

- What are the specific characteristics of extruded aluminium profiles in terms of

cross-sectional classification and stability?
- How does tempering affect stability and cross-sectional classification?
- What are the limitations roll bending causes for the design of aluminium profiles?

- What requirements aluminium profile must fulfil to withstand roll bending?
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1.3 Research methods

The research methods comprise a literature review, finite element analysis (FEA) and
laboratory testing. The mechanical behaviour and stability characteristics of aluminium
alloys are examined based on literature and relevant standards. Key parameters such as
profile geometry, technical delivery conditions, and other material-specific factors are
investigated. The roll bending process is introduced at a general level. FEA is used to
evaluate local buckling phenomena and the load-bearing capacity of extruded profiles. FEA
include geometrically and materially nonlinear analysis (GMNA). Laboratory experiments
are conducted to validate the bending performance of the current profile designs and to

compare the results with those obtained from numerical models.

1.4 Scope

Main purpose is to create guideline for aluminium profile design to assist product
development in the future. Research includes stability and bendability study of aluminium

profiles for KT-Shelter applications.

6082 aluminium alloy is used for this research. Other aluminium alloys have been studied
previously by KT-Shelter, and alloy 6082 was found to be suitable for hangar applications
due to its good strength properties, extrudability, and weldability. Material properties are

derived from the Eurocode 9 standards.

The bending process is considered as three-point bending, since the subcontractor utilizes a
three-roll bending machine. However, the bending process itself is discussed only at a

general level, without going into detailed technical specifications.

The theoretical evaluation of the aluminium profile is conducted using both analytical
methods and finite element analysis (FEM). The analytical approach is based on the
Eurocode 9 (EC9) standards. A geometrically and materially nonlinear finite element

method (GMNA) is employed in the analysis.
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1.5 Previous research

Aluminium alloys properties and profiles are researched before by KT-Shelter and its
subcontractors. Also, bachelor’s thesis is made by Rasmus Laine in 2024; “Constraints

caused by functional and productivity requirements for the design of an aluminium extrusion

profile”.

1.5.1 Functional and productional requirements for aluminium extrusion profile

Laine's (2024) bachelor's thesis investigated the constraints caused by functional and
production requirements in the design of an aluminium extrusion profile. The goal was to
determine the limitations encountered when designing an aluminium extrusion profile that
must withstand roll-bending and various weather conditions. The aim was to propose a

profile and solutions that meets both functional and production requirements.

The research focused on determining why the current aluminium profile could not be bent
and on excluding other possible materials with similar characteristics. The study explored
which types of aluminium are suitable for extrusion and forming, and how external loads

influence the design of the profile.

The results presented rectangular profile with dimensions to fulfil slenderness parameters of
cross-section class 2 in EN 1999-1-1: 2009. This was considered sufficient for bending
without buckling. The study also considered the production requirements, such as the

maximum weight and cross-sectional dimensions allowed by the extrusion process.

The analysis revealed that the designed profile could withstand the required forces but could
had issues with bending. The study suggested possible modifications, such as adding internal

support structures.

In conclusion, the thesis provided insights into the design constraints of aluminium extrusion
profiles and offered some solutions to meet the functional and production requirements.
Further research could focus on refining the profile design and exploring alternative

materials to achieve the desired performance.
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1.5.2 Research by KT-Shelter and subcontractors

Various methods have already been explored through KT-Shelter and its subcontractors to
improve the success of roll bending. One proposed solution is the addition of internal support
structures within the profiles to prevent buckling and distortion. Alternative bending

processes, such as stretch bending, have also been suggested.

Due to the challenges associated with bending large hollow-section profiles, KT-Shelter
proposed the use of 'half profiles' as an alternative solution. These consist of two symmetric
open-section components, which, when bent individually, exhibit reduced bending stiffness
due to a lower elastic section modulus. This reduction in stiffness may help mitigate the risk
of local buckling during the roll bending process by lowering the required forming forces.
However, the open profiles inherently increase their susceptibility to cross-sectional
distortions and local instabilities. The feasibility and structural implications of using half

profiles are also examined within the scope of this study.
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2 Bendability and stability properties of aluminium alloys

This chapter presents the literature review, analytical methods, finite element modelling, and
the specifications for the laboratory tests. Relevant standards and scientific publications
concerning the stability and bendability of aluminium alloys are examined. Additionally, the

finite element model and its specifications are described in detail.

2.1 Stability properties of aluminium alloys

In general, the relatively low Young’s modulus (£ = 70 000 MPa) has negative impacts on
buckling strength. For profiles with large diameter-to-thickness ratio, both local and overall

buckling can greatly influence the ultimate moment capacities. (Zhao & Zhai 2020)

Buckling behaviour in aluminium alloys is further addressed in the standard EN 1999-1-1
which defines buckling curves based on alloy type and the presence of longitudinal welds.
Due to the low residual stresses in extruded profiles, the buckling curves are independent of
cross-sectional shape. Classification into buckling classes A, B, or C is based on the stress—
strain behaviour at low strain levels. Specifically, the ratio between the linear elastic limit
(fp) and the 0.2% proof strength (f,) (Hoglund 2008). Example stress—strain curves for

buckling classes A and B are shown in Figure 1.
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& &
Buckling class A Buckling class B

Figure 1. Example of stress-strain diagrams for buckling class A and B. (Hoglund 2008)

In general, buckling class A alloys are associated with higher buckling resistance. However,
in profile design there are several other factors significantly influence the buckling
behaviour, indicating that conclusions cannot be drawn solely based on the assigned

buckling class. The buckling classes and other characteristic properties of EN AW-6082

aluminium are presented in Figure 2.
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. ,b d d s
Alloy | Product | - ':‘l:;:k f2 | £,2 | A®® | forat | fanud | HAZ-factord |y
ENAW|  form o i BC
t, mm 2 2
N/mm % N/mm Poraz | Puraz
EP,ET,ER/B T4 t<25 110 | 205 14 100 160 | 091 | 0,78 C 8
EP TS t<5 230 | 270 8 125 185 | 0,54 | 0,69 A 28
ts5 250 | 290 8 0,50 0,64 A 32
EP,ET T6
6082 5<t<15 | 260 | 310 10 048 | 0,60 A 25
t<20 250 | 295 8 0,50 | 0,63 A 27
ER/B T6 125 185
20<t<150] 260 | 310 8 048 | 0,60 A 25
t<5 255 | 310 8 049 | 0,60 A 22
DT T6
S<t<20 | 240 | 310 10 0,52 0,60 B 17
Key

EP Extruded profiles

EP/H Extruded hollow profiles
ER/B Extruded rod and bar
EP/O Extruded open profiles
ET Extruded tube

DT Drawn tube

3 Where values are quoted in bold greater thicknesses and/or higher mechanical properties may be permitted in some forms,
see EN 754-2:2016 (for drawn products) and EN 755-2:2016. In this case the RpO,Z and R, values can be taken as f, and f,. If

using such higher values the corresponding HAZ-factors p have to be calculated according to Formula (8.15) and (8.16) with the
same values for f, ., and f;; 1,
b Where minimum elongation values are given in bold, higher minimum values may be given for some forms or thicknesses.

€ According to EN 755-2:2016: “If a profile cross-section is comprised of different thicknesses which fall in more than one set of
specified mechanically property values, the lowest specified value should be considered as valid for the whole profile cross-section.”
Exception is possible and the highest value given may be used provided that the manufacturer can support the value by an
appropriate quality assurance certificate.

d Depending on material thickness, filler metal and welding process (MIG or TIG), o, 47" Py haz-Values in the table should be
modified by a reduction factor C, or C, respectively. Where higher values of mechanical properties are used according to
footnote a, the HAZ-factors, p, have to be modified.

€ A= As.as‘-"a_,
f  BC = buckling class, see 8.1.4.4,8.1.5 and 8.3.1.

& p-value in Ramberg-Osgood Formula for plastic analysis. It applies only in connection with the listed f,-value (= minimum
standardized value).

Figure 2. Characteristic values of 6082 aluminium (EN 1999-1-1:2023).

2.2 Bendability of 6082 aluminium alloy

According to Purso Oy, AW 6082-T6 is well-hardening construction alloy with excellent
strength properties. However, bendability is poor. Dimensional and shape tolerances are

larger compared to other alloys. (Purso Oy 2024. s. 9)

In aluminium alloys, the temper has a significant influence on mechanical properties. T4
temper indicates that the alloy has undergone solution heat treatment, quenching, and has

been naturally aged to a stable condition, without any significant cold working. T6 temper
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refers to an alloy that has also been solution heat treated and quenched, but then artificially
aged to achieve precipitation hardening, again without significant cold work (Kauffman,
2000). For the 6082 alloy, the T6 temper is the harder option, offering relatively high yield
strength (~250 MPa), whereas the T4 temper is softer, with a significantly lower yield
strength of approximately 110 MPa. Alloys in softer tempers (e.g. T4 temper) exhibit better
bendability compared to those in harder tempers (e.g. T6 temper) (Leijon 2021).

The bendability of aluminium profiles is influenced by several material properties.
According to different aluminium manufacturers (e.g. Gabrian, Shapes by Hydro, Alumac)
yield strength, ductility and hardness are found most significant. Lower yield strength
generally enhances bendability since the material can deform more easily under bending
forces. However, the yield strength must be sufficient to withstand external loads and meet
strength criteria. A balance between bendability and strength is crucial when selecting the

appropriate yield strength for specific applications.

Ductility refers to a material's ability to undergo plastic deformation without fracturing.
Higher ductility enables greater strain before failure, which is beneficial for bendability. The

T4 temper exhibits higher ductility compared to T6, resulting in improved bendability.

Another way to evaluate bendability is rotation capacity. Differences in rotation capacity
between T4 and T6 tempers for 6082 aluminium alloy was researched by Castaldo, Nastri
and Piluso (2016). They evaluated rotational capacity of RHS aluminium alloy beams by
FEM simulation. There are two different studies; “Evaluation of Rotation Capacity of RHS
Aluminium Alloy Beams by FEM Simulation: Temper T4” and “Evaluation of Rotation
Capacity of RHS Aluminium Alloy Beams by FEM Simulation: Temper T6”. It was found
that temper T6 results in lower hardening compared to temper T4. T6 has higher strength
properties but at the same time it has lower ductility compared to T4. The study found that
the T6 temper exhibits less strain hardening than the T4 temper. While T6 offers higher
strength, it also has reduced ductility compared to T4. As a result, the T4 temper

demonstrated a higher rotation capacity overall. (Castaldo, Nastri and Piluso 2016)

Nakanishi, Asano and Yoshida researched effect on aging precipitates on the bendability of
Al-Mg-Si alloy (6xxx alloy). Research findings indicate that bendability significantly
decreases at the T6 temper. Bendability is better under and over the aging temper compared

to the T6 temper. Additionally, specimens subjected to aging at high temperatures before
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reaching the T6 temper tend to crack easily during bending tests. (Nakanishi, Asano &

Yoshida 2014)

2.3 Cross-section classification according to EN 1999-1-1

Cross-section class 1-4 explanations according to EN 1999-1-1 are presented below:

- Class 1 (Ductile): Cross-sections can form a plastic hinge with the ability to rotate

without a significant loss of strength. They are capable of reaching and maintaining

their plastic moment capacity.

- Class 2 (Compact): Cross-sections can develop their plastic moment capacity but

have limited rotation capacity. They can reach their plastic moment but have limited

rotation capacity due to local buckling.

- Class 3 (Semi-Compact): Cross-sections can reach their yield moment but will

experience local buckling before reaching their plastic moment capacity. They are

limited by local buckling.

- Class 4 (Slender): Cross-sections are prone to local buckling before reaching their

yield moment. The effective cross-section is reduced due to local buckling, and they

are designed based on their effective section properties.

According to EN 1999-1-1, cross-section class 1 permits plastic bending without the

occurrence of local buckling, which is a fundamental requirement for the roll bending

process. It should be noted that the classification limits for cross-sections differ between the

2023 and 2007 editions of the EN 1999-1-1 standard. In this study, the updated 2023 version

is applied in the analysis. For comparative purposes, the cross-section class limits from both

versions are presented.

EN 1999-1-1: 2023 belongs to second generation Eurocodes. It cannot yet replace the first-

generation version since national annexes have not been issued. However, they may be used

as guidance if their use is agreed among the project stakeholders. Full implementation of the

second-generation Eurocodes is expected around 2027-2028, with possible pilot

applications earlier. (Lastunen 2024)
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2.3.1 EN 1999-1-1:2023 cross-section classification

Slenderness parameter S considers the width-to-thickness ratio b/t and the possible stress
gradient factor #. In pure bending, element width b is multiplied by stress gradient factor #
= 0.4. Equations for slenderness parameters are presented in equations 1 and 2. Equation 1
presents the slenderness parameter for cross-section without stress gradient and equation 2

for cross-section with stress gradient.

b
p=7 (1

p=— )
where f slenderness parameter, b is width of the cross-section part, # is thickness of the cross-
section part and # is the possible stress gradient factor.

Width-to-thickness (b/¢) ratio limits for class 1 and 2 are defined in Figure 3. If cross-section

part includes welds, values should be reduced by a factor 0.80.

b g
[ L
b
=l L
Internal part Outstand part
Cross-
Section a.<05 a.>0,5 Peak compression Peak compression at
N . at supported edge unsupported edge
a . 16e 56& 4 - 4e
“las: < =— =— < —
458 T o, ~ 55a.—1 o a.”?
S 19¢ - 88¢ - 4,5¢ - 4,5¢
s = a. = 6,53a, — 1 = a, T al®

Figure 3. Permissible values of b/t for cross-section part without welds (EN 1999-1-
1:2023, table 8.2)

Factor a. depends on stress gradient on the cross-section part. For pure bending of a double-
symmetric profile, assuming that in the plastic limit state the stress distribution follows the
elastic state, the factor a. is 0.5. Material factor ¢ is used in cross-section classification to

normalize the slenderness of elements based on yield strength as defined by equation 3.
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&= |— 3

where f, is yield stress in MPa.

250 is a conventional reference value also used in Eurocode 3 and adapted to Eurocode 9 for

aluminium.

Slenderness parameter limits for cross-section class 3 are presented in Figure 4. If class 3

limits are exceeded, cross-section class is 4.

Buckling Class Internal part Qutstand part
:EEDELE t;r:ahle >3 Ba/e B3/« Bafe Byfe
A 16 22 4,5 6
Without welds B 16 20 4.5 55
C 16 18 4,5
A 13 18 4,0
With welds B 13 16,5 3.8 4.5
C 13 15 3,5 4
2 with for (a): &€ = f_ with f, in MPa
a

Figure 4. Slenderness parameter limits for cross-section classes 2, 3 and 4 (EN 1999-1-
1:2023, table 8.1)

2.3.2 EN 1999-1-1:2007 cross-section classification

In the earlier version, EN 1999-1-1:2007, slenderness parameters are defined similarly to

those in the 2023 version. However, the slenderness ratio limits for cross-section classes
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differ from those in the 2023 version. These limits are shown in Figure 5. The factor ¢ is

determined in the same way as in the 2023 version.

Parts in struts

B<pb

Parts in beams

PB<p cclass | :class 1 or 2

Pr< B <P class 2 Pr < <Py :class 3

B> < f< fy:class 3 pi<p :class 4

Pi<p - class 4
Material classification Internal part Outstand part
according to Table 3.2 Ble Bale Bile Bile hile Bile
Class A, without welds 11 16 22 3 4.5 6
Class A, with welds 9 13 18 235 + 3
Class B, without welds 13 16,5 18 35 4.5 3
Class B, with welds 10 13,5 15 3 35 4
E= m JSoin N'thnn'l1

Figure 5. Slenderness ratio limits and slenderness parameters for cross-section parts
according to EN 1999-1-1:2007

Main differences in cross-section classification between versions occurs in definitions of
classes 1 and 2. 2023 version defines b/t limits whereas 2009 version defines limits for
slenderness parameter f. In the 2023 edition, cross-section classes 1 and 2 are not
differentiated with respect to buckling classes unlike in 2007 version. Whereas the 2007
edition distinguishes only two buckling classes (A and B), the 2023 edition introduces a third
class (C). Brief comparison for 6082 alloy in T4 and T6 tempers under bending and

compression loads are presented in figures 6 and 7.

b/t limits
f, [MPa] € Load type O, n (internal 2023 2009
parts)
110 1,51 Pure Bending 0,5 0,4 Class maten(:«jll class matenBal class
1 48,24 49,00
6082-T4 double symmetrical closed profile's webs under bending 2 5729 62.19
3 67,84 67,84

Figure 6. Cross-section class comparison under pure bending for 6082-T4 alloy
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b/t limits
f, [MPa] € Load type O n (internal 2023 2009
parts)
110 1,51 Compression | | Class material class | material class
A A
1 18,76 16,58
6082-T4 closed profile's flange under bending 2 23,99 24,12
3 33,17 33,17

Figure 7. Cross-section class comparison under compression for 6082-T4 alloy

2.3.3 Literature about cross-sectional classification and stability of Al profiles

Su, Young and Gardner (2017) studied rotation capacity against slenderness. Rotation

capacities were defined by equations 4 and 5.

“4)

)

Where 61 1s the elastic rotation and ;1 1s the curvature of the profile defined as the rate of

change of the rotation along its length. These values are corresponded to the plastic moment

capacity Mpl. Grot and rot refer to the rotation and curvature at the point where the moment

resistance drops below M. (Su, Young & Gardner 2017)

In general, rotation capacity R = 3 is considered adequate for the plastic design of steel

structures and this value was also applied for aluminium alloys in Su et al. (2017) research.

It was found that class 1 slenderness limit 11.0 and 13.0 might be seen rather strict. New

values were proposed and they are presented in Figure 8. Rotation capacities against

slenderness parameter are presented in Figure 9.



‘lend Class 1 Class 2 Class 3
Slenderness Reference Material
parameter Internal ~ Outstand Internal  Outstand Internal ~ Qutstand
Aluminium-
. 11.0 3.0 16.0 45 22.0 6.0
. Class A
EC9 Alumini
i X 3.5 16.5 45 18.0 5.0
Class B
ple EN 1993-1-1  Carbon Steel 19.1 5.2 21.9 5.8 24.2 8.1
EN1993-14  Stainless 14.8 5.8 15.4 6.0 17.7 6.9
Steel
Proposed Aluminium- 7
herein Class A& B 150 j 16.0 ) 20 6.0

Figure 8. Comparison of slenderness parameter limits. (Su, Young & Gardner 2017)
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Figure 9. Cross-section class slenderness parameters against rotation capacity for internal

f/e

elements of class A material. (Su, Young & Gardner 2017)

Eurocode 9 treats cross-sections on part by part meaning that class of the cross-section is
defined by their most slender element. According to Su, Young and Gardner research this

way seems to be conservative and full cross-section slenderness parameter (equation 6)

could also be used.
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Where 7, is slenderness parameter, fy is material yield stress (or 0.2% proof stress) and ¢ is
the elastic buckling stress of the full cross-section under the applied stress distribution. This
method considers both interaction among the cross-section’s constituent parts, and the loads
applied to the cross-section. According to design guideline for KT-Shelter, this method also
seems more straightforward compared to defining every cross-section’s parts slenderness
ratio separately. For example, cross-section classification part by part for aluminium profile
presented in Figure 10 is challenging. With whole cross-section slenderness parameter

design can be simplified.

Figure 10. Example of complex extruded profile (KT-Shelter 2024)

In the proposed classification method, the local slenderness of the entire cross-section,
expressed by the parameter /; is used in place of the EC9 slenderness parameter f/e. The
corresponding elastic local buckling stress ocr is defined for the full cross-section and
incorporates the interaction between individual elements, rather than assessing them
separately. With this approach, slender parts of the section can take advantage of the restraint
provided by adjacent, less slender components. The elastic buckling stress can be evaluated
using analytical approximations, numerical procedures such as finite element analysis, or
other suitable rational methods. Proposed slender parameters and parameters according to

EC9 are presented in Figure 11. (Su, Young & Gardner 2017)
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Class 1 Class 2 Class 3
Slenderness Reference Material
parameter Internal  Outstand Internal  Outstand Internal ~ Outstand
Aluminium- —, 3, 0.28 0.50 0.43 0.68 0.57
Class A
_ EC9 Aluminiume.
7, i 0.40 0.33 0.51 0.43 0.56 0.47
¥ Class B
Proposed Aluminium-
herein Class A & B 0.45 0.50 0.68

Figure 11. Slenderness parameter and limits according to EN 1999-1-1:2007 and proposed
by Su et al. research. (Su, Young & Gardner 2017)

Rotation capacities against slenderness ratios are presented in Figure 12. Rotation capacity

R =3 is regarded as adequate for plastic design.

30 W

: © Three-point bending
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Figure 12. Rotation capacities from bending tests and FE models and assessment of full
cross-section class 1 slenderness limit. (Su, Young & Gardner 2017)

In Castaldo’s, Nastri’s and Piluso’s research in 2016 “Evaluation of Rotation Capacity of
RHS Aluminium Alloy Beams by FEM Simulation: Temper T4” rotation capacity of 6082-T4
aluminium beams were investigated with FEM simulation. The findings indicate that both

the maximum moment and the rotation capacity consistently get lower as the slenderness
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parameter (A) and ratio between length of the specimen and width of the cross-section (L/b)

increase.

2.4 Bendability of open profiles

The option of using closed profiles cut into halves is investigated. Potential advantages of
such half profiles include a reduced elastic section modulus resulting in lower roll bending
forces. Additionally, internal support elements can be employed during the bending process,
and internal features, such as those required for longitudinal joining, can be integrated into

the profile.

However, these half profiles represent open cross-sections, which are inherently more
susceptible to distortions during roll bending. According to aluminium product
manufacturers, distortion of open profiles is a significant challenge in roll bending. The
asymmetrical geometry of such profiles greatly increases the likelihood of warping or
deformation, often resulting in partial collapse of the section, thereby compromising its

intended structural functionality (Alubend 2020)

When the section is asymmetric, bending moments induce torsional (twisting) reactions due
to the offset of the centroid or shear center from the neutral axis. As asymmetry increases,
so does the magnitude and complexity of the resulting torsional stresses during bending.
These torsional effects can be problematic, as they are often less predictable and more

difficult to control. (Barnshaw 2019)

Furthermore, EN 1999-1-1 indicates that slenderness limits for open profiles are
considerably lower than those for closed profiles, supporting manufacturers’ observations

regarding the bending challenges associated with open cross-sections.
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3 Roll bending of aluminium profiles

The roll bending process is presented on a general level, as specific details of the currently
used industrial process cannot be disclosed due to confidentiality constraints. In addition,
the role of support mechanisms during the bending process is discussed. Examples of

successful bending of slender aluminium profiles are presented.

3.1 Fundamentals of roll bending

Roll bending is a dieless rotary forming technique where the roller's rotation propels the
profile forward through friction. The bending of the profile is achieved by the vertical
movement of an auxiliary roller. This process is suitable for bending profiles. (Jing et al.

2023, 1).

In this case three-roll bending machine is used. The principle of profile bending using the
three-roll down pressing method, illustrated in Figure 13, involves the upper roll moving
vertically between two lower rolls, which rotate. The symmetrical arrangement of the three
rollers ensures even stress distribution on the profile before and after bending. The upper
roller applies pressure while the lower rollers provide support, creating a three-point bending
effect. This process can be viewed as continuous three-point bending. During operation, the
profile is fed between the upper and lower rolls, and the upper roll moves downward to
induce plastic bending deformation. The rotation of the lower rolls, combined with friction
between the profile and the rolls, causes the profile to move longitudinally. (Jing et al. 2023,
2).
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Support roll A

I= >

k4

Loading phase Unloading phase

Figure 13. Principle of three-roll bending machine (adapted from Liu et al. 2023)

3.2 Supports during roll bending process

Proper support of the aluminium profile during roll bending is critical to prevent unwanted
deformation. This is especially important for semi compact and slender profiles. However,
the increasing demand for lightweight and material-efficient designs has led to the use of
thin-walled cross-sections with high slenderness ratios. While this approach improves
weight and cost efficiency, it also makes aluminium profiles more susceptible to local

instabilities, such as web buckling and flange deformation during bending processes.

Support structures play a critical role in improving the local stability of aluminium profiles,
particularly during roll bending. These supports, which can be external fixtures, mandrels,
or internal stiffeners, act to suppress undesired deformation modes and help distribute
stresses more uniformly across the profile. Recent research has demonstrated the
effectiveness of internal supports in stabilising hollow aluminium profiles under mechanical

loading.
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Gribniak et al. (2022) conducted a detailed experimental and numerical investigation on the
use of low-modulus internal stiffeners to enhance the local stability of thin-walled
aluminium profiles. In their study, hollow aluminium profiles made from AA 6060-T66
alloy were subjected to three-point bending and axial compression. The profiles were
internally supported using polymer stiffeners fabricated via additive manufacturing. The
stiffeners, made from polylactic acid (PLA), were printed with varying infill densities (10%,
25%, and 50%) and bonded to the profile interior using epoxy adhesive.

The results of the experiments showed a significant improvement in the mechanical
performance of the profiles when stiffeners were applied. In flexural tests, even the lowest-
density stiffeners nearly doubled the capacity of the test pieces. The failure mode shifted
from local buckling in the web to material fracture in the strengthened specimens, indicating
a more effective use of the aluminium’s ultimate mechanical capacity. In compression, the
application of stiffeners raised the ultimate load resistance over four times. The adhesive
bonding of the stiffeners was found to be crucial—unbonded stiffeners provided only limited

improvement due to insufficient interaction with the profile walls.

Even minimal-density stiffeners showed considerable improvements, suggesting that
lightweight internal supports can offer excellent performance-to-weight benefits when

properly integrated.

Numerical simulations carried out in the same study supported the experimental findings.
Linear buckling analysis showed a clear transition in the deformation mode from asymmetric
to symmetric buckling due to the bracing effect of the internal stiffeners. The critical
buckling load increased significantly in the presence of bonded stiffeners, aligning closely
with the experimental results. The study concluded that the adhesion between the stiffeners
and the aluminium profile is a key factor in achieving reliable and efficient load transfer,

particularly in the elastic deformation range.

The research by Gribniak et al. highlights the potential of using low-modulus, additively
manufactured stiffeners as internal supports to mitigate local buckling in thin-walled

aluminium profiles.

Another recent research by Li et al. (2023) introduces a novel mandrel-supported bending
strategy designed for thin-walled tubes. In their study, a rigid internal mandrel was used to

directly support the tube walls during bending, significantly reducing cross-sectional
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ovalization and preventing local buckling. While the study focused on rotary draw bending,
the same principles are applicable in roll bending when the internal mandrel is allowed to

move axially or is segmented to follow the curved path of the profile.

For rectangular aluminium tubes, the mandrel must be carefully designed to conform to the
inner geometry, particularly to support the flat web and flange areas that are prone to inward
deformation. A segmented or flexible mandrel could be employed to accommodate the
gradual curvature produced in roll bending. Additionally, a low-friction surface or coating
would be essential to allow relative movement between the mandrel and the profile during
continuous feed. Integrating such internal supports in roll bending could enable tighter bend

radii, reduce residual stress, and improve dimensional consistency.

In certain bending applications, an effective method to prevent deformation of aluminium
keder groove profiles is to fill the internal cavity prior to forming. Common filler materials
include low-melting-point alloys, wax-type water-soluble compounds, flexible nylon inserts,
and hard-packed sand. Each filler type offers specific advantages and limitations. For
example, low-melting-point alloys provide uniform internal support and can be removed by
controlled heating, while water-soluble wax fillers enable easy post-process cleaning.
Flexible nylon inserts can accommodate moderate deformation without damaging the
internal surface, and hard-packed sand offers a cost-effective solution for one-off or
experimental bends. The choice of filler material depends on factors such as profile
geometry, bend radius, surface finish requirements, and available removal processes. Due to
the specialised handling and preparation required, certain filler materials—particularly metal
alloys and industrial waxes—are typically employed by larger bending specialists with the

necessary equipment and expertise. (Barnshaw 2019)

Lu et al. (2022) conducted an experimental investigation on 6061-T6 aluminium RHS with
cross-sectional dimensions of 60 x 60 x 3 mm to quantify the influence of sand filling on
concavity, denoted as € (mm). This parameter was defined as the maximum inward
deviation from the nominal profile contour measured after bending. The measured depth of
concavity increased progressively from the profile edges toward the central span, where the
maximum deformation occurred. For the unfilled condition, the peak concavity measured
7.5 mm, corresponding to a concavity rate of 12.5%. When the cavity was pre-filled with
dry sand before bending, the peak concavity was reduced to 4.9 mm, with a corresponding

concavity rate of 8.2%. This reduction demonstrates that sand filling provides effective
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internal support to the profile’s inner wall during bending, thereby mitigating distortion
arising from local instability. Nevertheless, the resulting concavity rate in the sand-filled
condition still exceeded the acceptable tolerance range, indicating that while the method

improves section stability, it may not fully satisfy dimensional requirements. (Lu et al. 2022)

Nakajima et al. (2020) demonstrated that a laminated elastic mandrel—comprising stacked
thin PVC and stainless-steel plates—can provide internal support during bending while
maintaining sufficient flexibility to prevent excessive local stresses. The clearance between
the mandrel and the tube is critical: excessive clearance permits flange depression and web

distortion, whereas overly tight clearance increases friction and the risk of cracking.

In ultra-narrow sections (height / width ratios up to 40), conventional mandrels often cause
pear-shaped deformation, where the web bulges outward and the flanges shift
asymmetrically. This is exacerbated when reduced mandrel rigidity, intended to improve
formability, allows small voids between lamination layers to compress unevenly, effectively
increasing clearance. To address this, Nakajima et al. proposed a bumpy laminated mandrel,
featuring a stepped-core design with near-zero height clearance to suppress vertical
deformation, minimal width clearance on the compression side, and slightly larger clearance
on the tension side to reduce cracking risk. This asymmetric clearance distribution

counteracts compression-side collapse without over-restraining the tension side.

Experiments and finite element analyses confirmed that this configuration, combined with
axial tension and web restraint, minimized deformation—achieving approximately +1%
height change, +3% maximum width change, and —7% minimum width change. These
results show that optimal mandrel design for ultra-thin rectangular tubes depends not only
on material stiffness and flexibility, but also on precise clearance tuning to control specific

deformation modes. (Nakajima et al. 2020)

3.3 Examples of slender profiles bending

There are already examples of successful bending of slender aluminium profiles. Kersten
group has successfully bent tent profiles (Figure 14) with diameter from 50 mm to 800 mm.
These profiles have same kind of grooves compared to KT-Shelter profiles and deformations

has remain low enough to ensure functionality and structural integrity.



32

Figure 14. Bent tent profiles (Kersten Group n.d.)

A case example is also presented, in which a rectangular profile with dimensions 340 x 154
x 6 mm is bent in the T4 temper (material specifications are not disclosed) for Donselaar
tents. The profile is bent to an angle of 65° with a bending radius of 7000 mm. Tent structure

is presented in Figure 15. (Kersten Group n.d.)

Figure 15. Bent profiles used in tent structure (Donselaar Tents n.d.)
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According to Kersten, tent profile bending is performed using a roll bending process with
both internal and external supports. This example confirms that current KT-Shelter’s door

profile could be bendable with adequate support structures.

3.4 Effect of bending on Keder groove quality in aluminium alloys

Bending aluminium tent profiles significantly influences the geometrical accuracy of the
keder groove, which is the channel designed to accept fabric keders. During bending, the
profile’s outer radius undergoes tension and the inner radius experiences compression,
creating uneven stress distribution. This causes geometric distortion such as groove
narrowing on the inner side and slight widening on the outer side. In some cases, twisting

and ovality can occur. (Barnshaw 2019)

Surface condition can also change. Plastic deformation during bending can increase surface
roughness due to heterogeneous grain deformation. Research on aluminium alloys like
AA6063 shows that average surface roughness (Ra) can increase by tenths to several

micrometers depending on strain level. (Cai, Wang & Du 2022)

These changes affect friction between the groove and the canopy. Narrowed grooves and
roughened surfaces raise the coefficient of friction which might complicate the canopy

installation compared to straight grooves.
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4 Experimental tests

Laboratory testing is conducted at the production facilities of a subcontractor, where door
profiles are extruded and roll bent. The door profile is cut into various dimensions in
accordance with the cross-section classification criteria specified in EN 1999-1-1:2023. Due
to confidentiality agreements, detailed information regarding the fabrication and bending
procedures are not presented. Bending is performed about the major axis, with cut profiles
bent in both directions about major axis. The experimental results are compared with finite
element method (FEM) simulations. These comparisons contribute to the development of a

more accurate and realistic FEM model of the roll bending process.

Full and split door profiles are tested. Material is 6082 aluminium in T4 temper. Door profile
is cut according to cross-section classes 1, 2 and 3 (EN 1999-1-1:2023). Tested profiles with

relative dimensions are presented in figures 16 and 17.
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Figure 16. a=c-s class 1, b=c-s class 2, ¢ = c-s class 3
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Figure 17. Full door profile

Cut profiles are bended in both directions around neutral axis as illustrated in Figure 18.

Figure 18. Examples of bent profiles
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5 Finite element method

Roll bending process of the current door profile, VKP flange profile, and one alternative
profile design is simulated using finite element analysis. The simulations are performed with
Simcenter Femap. The material properties, model geometry, loading conditions, boundary
constraints, and analysis types are described in detail. The primary objective is to investigate

the deformations and stress distribution occurring during the roll bending process.
5.1 Material model

A nonlinear plastic material model is applied, with the Ramberg—Osgood formulation used
to characterize the nonlinear stress—strain behavior of aluminium. This model allows for an
accurate representation of the material response beyond the elastic range. The mathematical

formulation is presented in equation 7.
o AN
&(o) =— +0.002- </—> @)
€
0

where ¢ is strain, fo is 0.2% proof stress, E is the modulus of elasticity and # is the Ramberg-

Osgood exponent.

Material properties of EN AW 6082-T4 are presented in Table 1. Stress-strain curve is

presented in figure 19.

Table 1. Material properties of 6082-T4 in room temperature (EN 1999-1-1:2023)

Alloy EN | Young’s | Poisson’s | 0.2% Ultimate | Buckling | Ramberg —

AW modulus £ | ratio [-] proof tensile class Osgood
[MPa] stress fo stress fu exponent n
[MPa] [MPa] [-]

6082-T4 70 000 0.3 110 205 C 8
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Ramberg - Osgood stress - strain 6082-T4
200

180

160

Stress [MPa]
=]
o

0 0005 001 0015 002 0025 003 003 004 0045 005 0055 006 0065 007 0075 008 008 008 009 01 0105 011 0115
Strain

Figure 19. Ramberg - Osgood stress - strain curve for EN AW 6082-T4

Material of the bending rolls is assumed to be structural steel. Material model is linear since
there is no need to analyse rolls behaviour and linear material is more computationally

efficient. Material properties of steel used in rolls is presented in Table 2.

Table 2. Bending rolls material properties

Structural steel Young’s Poisson’s ratio | Yield strength
modulus £ [-] fy [MPa]
[MPa]
S355 210 000 0.3 355

5.2 Geometry and mesh

The profiles were modeled using 3D geometry provided by KT-Shelter. Due to
confidentiality restrictions, the exact geometry and dimensions of the bending machine were
not available. Accordingly, the rolls were idealized with a diameter of 300 mm, and their
width was adjusted to correspond to the modeled profile. The support rolls were positioned
with a horizontal spacing of 600 mm, while the bending roll was placed centrally between
them. In practice, the actual bending machine may include additional supports in the web

regions; hence, the FEA results can be considered conservative.
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size. Bending force and constraints are transferred to the rolls through rigid RBE2 elements.
Bending roll

Parabolic hexagon and wedge solid elements with global mesh size of 10 mm are used for
aluminium profiles. Rolls are modelled using linear hexagon mesh with same 10 mm mesh
Meshed door profiles and rolls are presented in figures 20 - 24. Meshed VKP profiles are

presented in figures 25 - 27.

20. Meshed door profile and rolls

igure
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Figure 22. Meshed cut door profile, top flange
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Figure 23. Meshed cut door profile, bottom flange

24. Meshed cut door profile cross-section
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Figure 25. Meshed VKP top flange profile
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Figure 27. Meshed VKP flange profile cross-section
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5.3 Loads and constraints

Load of the roll-bending machinery is added as an Y-displacement load to the bending roll.
Value of displacement is 40 mm for door profiles and 60 mm for VKP flange to achieve
plastic deformations in profiles. Dead weight of the structures is not considered. Rolls are

fixed at their center point. Load and constraints are presented in Figure 28.

40 mm displacement load

123456
40,
Y
7 123456 123456

Figure 28. Loads and constraints in door profile, 123456 = fixed constraint

5.4 Analysis type

The roll bending process involves significant geometric and material nonlinearities, making
the selection of an appropriate solver critical for obtaining accurate results. For this purpose,
the SOL401 analysis type within Simcenter Femap was employed due to its capabilities in

handling nonlinear, large-deformation structural problems.

SOL401 is a multi-step structural solution specifically designed to address complex
simulations involving large strains, large displacements, large rotations, and nonlinear
materials. These features are essential for modeling roll bending, where the sheet undergoes
permanent plastic deformation and experiences substantial geometric changes under loading

conditions. The solver updates element coordinates and applied loads dynamically, ensuring
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that effects such as geometric stiffening and forces are accurately represented throughout the

deformation process. (Siemens 2024)

SOLA401 supports a wide range of material models, including for example plasticity, strain
rate-dependent plasticity and nonlinear elasticity (Siemens 2024). This enables a realistic

representation of the sheet’s behavior under high stress and strain conditions during forming.

The iterative solution procedure in SOL401 is based on variants of Newton’s method,
employing time increments, equilibrium convergence checks, and automatic stiffness matrix
updates to ensure both stability and accuracy in solving highly nonlinear problems (Siemens
2024). These characteristics are particularly relevant in roll bending, where accurate

prediction of stress, strain and deformation are required.

5.5 Contacts

SOL 401 supports both surface-to-surface and edge-to-edge contact interactions. The contact
algorithm can accommodate large deformations and finite sliding between contact pairs. In
cases of significant deformation, contact stiffness and forces are continuously updated and
rotated with the changing geometry, ensuring consistency with the element formulations
applied in SOL 401. Additionally, the algorithm dynamically updates the contact geometry
and pair definitions to account for finite sliding between the interacting surfaces. (Siemens

2024)

Contacts are modelled as surface-to-surface contacts between rolls and aluminium profile.

Default SOL 401 contact properties are used except friction coefficient of 0.2 surfaces.
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6 Results

This chapter presents the results obtained from both laboratory tests and finite element
analysis. The findings are described to illustrate the behaviour of the profiles under the

applied bending loads.

6.1 Laboratory tests

The results of the roll bending tests are presented Table 3. The surface geometries of the bent
profiles were analysed using a 3D scanner, and the inner radii were measured with
PolyWorks Reviewer software. Summary of achieved and target bending radii, and possible

bending failures are listed in Table 3.

Table 3. Summary of experimental bending tests

ID | Inner radius | Target radius Bending Cross- Notes
[mm] [mm] direction section
class
1 2142,0 2116,6 +, top part 1 Wrinkled webs
2 2092,2 2116,6 -, bottom part 1 Successful
3 2163,1 2116,6 -, bottom part 2 Successful
4 21229 2116,6 +, top part 2 Wrinkled webs
5 21332 2116,6 +, top part 3 Wrinkled webs
6 2095.5 2116,6 -, bottom part 3 Successful
10 909,3 913,7 +, top part 1 Wrinkled webs
11 909,6 913,7 -, bottom part 1 Successful
12 - 2116,6 Full Webs buckled,
grooves closed
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6.1.1 Full door profile geometry after bending

Roll bending of the full door profile was unsuccessful. The keder grooves fully closed, the
webs buckled inward, and the flanges deformed into a concave shape. The distortions were
significant, making the profile unsuitable for mobile hangar applications. Full door profile

after bending is presented in figures 29 and 30.

Grooves closed on both sides

[ )

Web buckled inward

Figure 29. Full door profile after roll bending
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Figure 30. Full door profile cross-section after bending

6.1.2 Split door profile after bending

Bending of all split door profiles (C-S 1, C-S 2, and C-S 3) were successful when the free
edges were positioned on the tension side, where the material could accommodate Plastic
strains without fracture. When the free edges were subjected to compression, wrinkling
occurs in webs in all cross-sections. This clear difference in behaviour highlights the

sensitivity of open-profile free edges to compressive loading during bending.

C-S 3 profile bending results are presented in figures 31 - 34. C-S 1 and C-S 2 results are
presented in Appendix I and II.
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Figure 31. C-S 3, top part after bending

Figure 32. C-S 3, top part after bending, web wrinkling

Figure 33. C-S 3, bottom part after bending
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Figure 34. C-S 3, bottom part after bending, successful result

6.2 FEA

This chapter presents the results of the finite element simulations, focusing on the plastic

strains and deformations of the profiles. For each analysis, the final time step is presented.

6.2.1 Full door profile FEA, without supports

The full door profile exhibits local buckling and yielding, leading to failure of bending.
Plastic strains in general level are presented in Figure 35. Highest stress and strain occur in
keder groove regions under the bending roll as illustrated in Figure 36. Cross-sectional

deformation under the bending roll is presented in Figure 37.



Output Set: Case 1 Time 2.
Deformed(50,125): Total Translation
Elemental Contour: Solid Effective Plastic Strain

Figure 35. Door profile, general view, plastic strain
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Figure 36. Door profile, highest plastic strain area
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Figure 37. Door profile, cross-sectional deformations, scale 1:1 [mm]

6.2.2 Full door profile with external supports

The door profile was also analysed with external support structures during bending. The
supports were modelled as fixed steel plates with frictionless contact applied between the
profile webs and supports. Symmetry about the XY-plane was utilized, and only half of the
profile was modelled. The same loads and boundary conditions were applied as in the
analysis without supports. FE-model of externally supported door profile is presented in

Figure 38.
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Figure 38. FE-model of externally supported door profile

The highest strains were observed in the keder groove regions, where the grooves bent and

closed. In the webs, the deformations were directed inward, opposite to the behaviour

Plastic strains are presented in Figure 39.

observed in the door profile without supports.

Cross-sectional deformation is presented in Figure 40.
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Figure 39. Door profile, general view, plastic strain
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Figure 40. Externally supported door profile, cross-sectional deformations, scale 1:1 [mm]

6.2.3 C-S 1 Split door profile FEA

Bending both directions around major axis is analysed. In top part, highest strains occur at
the free edge of the web on the compression side as illustrated in figures 41 and 42. Cross-

sectional deformations of the C-S 1 top part are presented in Figure 43.
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Figure 41. C-S 1 top part, plastic strains
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Figure 43. C-S 1 top part, cross-sectional deformations [mm], scale 2:1

In bottom part, highest strains occur under the bending roll in compression side which is
partially caused by roll — profile contact. Bottom part strains are presented in figures 44 and

45. Cross-sectional deformations of C-S 1 bottom part are presented in Figure 46.
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Figure 44. C-S 1 bottom part, plastic strain
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Figure 45. C-S 1 bottom part, highest strains
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Figure 46. C-S 1 bottom part, cross-sectional deformations[mm], scale 1:1
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6.2.4 C-S 2 Split door profile FEA

Bending both directions around major axis is analysed. In top part, highest strains occur at

the free edge of the compression side. Strains are presented in figures 47 and 48. Cross-
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Elemental Contour: Solid Effective Plastic Strain 0,

sectional deformations of the C-S 2 top part are presented in Figure 49.

Figure 47. C-S 2 top part, plastic strain
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Figure 49. C-S 2 top part, cross-sectional deformations [mm], scale 1:1
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In bottom part, highest strains occur under the bending roll in compression side which is
partially caused by roll — profile contact. Bottom part strains are presented in figures 50 and

51. Cross-sectional deformations of C-S 2 bottom part are presented in Figure 52.
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Figure 50. C-S 2 bottom part, plastic strains
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Figure 51. C-S 2 bottom part, highest strains
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Figure 52. C-S 2 bottom part, cross-sectional deformations [mm], scale 1:1

6.2.5 C-S 3 Split door profile FEA

Bending both directions around major axis is analysed. In top part, highest strains occur at
the free edge of the web on the compression side. Strains are presented in 53 and 54. Cross-

sectional deformations of the C-S 3 top part are presented in Figure 55.



0,14
0,13
0,12
0,11
0,1
0,093
0,084
0,075
0,065
0,056
0,047
0,037
0,028
Qutput Set: Case 1 Time 0.175 LN

Deformed(15,017): Total Translation 0,0093
Elemental Contour: Solid Effective Plastic Strain 0

Figure 53. C-S 3 top part, plastic strain
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Figure 54. C-S 3 top part, highest strain
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Figure 55. C-S 3 top part, cross-sectional deformations [mm], scale 1:1
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In bottom part, highest strains occur under the bending roll in compression side which is

partially caused by roll — profile contact. Bottom part strains are presented in 56 and 57.

Cross-sectional deformations of C-S 3 bottom part are presented in Figure 58.
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Figure 56. C-S 3 bottom part, plastic strain




Maximum strain

T

Output Set: Case 1 Time 1.
Deformed(47,525): Total Translation
Elemental Contour: Solid Effective Plastic Strain

Figure 57. C-S 3 bottom part, highest strain
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Figure 58. C-S 3 bottom part, cross-sectional deformations [mm], scale 1:1
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6.2.6 VKP profile FEA

Bending of VKP flange is analysed in both directions around the major axis illustrating top
and bottom flanges. In the top flange, the highest strains occur at the free edge of the web on
the compression side. Strains of the VKP top flange profile are presented in figures 59 and

60 while the corresponding cross-sectional deformations are presented in Figure 61.
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Figure 59. VKP top flange, general view of plastic strains
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Figure 61. VKP top flange, deformations under the bending roll, scale 2:1 [mm]

In bottom flange, highest strains occur at the free edge of the web on the tension side. Strains
of the VKP bottom flange profile are presented in Figure 62. Cross-sectional deformations

are presented in Figure 63.
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Figure 62. VKP bottom flange, general view of plastic strains
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Figure 63. VKP bottom flange, deformations under the bending roll, scale 1:1 [mm]

6.3 Summary of experimental and FEA results

This chapter provides a summary and comparison of the results obtained from experimental
bending tests and FEA. The observed possible failure modes from the experimental tests are
compared with the corresponding FEA results to evaluate the accuracy and reliability of the
numerical model. In addition, the maximum bending forces obtained from FEA are

presented. Summary and comparison of results are presented in Table 4.
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Table 4. Summary and comparison of experimental and FEA results
ID Cross- Bending Experimental FEA, max. | FEA, failure mode
section direction test, failure mode | bending
class force [KN]
1 1 +, top part Wrinkled webs 22.7 Wrinkled webs
2 1 -, bottom Successful 30.9 Successful
part
3 2 -, bottom Successful 344 Successful
part
4 2 +, top part Wrinkled webs 24.4 Wrinkled webs
5 3 +, top part Wrinkled webs 29.4 Wrinkled webs
6 3 -, bottom Successful 479 Successful
part
12 Full Webs buckled, 67.0 Webs buckled,
grooves closed grooves closed
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7 Conclusions

This chapter summarizes the key findings of the study. The main conclusions related to

aluminium profile design for roll bending in KT-Shelter hangar applications are presented.

7.1 Design guideline

Material properties are inherently considered in the cross-section classification process.
Specifically, a lower 0.2% proof stress corresponds to more favourable (i.e. higher)
classification limits for cross-sections, thereby enhancing the profile's ability to undergo
plastic deformation without local buckling. Consequently, roll bending is recommended to
be performed in a lower temper condition, such as the T4 temper for EN AW-6082 alloy. In
addition to enabling a more advantageous cross-section classification, the 6082-T4 temper
exhibits better ductility compared to higher temper conditions (e.g. T6), which further
improves its formability. Empirical studies also support the observation that the T4 temper

has enhanced bendability characteristics relative to harder tempers.

Bending of full door profile failed with current manufacturing technologies. Significant
distortions occurred in cross-section and bending failed. The keder grooves closed, the webs
bulged inward, and the flanges became concave. Bending failure modes occurred also in

FEA results. The complete profile cannot be bent without supports.

However, it was found that roll bending of the current profiles is already possible. The most
critical factor for successful bending of slender profiles is the use of adequate supports. In
the case of the KT-Shelter door profile, both internal and external supports are required to
achieve successful bending. These separate supports enable also more efficient material
usage compared to profiles designed just for roll bending process. Also FEA confirms the
need of supports. Distortions can be prevented when door profile’s webs and flanges are

supported both internally and externally.

Open profile bending can be successful with ductile plate regions as can be seen in current
VKP flange profile. VKP flange satisfies Class 1 ductile section requirements, and its

relatively low elastic section modulus contributes to reduced roll bending forces, which
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minimize deformations and groove distortions during the forming process. Furthermore,
supporting relatively low open profile was successful with current methods. According to
VKP flange bending, the FEA results are conservative, showing larger cross-sectional

distortions than the experimental tests due to the absence of supports in the FE-model.

Bending the split door profile was successful when the free edges were positioned on the
tension side, as the material could accommodate the induced plastic strains without fracture.
In contrast, when the free edges were located on the compression side, local buckling led to
failure. As expected, the magnitude of deformation increased with more slender sections.
This directional dependency of free edge behavior makes the concept of split profiles
impractical for mobile hangar applications. The joining of the split profiles would be very
challenging. Also FEA results indicate that bending is more demanding when the free edges

of open profiles are subjected to compression.

In this study, bending failures were successfully predicted with FEA, although FE model did
not fully align with the experimental tests, mainly due to limited information on the bending
machine constraints, geometry and dimensions. The FEA results can be considered realistic,
and with more detailed knowledge of the machine constraints, bendability could be reliably

estimated using GMNA-based FEA.

For KT-Shelter, the key factor in designing profiles to withstand the roll bending process is
the use of supports. Proper supports enable more efficient material utilization and the
development of lightweight profiles suitable for mobile hangar applications. If profiles are
designed solely for bendability, their weight increases significantly due to the additional
stiffeners required to prevent deformations. For future design, it is recommended to consider
different bending support options or use of filler material inside the profile. Another option
is to utilize the services of aluminium bending manufacturers that has references of bending
profiles comparable to KT-Shelter geometries. Finite element analysis offers an effective

tool for assessing bendability and supports for the profiles.
Guideline for KT-Shelter profile design:
1 Aluminium profile condition

0 Bending is recommended to do in temper T4 or lower

0 Artificial aging to T6 or harder temper after bending process



71

1 Use of bending supports and special tooling

o

o

Proper supports allow slender and semi-compact profiles to be bent
Profiles do not need to be designed exclusively for bendability
This enables lighter profiles compared to designs relying solely on ductility

Consider designing suitable bending supports rather than developing entirely
new profiles

Options for the supports could be for example diameter — adjustable movable
mandrel or filler material

Relatively large size of KT-Shelter profiles might cause some challenges for
support design and on the other hand ready-made solutions are already offered
by manufacturers specialized in aluminium profile bending

9 Current door profile

o

Roll bending of the existing KT-Shelter door profile is feasible with adequate

supports during the bending process
Both internal and external supports are required

Manufacturers successfully bending aluminium profiles comparable to KT-

Shelter door profile were found

1 KT-Shelter profile design for bending in general

o

Symmetrical profiles are recommended to minimize distortions and twisting

during bending

Open profile bending can be successful but joining of the halves can be

challenging and add costs significantly

In addition of local buckling, local yielding and distortions are also significant

problems during bending

Designing profile for cross-section class 1 does not ensure sufficient bending

results but will increase profile’s weight significantly
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0 Current KT-Shelter profiles are relatively efficient in terms of strength / weight
ratio in hangar use and design of bending support could be more favourable rather

than whole new profiles
9 Finite element analysis

0 GMNA-based FEA is recommended for assessing bendability and predicting

profile deformations and failure modes

0 Assists in locating zones of highest stress and deformation and prediction of

maximum plastic strain at these zones
0 Facilitates analysis of required supports
1 Surface quality after bending

0 Bending process increase surface roughness and coefficient of friction in the

keder grooves
0 Consider testing friction coefficient of current door profile and bent VKP flange

It is also noteworthy that even a full VKP profile could be bent, as demonstrated in the
Kersten Group case example in Chapter 3.3 Bending a full VKP profile eliminates the
need for welding the web plates, which can reduce overall costs in the long term. At the
same time, a fully extruded and bent profile increases strength, as no weaker heat-

affected zones (HAZ) are formed compared to welded aluminium profiles.

7.2 Further research

It is notable, that current door profile would be possible to roll bend with support structures
during bending process. According to Kersten, successful bending of slender aluminium
profiles has been achieved with supports during bending. One potential direction for future
process development is the design and integration of dedicated support systems tailored to
the geometry of the current profile range. Preliminary assessments suggest that both the full
VKP profile and the door profile can be bent when adequate internal and external support
mechanisms are employed during the bending process. The development of such support

systems will require close collaboration with external subcontractor.
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In general, roll bending is an effective technique for shaping profiles that exhibit high
buckling resistance and rotational capacity. However, when working with large-profile
components that require complex geometries and high functional performance with minimal
deformation, roll bending can present significant challenges. In such cases, alternative

bending methods warrant further investigation.

One such alternative is stretch bending, a process in which tensile force is applied to the
profile as it is drawn around a bending mold. This method allows for high dimensional
precision, high surface quality, and low cross-sectional distortion (Welo et al. 2020).

Schematic diagram of stretch bending equipment is presented in Figure 64.

HS : Hydraulic Station

WP : Workpiece

WT : Work Table

LAR: Left Arm

RAR: Right Arm

CL : Left Carriage

RL :Right Carriage

LTC : Left Tension Cylinder
RTC : Right Tension Cylinder

Figure 64. Stretch bending equipment (Lu et al. 2022)

Other potential bending process is warm bending. Warm bending is a metal forming process
carried out at temperatures between ambient and the material’s recrystallization point,
typically in the range of 100-300 °C for aluminium alloys. This intermediate temperature
range offers a balance between the high formability of hot forming and the dimensional

precision of cold forming. (Takata 2013)

Aluminium alloys, particularly those in the 6000 and 7000 series has limited ductility at
room temperature poses challenges for forming complex geometries. Warm bending
addresses this limitation by enhancing ductility and reducing springback, while avoiding the
grain growth and oxidation issues associated with hot forming. At elevated temperatures,
aluminium exhibits improved plasticity and reduced yield strength, which facilitates greater

deformation without cracking. (Kapustova & Martinkovic 2012)
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For instance, Kapustova and Martinkovic (2012) demonstrated that warm forming of
AlSiMg-type aluminium alloys significantly improves surface quality and dimensional

accuracy compared to hot forming, while also reducing energy consumption.
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Appendix 1. Split C-S 1 profile bending results, target radius 2116.6 mm







Appendix 2. Split C-S 1 profile bending results, target radius 913.7 mm







Appendix 3. C-S 2 profile bending results, target radius 2116.6 mm
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