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Abstract: This paper presents the results of experimental tests and computer simulations
on the stiffness of composite aluminium mullions used in unitised facades. The elements
analysed were subjected to bending in order to simulate the actual operating conditions
of aluminium facades subjected to significant wind pressure or suction loads. The basic
mechanical and physical properties of the materials from which the analysed type of
aluminium fagade is made (Aluminium EN AW-6060 in the T66 temper and polyamide
PA66 25GF), the test method, and the results obtained are described. As a result of the
tests, equivalent moments of inertia of the composite profile (aluminium profile with the
thermal break) were determined, which are strongly dependent on the strength of the
connection between the individual elements, the asymmetry of the cross-section, and the
properties of the thermal break. Strain measurements carried out using FBG (Fiber Bragg
Grating) strain sensors installed in the profiles under tests allowed for determining the
actual stress values of the aluminium profiles under consideration. The results obtained
were compared to theoretical (numerical) values, indicating discrepancies at higher load
values. The methodology presented in this article is to be used to monitor the deformation
of the aluminium fagade mullions of HRB (High-Rise Buildings).

Keywords: aluminium facade; FBG sensors; moment of inertia; stress; wind loads;
structural monitoring

1. Introduction

Facades made of aluminium are popular in the construction industry because they
offer a range of advantages [1,2]. Modern design, thermal and light comfort for users
and no need for maintenance (f.e. corrosion resistance [3,4]) are the most valuable of
these advantages. Moreover, automated production in workshops and fast installation
are important for manufacturers [5]. According to estimates (2017), 12 billion dollars
were spent per year on aluminium unitized facades alone [6], which were used twice
as often as stick facades (2012) [7]. In city centres in the second half of the 20th century,
the number of new buildings with aluminium facades exceeded the number of buildings
made of traditional masonry walls [8]. Aluminium profiles made from EN AW-6060 alloy
(EN 573-3 [9]) in the T66 temper (EN 755-2 [10]) are lightweight and are characterised by
high tensile strength [11]. The basic mechanical and physical properties of the alloy used
are given in Table 1 [9], and its chemical composition is in Table 2.
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Table 1. Physical and mechanical properties of EN AW-6060 alloy for the 0-3 mm wall thickness

range.
Property Value Unit
Alloy—Condition AW-6060 -
Density 2.7 g/cm?
Elasticity modulus E 69,500 MPa
Shear modulus G 26,100 MPa
Poisson’s ratio 0.33 -
Solidification temperature 610 °C
Melting temperature 655 °C
Specific heat at 20 °C 898 J/kgK
Thermal expansion coefficient at 20 °C 23.4 pum/mK
Specific resistance 32 nWm
Thermal conductivity 209 W/mK
Electrical conductivity 54 [%IACS]
Tensile strength Rm min. 215 MPa
Tensile strength Rm max. - MPa
Yield point Rp02 min. 160 MPa
Yield point Rp02 max. - MPa
Elongation min. A50 mm 8 %
Elongation min. A 6 %

Table 2. Chemical composition AW-6060 alloy (data provided by the manufacturer).

Alloy Element Amount [%]
Mg 0.35-0.60
Mn <0.10
Fe 0.10-0.30

Si 0.30-0.60
Si + Fe -

Cu <0.10
7n <0.15

Cr <0.05

Mn + Cr -

Ti <0.10

Bi -

Ni -

Pb -

Sn -

Zr -

Ga -

\V4 -
Zr+Ti -
Other <0.05

Other — total <0.15

Al residual

The basic types of aluminium fagades are mullion-and-transom fagades and unitised
fagades. The first ones are characterized by the fact that most of the assembly work—such
as screwing together aluminium structural elements and installing glass—takes place
on the construction site. Unitised facades [12,13], on the other hand, are characterised
by the possibility of transferring the burden of fabrication of the aluminium frames and
their glazing to the manufacturing plant and compensating for significant expansion
movements [7,11]. This has a huge impact on speeding up the work and reducing the
possibility of execution errors.
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An important feature of fagades made of aluminium is that they can be recycled [13],
making them environmentally friendly construction elements. Ease of machining and
high tolerance of their manufacture allows a wide variety of shapes and structures to be
created [14,15], while large glazing provides better access to natural light and contributes
to thermal comfort inside the building.

Due to the fact that as much as 80% of energy in buildings is currently used for
heating purposes [16], each fagade should be characterized by the lowest possible thermal
transmittance coefficient. This is currently 0.9 W/ m?2K [N] for window and door structures
and facades [17].

In order to reduce the heat transfer coefficient and improve the thermal properties
of the fagade, the external and inner aluminium profiles are separated by thermal breaks,
usually made of polyamide. Polyamides (PA) are a group of semi-crystalline thermoplastic
polymers characterized by high chemical, thermal and mechanical resistance. PA has a
low density (approx. 1.14 g/cm?) and a relatively low melting point (approx. 250 °C),
which makes it easier to process. An important advantage of PA is its stability of shape
at high temperatures, which is important in the context of sections with a thermal break
due to their exposure to high temperatures during powder coating and during the actual
use of the fagade. To improve mechanical and thermal properties (Table 3), polyamides
are often modified by the addition of glass fibre, which leads to increased stiffness, creep
resistance, and dimensional stability. In construction applications, specially in facade
systems, polyamides reinforced with 25% glass fibre (PA 66 GF25) are commonly used. The
use of such an addition leads to a thermal expansion coefficient close to that of aluminium,
which prevents the profiles from being damaged by changes in their length caused by large
temperature fluctuations. The main function of PA profiles is to reduce the heat transfer
coefficient between the exterior and interior of the building, which is achieved through
their insulating properties.

Table 3. Physical and mechanical properties of the PA66 GF25 (data provided by the manufacturer).

Property Standard Unit Dry Material
Melting temperature ISO 3146 [18] C min. 250
Density ISO 1183-1- or -3 [19,20] g/ cm? 1.3+/—0.05
Glass fibre content 1SO 1172 [21] % 25+/—25
Shore D ISO 868 [22] 82 +/—4
Impact strength ISO 179-1 [23] kJ/m?2 min. 30
Tensile strength 527-2 and -4 [24,25] N/mm? min. 80
Young’s modulus 527-2 and -4 [24,25] N/mm? 4500
Elongation at rupture 527-2 and -4 [24,25] % min. 3

Despite the advanced technical solutions and the aforementioned advantages of
aluminium fagades, it should be noted that there are some challenges in designing this type
of structure. The force resulting from the action of the wind on the glass panels of the facade
is transferred to the aluminium frame (made of mullions and transoms), which transmits it
to the building structure via hooks and consoles [3,4]. Aluminium walls are characterised
by lower rigidity compared to traditional masonry or reinforced concrete walls. Therefore,
appropriate structural solutions are required. Aluminium profiles yield when exposed to
wind [1,3,4,7], so sections with appropriate wall thicknesses must be used. In thin-walled
aluminium profiles, tangential stresses may occur, causing excessive deformation and
even loss of stability [14]. When designing aluminium fagades, the requirements of the
PN-EN 13830 [26] and PN-EN 1999-1-1 [27] standards should be taken into account.

In this context, this paper presents the results of our own experimental research and
computer simulations concerning composite aluminium profiles. The aim of this research
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was to determine the actual deflections and, consequently, the actual moments of inertia of
the profiles with the thermal break in the direction of wind pressure, taking into account
the interaction between the individual components, i.e., the aluminium profiles and the
thermal break. The obtained results were used to calibrate the FEM model intended for
further parametric analyses. Deformation measurements of the aluminium profile were
also carried out using FBG (Fibre Bragg Grating) sensors, which allowed the calculation of
the actual stress values. The developed innovative sensor system is to be ultimately used
to monitor deformations of aluminium fagade mullions of HRB (High-Rise Building).

2. Experimental Research
2.1. Methodology

The tests consisted of three-point bending of aluminium profiles (with and without a
thermal break). The load from the cross-beam of the testing machine was transferred to
the profiles using steel blocks (made of 5235 steel, with dimensions of 18 x 20 x 20 mm
for profiles without a thermal break and 18 x 20 x 85.7 mm for profiles with a thermal
break) placed in the glazing gasket seat zone in order to reproduce the positive wind load

|

(pressure) as accurately as possible [Figure 1].

1
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Figure 1. (a) Method of transferring the load to the profile; (b) diagram of the loading of the profiles by
the steel cube and placement of the measuring instruments; 1—steel block, 2—inner half of the profile
with a thermal break (aluminium), 3—FBG sensor, 4—mechanical displacement sensor, 5—external
half of the profile with a thermal break (aluminium), 6—the thermal break profile (PA GF25).

The experiments were conducted on a Galdabini Quasar 50 testing machine. The
machine’s load-cell reading resolution was over three million divisions (24-bit A/D con-
verter). A load program was developed that ensures that the applied force, in steps of
1 kN, increases from 0 to 10 kN and decreases from 10 kN to 0. Displacements in the
middle and two opposite ends of the tested profile (sensors P1, P2 and P3) [Figure 2],
as well as deformations using the FBG sensor, were recorded. The supporting structure
consisted of a steel tube (5235 JR) with a 200 x 200 x 6 mm cross-section, to which two
flat bars with cut-outs (saddles) were welded, in which the tested profiles were placed.
The saddles ensured vertical and horizontal stabilization of the tested profile. The spacing
between supports was 1910 mm [Figure 2]. The points of measurement (P1, P2, P3) of
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the displacement were introduced to eliminate the effect of deformation of the supporting
structure and cancel out any play in the saddles.

2000
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\ 1 |
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i /1910 __\

4 3 4

Figure 2. Test bench diagram; 1—steel block, 2—profile (with or without a thermal break), 3—FBG
sensor, 4—mechanical displacement sensor.

Movements were measured using mechanical dial sensors with digital displays. The
resolution of the measurement was 0.01 mm, and its accuracy was 0.02 mm [Figure 3].

Figure 3. View of the mechanical displacement sensor; 1—steel block, 2—inner half of the profile
with a thermal break (aluminium), 3—mechanical displacement sensor, 4—external half of the profile
with a thermal break (aluminium), 5—the thermal break profile (PA GF25).

FBG sensors with wavelengths from 1530-1560 nm and a maximum measurement
range of 3000 microstrain (pe) were used to record the strain. These were glued to the rear
inner walls of the column profile halves [Figures 1b and 4] using a specialized 3M DP490
Scotch-Weld epoxy adhesive.

The system was powered by light using a two-channel FOS&S FBG-scan 800 inter-
rogator capable of operating at wavelengths of 1515-1590 nm and at a scanning frequency
of 2 kHz. The ILLumiSense Strainnumer software (version v2.1.3) was used to record the
strain results.
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Figure 4. View of FBG sensor glued to aluminium; 1—inner half of the profile with a thermal break
(aluminium), 2—FBG sensor, 3—mechanical displacement sensor.

2.2. Subject of Tests

The mullion profiles of unitised aluminium fagade with a length of 2000 mm were
tested. These sections are characterized by high slenderness and cross-section asymmetry.
They mainly transfer bending forces resulting from wind action. The tensile forces resulting
from the weight of the glazing transferred to the mullions through the angle connectors
are small, such that they can be neglected. Torsion [7] resulting from section asymmetry
and the eccentricity of the load application point was neglected due to the relatively high
torsional stiffness for a given profile length. The characteristic dimension of these mullions
is their depth calculated from the sealing seat of the inner profiles to their rear wall. In the
case of the tested pieces, it was 150 mm [Figure 5].

150

§ L =427.03 cm* J"|| {HHF
. I,=89cm I 1 e =]t

(a) 3 2

s [ =
. L=698cm u T © =

Figure 5. (a) Aluminium profile with the thermal break; (b) Inner half of the profile with the thermal
break; 1—inner half of the profile with the thermal break (aluminium), 2—external half of the profile
with the thermal break (aluminium), 3—the thermal break (PA GF25).

The tested profiles with the thermal break can be manufactured using one of two dif-
ferent technologies. The first of these (the so-called “single-colour”)—hereinafter referred
to as technology A—involves mechanically connecting (crimping) the two profiles together
using a plastic spacer and then subjecting them to a varnishing process, during which
both sections are subjected to a temperature of approx. 200 °C for approx. 20 min. The
profiles then go through the processes of degreasing, etching, washing, and drying [28].
The second technology (so-called “two-colour”)—hereinafter referred to as technology
B—involves separating the painting of outer and inner aluminium profiles and then crimp-
ing them together without any painting processes, which could affect the plastic layer
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itself [28]. The first method of manufacturing is more advantageous because of logistical
and economic aspects.

In addition to the profiles with the thermal break, the aluminium inner sections of
these profiles were also tested [Figure 5b] for comparison purposes. Six series of tests were
carried out—three for the profiles with the thermal break and three for the inner halves of
the profile.

The main sources of measurement errors for this study are inaccuracies of the FBG
sensors and mechanical displacement sensors and testing machine load precision. The
values of these inaccuracies have been previously described.

3. Laboratory Results and Discussion
3.1. Inner Halves of Profiles with the Thermal Break

Figures 6-9 show the results obtained for the inner halves of the profile. In each
of these, the results obtained are compared with theoretical values. The cross points in
the graph are the minimum and maximum values obtained during experiments on the
discussed samples.

Figure 8 shows the strain values determined based on physical relationships at the
mid-length of the tested profile based on the strain measurement.

The deflection, deformation, and strain results, irrespective of the applied force, co-
incide with the theory, especially in the load build-up phase. A slight decrease in the
mechanical parameters can be observed in the stress-relieving phase of the tested piece.
The dependence of the moment of inertia on the force, especially at lower values, differs
slightly from the theoretical values.

Deflection [U] - inner halves of profiles with
thermal break

U [mm)]

1 0 1 2 3 4 5 [ 7 8 9 10
F [kN]
Average value for all samples = = = = Calculated value

Figure 6. Deflection U [mm] of inner halves of profiles with the thermal break (average value for
loading and unloading of the beam). Calculated value—according to the theoretical calculation.
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Moment of inertia [I] - inner halves of profiles with
thermal break

200
T

§ 150

100

50

0

1 2 3 4 5 6 7 8 9 10
F [kN]
Average value for all samples = = = = Calculated value

Figure 7. Moment of inertia I (cm*) of inner halves of profiles with the thermal break (average value
for loading and unloading of the beam). Calculated value—according to the theoretical calculation.

Strain [€] - inner halves of profiles with thermal break

2500

2000

Strain [pe]
.
¥, ]
=]
=]

[
=]
=]
=

500

0 1 2 3 4 5 B 7 8 9 10
F [kN]

Average value for all samples

Figure 8. Strain ¢ (ue) of inner halves of profiles with the thermal break (average value for loading
and unloading of the beam).
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Stress [0] - inner halves of profiles with thermal

break

200

— 150
o
oo

s 100

° 5p

0

0 1 2 3 4 5 6 7 g 9 10 11
F [kN]

Average value for all samples

Figure 9. Stress o (MPa) of inner halves of profiles with the thermal break (average value for loading

and unloading of the beam).

3.2. Profiles with the Thermal Break

Figures 10-13 show the results obtained for the profiles with thermal breaks. In the case
of components manufactured according to single-colour technology (A), the results were
presented as an average of two samples. The theoretical moment of inertia for profiles with
the thermal break was calculated following the methodology given in PN-EN 14024:2004
Annex C [29]. The presented graphs show that both the deflection and deformation of the
profile do not return to zero points after unloading.

Figure 12 shows the strain values determined for the profiles with the thermal break
based on physical relationships at the mid-length of the profile and the deformation
measurement. Values up to 8 kN bending force can be considered correct. Above this value,
non-linear effects occur, probably related to the operation of the thermal break.

Deflection [U] - profiles with a thermal break

U [mm]

F [kN]

Technology B Technology A = = == Calculated value

Figure 10. Deflection U [mm] of profiles with a thermal break (average value for loading and
unloading of the beam). Calculated value—according to [29].
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Moment of inertia [I] - profiles with thermal break

F [kN]

Calculated value

——Technology A =——=Technology B

Figure 11. Moment of inertia T (cm*) of profiles with the thermal break (average value for loading
and unloading of the beam). Calculated value—according to [29].

Strain [€] - profiles with thermal break
2500
2000

1500

Strain [ue]

1000

500

0 1 2 3 4 5 6 7 8 9 10
F [kN]

= Technology A =————Technology B

Figure 12. Strain ¢ (pe) of profiles with the thermal break (average value for loading and unloading
of the beam).
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Stress [o] in profiles with thermal break

160
140
120
100
80
60
40
20

o [MPa]

F [kN]

Technology A =——=Technology B

Figure 13. Stress o (MPa) in profiles with the thermal break (average value for loading and unloading
of the beam).

3.3. Evaluation of the Test Results

The tests showed that the results for the inner halves of the fagade mullion profiles are
highly consistent with theory. The average deviation of the experimental values from the
theoretical values at a load of 10 kN was approximately 3%. When the load was relieved to
1 kN, the deviation averaged 9%. Profiles with the thermal break manufactured using the
single-colour technology (A) at a load value of 10 kN showed a discrepancy of about 25%
in relation to the theoretical values, whereas after relieving the load to a value of 1 kN, this
discrepancy was, on average, 60%. The profiles manufactured in two-colour technology
(B) at a maximum load of 10 kN showed a 1% discrepancy with the theory, and after their
unloading to 1 kN, a deviation of about 22% was observed. The high convergence of
the results with the theory in the case of the inner profiles of the profile halves is caused
by the lack of additional plastic elements used as a thermal break. The beam material is
homogeneous and behaves linearly in elastic range. These profiles are never used as stand-
alone elements in frame structures and are always a component of profiles with thermal
breaks manufactured by either A or B technology. The results of these tests confirmed that
the aluminium profiles of the mullions operate within their elastic range under a given load
and demonstrated the consistency of the calculated results with the obtained experimental
ones. Profiles with thermal breaks that include a plastic thermal break are characterized
by non-linearity. Their mechanical properties depend not only on their length, described
in [29], but also on the value of the applied load, which can be seen in the result graphs. In
the case of profiles manufactured using two-colour technology (A), the deviation values are
the highest. As already described, their length was 2000 mm, but the distance between the
points of support (saddles) was 1910 mm. According to standards [26,30], the maximum
permissible deflection of curtain wall profiles between support points should not exceed
d < L/200 or 15 mm, whichever is smaller. For the profiles tested, it was, therefore, 9.5 mm.
This value was not exceeded in any of the cases tested, i.e., for both profiles with the thermal
break manufactured using single-colour technology (A) (maximum deflection of 6.5 mm)
and two-colour technology (B) (maximum deflection of 4 mm). However, when analysing
the nature of the decrease in mechanical parameters and the high hysteresis of profiles
manufactured using technology A, it should be assumed that despite the lack of visual
signs of their damage, these profiles may not guarantee their structural performances. This
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behaviour of the profiles can be attributed to the effect of the coating temperature on the
thermal break, which is approximately 200 °C, relatively close to the melting point of its
material (PA 66 GF25) of 250 °C. Additionally, the previously mentioned technological
processes (degreasing, etching, rinsing, and drying [28]) performed during the painting
process, if we take into account the geometry of the connection of the aluminium profiles
with the thermal break, may also result in the deterioration of their mechanical properties.

The primary sources of measurement error may include inaccuracies in the load
application by the Quasar 50 testing machine and imprecision in the strain measurement
using mechanical displacement sensors.

All results are summarized in the Figures 14-17.

Deflection [U] - summary of all profiles

U [mm]
B

Technology A(1) Technology A(2)

Techneology B = = = =(alculated value (tech.A&B)

Internal profile(1) Internal profile(2)

= = = = Calculated value (internal profile)

Figure 14. Load [kN]-Deflection U (mm): summary values of inner halves of profiles and profiles
with the thermal break made in single-colour (A) and two-colour technology (B).
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Moment of inertia [I]- summary of all profiles

600

500 TN~

100
0
1 2 3 4 5 6 7 8 9 10
F [kN]
Technology B Technology A1)
Technology A(2) Internal profile(1)
Internal profile(2) = = = = Calculated value (tech.A&B)

= = = = Calculated value (internal profile)

Figure 15. Load [kN]-Moment of inertia I (cm*): summary values of inner halves of profiles and
profiles with the thermal break made in single-colour (A) and two-colour technology (B).

Stress [o] - summary of all profiles

180
160
140

120

=
=]
=]

o [MPa]

0 1 2 3 £ 5 6 7 8 9 10
F [kN]

—— Technology A{1) —— Technology A(2) —— Technology B

Internal profile(1) Internal profile(2)

Figure 16. Load [kN]-Stress o (MPa): summary values of inner halves of profiles and profiles with
the thermal break made in single-colour (A) and two-colour technology (B).
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Strain [€] - summary of all profiles

2500

2000

— 1500
w
=
c
‘©
=]

“ 1000

500

0

0 1 2 3 4 5 6 7 8 9 10
F [kN]
Technology B Technology A(1) Technology A(2)

Internal profile(1) Internal profile(2)

Figure 17. Load [kN]-Strain ¢ (ue): summary values of inner halves of profiles and profiles with the
thermal break made in single-colour (A) and two-colour technology (B).

3.4. Evaluation of the Use of FBG Sensors

During the tests, it was observed that FBG sensors perform well as devices measuring
the deformation of aluminium frame profiles of unitised facades and can be implemented
as part of a continuous monitoring system in HRBs. This is supported by their maintenance-
free design, durability, compact dimensions, and high measurement accuracy. Their use
allows the calculation of the stress occurring in the loaded profile. A major advantage is
that the sensor can be calibrated to also measure profile deflections, which was verified
during the tests. This process consisted of a simultaneous reading of the displacement
measured using traditional displacement sensors and the deflection measured with an
FBG sensor. The relationship between these values was linear; hence, by reading the
deformation, the exact value of the displacement is known. The measurement method is
described in more detail in the paper [31]. This makes it possible to eliminate the use of a
mechanical displacement measurement system, which consists of at least three sensors (for
each profile) mounted on an independent substructure, and replace it with a single optical
fibre bonded to the tested element. Regarding the HRB's continuous facade monitoring
system, it is important to limit the size of the measuring and recording equipment due
to the inconvenience to normal building use. In addition, FBG sensors can also record
other parameters, such as the intrinsic vibrations of the profiles or their temperature. A
review of the scientific literature [31,32] also confirms the validity of their selection for
these purposes.

The strain measurement could be influenced by the compliance of the epoxy adhesive
used to bond the FBG sensor to the profile, although this effect is difficult to quantify and is
likely negligible.
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4. Numerical Analysis and Discussion
4.1. Computer Model

The previously described experimental studies were used to validate the computer
model developed using the Abaqus program [33]. Aluminium profiles and gaskets were
modelled using general-purpose linear four-sided shell elements (S4R). The transition
zones between the individual profiles, the gaskets, and the steel load element were, in turn,
modelled using C3D8R solid elements (general-purpose eight-node linear brick element,
with reduced integration and hourglass control). Similar approaches have previously
been successfully used by the authors for computer modelling of full-scale experimental
studies of a wind-loaded aluminium curtain wall [1] and also for other complex analyses
of thin-walled shell structures [34,35].

The aluminium sections and gaskets were, in each case, divided into rectangular finite
elements with dimensions equal to 5 x 5 mm (locally 2 to 4 mm). For the steel loading bar, a
finite element mesh with dimensions of 4 x 5 x 5 mm was used. Further refinement of the
basic mesh (for aluminium members, steel bar and gaskets) to a side length of 2.5 mm did
not significantly affect the results. The calculated deflection values and stresses changed
up to 2.5%. Taking into account computational cost, the further mesh size reduction was
omitted. However, in the central part of the cross-section where the stress values were read,
the mesh was densified until the convergence was reached. Finally, a local dimension of
1 x 1 mm was adopted. Simulations have been conducted on a Fujitsu Celsius M740 unit
(Xeon E5-2630v3 processor; 2 x 16 GB DDR4-2133 rg ECC). Depending on the case and
mesh density, the required time for a single simulation varied from just a few minutes to
nearly one hour.

Computer simulations were run as geometrically and materially non-linear (GMNA)
simulations. The computational approach used, which does not take into account the
influence of self-stress and geometric imperfections, can be justified by the significant
slenderness of the component under test while, at the same time, the measured values of
geometric deviations are negligible. For all elements, the elastic-plastic material model was
used. Regarding thermal breaks made of PA 66 GF25, this approach should be considered
simplistic [36] but can be justified by the expected work of the component in the elastic range
resulting from the relatively low stress values. Full integration of the individual components
in the computer model was assumed. The contact problem was only considered for the
contact surface between the aluminium profile and the steel load bar. In the case of the
aforementioned zone, a two-surface contact problem was applied. Normal (‘hard contact’)
and tangential behaviour (friction) were considered. The beam load was modelled as a
uniformly distributed load applied to the upper surface of the steel element. The load value
was changed linearly following the assumptions made during the experimental studies.
The model was supported in a fork-like manner. Additionally, a horizontal support for the
steel loading element was introduced to the model. This ensured a better representation of
the conditions prevailing during the tests and eliminated the numerical instabilities of the
model. Views of the developed model, together with the adopted boundary conditions, are
shown in Figure 18.
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u1=0

U1=U2=U3=0

U1=u2=0

u1=u2=0

(b)

Figure 18. Boundary conditions of the (a) profile with the thermal break; (b) inner half of profiles
with the thermal break.

4.2. Results of the Computer Modelling

Figure 19 compares the deflections obtained during the experimental tests with the
results of the computer simulations. Table 4 presents the maximum deflection values
determined for individual cases. Finally, Figure 20 shows the deformation of the composite
profile subjected to a maximum force of 10 kN.

As can be seen from the presented data, the convergence of the results of computer
modelling and experimental studies should be considered satisfactory. Maximum differ-
ences of up to approx. 20% between the FEM results and the experimental results were
recorded for beams manufactured using single-colour technology A. It should be noted that
in the case of models developed for these beams, the influence of heat treatment on the me-
chanical properties of the thermal break was not considered. However, the aforementioned
treatment can lead to slight changes in the mechanical properties of aluminium, amounting
to approximately 10% regarding the conventional yield strength and about 1.5% regarding
the elastic modulus [37]. For the other elements, the achieved convergence of results can be
considered highly satisfactory. In the case of a composite beam manufactured using the
B-type (“two-colour”) technology, computer modelling led to a slight overestimation of
the deflection value (maximum 8%). In contrast, for profiles without a thermal break, the
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modelling results led to a minimal overestimation of deflection (2% to 4%, cf. Table 4). In
the case of the maximum stress values (Table 5), the differences between the computer sim-
ulation results and the experimental results were (for single-colour profiles and aluminium
profiles) up to a maximum of 10%. Comparison of the stress results (Table 6) determined
in the “z” direction (see Figure 18b) with the readings taken using optical fiber indicate
greater discrepancies (from 12 to max. 18%). The observed differences may be caused by
both the necessary simplifications of the complex geometry of the profiles and the way the
seal itself works, which starts to transfer loads with a certain delay. Additionally, as already
mentioned, the computer model does not take into account residual stresses, the value of
which, in the case of similar aluminium alloys, can be up to 20 MPa [38,39]. Adding the
mentioned value of residual stresses to the results of computer modelling leads to a safe
estimation of the stress values in relation to the results of measurements performed during
experimental tests. In summary, the results obtained should be considered satisfactory.

FEM vs TEST - profiles with thermal break

u [mm]

F [kN]

------ FEM Technology A[1) Technology A(2) Technology B

@

FEM vs TEST - inner halves of profiles with
thermal break

u [mm]

F [kN]

Inner profile (1) == Inner profile(2)  «seeves FEM

(b)

Figure 19. (a) Comparison of FEM deflection and tests—profiles with the thermal break, (b) Compari-
son of FEM deflection and tests—inner halves of profiles with the thermal break.
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Table 4. Values of deflection calculated by FEM and determined during experimental tests.

Tech. B Tech. A (1) Tech. A (2) Inner Prof. (1) Inner Prof. (2)

Umax.TEsT [Mmm] 4.98 6.36 6.58 8.04 8.19
Unmax.FEm [mm] 5.39 8.39
FEM/TEST 1.08 0.85 0.82 1.04 1.02

Figure 20. Deflection [mm] of profile with the thermal break for F = 10 kN.

Table 5. Maximum stress values calculated by FEM and obtained during experimental tests. RS—
residual stresses of assumed value of 20 MPa [38,39].

Tech. B Tech. A (1) Tech. A (2) Inner Prof. (1) Inner Prof. (2)

Omax TEST [MPa] 11837 140.07 145.04 161.35 161.56
Omax FEM [MPa] 106.4 151.5
Omax.FEM + RS [MPa] 126.4 1715
FEM/TEST 0.90 0.76 0.73 0.94 0.94
FEM + RS/TEST 1.07 0.90 0.87 1.06 1.06

Table 6. Stress values in the lower strip axis calculated using FEM and determined during experi-
mental tests. RS—residual stresses of assumed value of 20 MPa [38,39].

Tech. B Tech. A (1) Tech. A (2) Inner Prof. (1) Inner Prof. (2)

Omax TEST [MPal] 118.37 140.07 145.04 161.35 161.56
o, rem [MPa] 97.0 142.2
o, rEm + RS [MPa] 117 162.2
FEM/TEST 0.82 0.69 0.67 0.88 0.88
FEM + RS/TEST 0.99 0.84 0.81 1.00 1.00

5. Conclusions

1. Experimental tests have confirmed the linear relationship between deformation and
load for a uniform inner profile. Satisfactory convergence between theoretical, ex-
perimental, and computer simulation results has been demonstrated. For the deflec-
tions, the difference between FEM results and experimental results was up to 8%
(two-colour and aluminium profiles). In relation to stresses, the final results of FEM
and experimental investigations were nearly identical (difference of up to 1%).
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2. Significant differences were observed in the values of deflections (up to 32%) and
strains (up to 23%) for profiles with thermal breaks made using different single-colour
(A) and two-colour (B) technologies.

3.  The deformation hysteresis is lower in the case of profiles made using two-colour
technology (B) (Figure 10), and the load—deflection curve is nearly the same for both
loading and unloading cases.

4.  Single-colour technology (A) is characterized by higher strain-deflection hysteresis
occurring between the loading and unloading processes. It is as high as 25%. This
alters the value of the equivalent moment of inertia.

5. Two-colour technology (B), in comparison to single-colour technology (A), is charac-
terized by higher deformation stability in loading processes and a stable value of the
equivalent moment of inertia.

6.  Satisfactory convergence was achieved between the computer modelling results and
the experimental results for the half sections and beams manufactured using two-
colour technology (B). The maximum difference between FEM and experimental
results was up to 8%. This should be considered acceptable. Thus, a developed com-
puter model can be used for further parametric tests of aluminium fagade elements.
In the case of technology A beams, further material tests of the gaskets are necessary
to determine their parameters resulting from the thermal treatment.

7. This research has shown that FBG sensors can be successfully used as continuous
monitoring elements in the study of the deformation of aluminium fagades.
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