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General Work Characteristic

The external walls are an integral part of the building. In most cases, masonry walls held loads
and transferred them to other building structures, but with the development of construction
technologies, both steel and reinforced concrete columns emerged, which perfectly changed the
design concept. As a result, restrictions on the facade of the building have been reduced and more
architectural expressiveness has emerged. Since the main function of the facade is to protect the
building from the effects of the atmosphere and ensure good acoustic insulation, the external walls
can be installed from lightweight structures. One of the most widely used construction materials today
is glass and aluminum. Aluminum was first invented in 1825. The strength of pure aluminum is 90
MPa. Due to the low strength, it took many years for aluminum to be used in construction. Many
studies and experiments have been carried out with various aluminum alloys and today some of them
keep one‘s end up with the strength of steel. One of the most popular aluminum alloy EN AW-7020
has a yield strength of 280 MPa and corresponds to steel class S275. Around the 1970s, with the
popularity of aluminum extrusion, aluminum began to be used for facade glazing. Today, very tall
buildings are being built in the world, and aluminum-glass constructions are most often chosen for
the facade. The main load that the facade has to withstand is wind. The tops of tall or seafront
buildings are subject to very high wind loads. However, the hollow aluminum profile usually does

not have sufficient bending stiffness, so it has to be reinforced with additional inserts.

Problem Formulation
In high-rise buildings, using aluminum profiles as a facade structure, high wind loads and
formations prevail on the upper floors, which can cause profile deformations to exceed limit values,
and support unit structures can cause stress concentrations and thus endanger building operation.
Therefore, it is necessary to study the bending stiffness of reinforced profiles with already used

reinforcement methods and to test new reinforcement methods with embedded plastic stiffeners.

Relevance of Work
Aluminum constructions are often used in facades because it reduces the cost of construction
and gives more freedom in choosing the look of the building. There have been a number of studies
with reinforcements of various metal profiles with various details or materials, but there are almost
no experiments with reinforcement of aluminum. Determining the most effective method of

reinforcement could increase the reliability of buildings.
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The Object of the Research
The object of research in this MSc Thesis is aluminum profiles. The aim is to examine the

possibilities of increasing their flexural stiffness and local stability.

Work Objective
The aim of the MSc Thesis is to experimentally determine the bending stiffness of aluminum

profiles and find an optimal way to strengthen them and increase local stability.

Main Tasks of Work

To achieve the goal of the work, the following tasks are set:

1. To carry out literature analysis on strengthening of aluminum profiles.

2. To perform six-point bending tests to determine the efficiency of strengthening techniques
typical for facade building industry.

3. To produce (print with a 3D printer) polymer stiffeners of various densities and to strengthen
aluminum profiles accordingly.

4. To perform three-point bending and compressive tests of aluminum profiles strengthened with
polymeric stiffeners.

5. To determine the mechanical properties of aluminum profile and polymeric stiffeners.

6. To create a computer model representing local buckling of the tested aluminum samples.

7. To evaluate the possibilities of strengthening aluminum profiles with low-modulus printed

stiffeners.

Methods of the Research
The investigation employs the literature analysis, mechanical tests in the laboratory, statistical

analysis of the test results, and numerical modelling with finite element software.

Acknowledgement
The Author want to express his sincere gratitude to the Colleagues from the Laboratory of
Innovative Building Structures dr. leva Misitinaité, dr. Arvydas Rimkus, and dr. Aleksandr Sokolov

for assistance in providing experimental investigation and second-order elastic analysis.

11



1. Literature Review

Facades of modern, high-rise buildings are the frequent objects of application aluminium
profiles (Sivaprakasam et al., 2020). Reduction of the self-weight governs the development of these
structural shapes (Lee et al., 2017): decrease of the web thickness together with an increase of the
profile height ensures the required flexural resistance of the building components. However, the cost
reduction of the facade systems is not a single optimisation criterion (Lesniak et al., 2020). The
investigation by Lee et al. (2018) demonstrated that the optimum thickness of the web could reach 1
mm, but that makes such elements vulnerable to web crippling. This form of localised buckling occurs
due to the stress concentration in the load application zones and supports of structural members.
Similar effects are also characteristic of the application of the high-strength steel tubular elements

(Misiunaite et al., 2020).

The web crippling of thin-walled aluminium and cold-formed steel element is a typical failure
mode. It has been investigated thoughtfully (Wang et al., 2016; Chen et al., 2015; Zhou and Young,
2008). Local strengthening is a possible solution to the buckling problem. External and internal
strengthening systems have been developed to avoid the web crippling. The external strengthening
refers to supplementary plates connected to the web, smoothing the stress concentrations (Zhao and
Zhang, 2007). The internal systems employ various fillers and plugs; this solution is typical for
laboratory tests of hollow section profiles and the development of structural composites (Misiunaite

et al., 2020; Wang et al., 2016; Bock et al., 2021).

Recently, polymeric materials become a promising solution to improve the buckling
performance of metallic structures (Zhao et al., 2007; Fernando et al., 2009; Schnerch, 2005; Islam
and Young, 2011; Islam and Young, 2012; Islam and Young, 2018; Wu et al., 2011). An adhesive
connection typically forms such composite structures and governs the effectiveness of the
strengthening systems (Fernando et al., 2009). Thus, the debonding failure is a critical issue for the
strengthening of metallic components (Zhao et al., 2007; Fernando et al., 2009; Schnerch, 2005; Islam
and Young, 2011; Islam and Young, 2012). Commonly, this failure localises within the adhesive layer
(cohesion failure) or at the physical interface of the adherents (adhesion failure) (Zhao et al., 2007,
Schnerch et al., 2005). Mechanical properties of the adhesive control the cohesion failure. Still, the
adhesion failure depends on the contact characteristics of the adherents, including the texture,

roughness and chemical composition of the surface (Schnerch et al., 2005).
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Local stability of aluminium profiles (mullions) is the focus of this research. Remarkably, the
adhesive bonding behaviour of carbon steel and aluminium is different. It is a consequence of the
differences in the stress-strain response of these materials: the aluminium products have lower
elasticity modulus and proportional limit than carbon steel elements. That affects the premature
buckling and web crippling of the structural members. Consequently, adhesion failure becomes the
typical debonding failure of the aluminium-based structural composites (Islam and Young, 2011;

Islam and Young, 2012).

The studies (Lee et al., 2018; Sewell et al., 2016) related the solution of the buckling problem
to the production of composite mullions comprising low-modulus filler material to stabilise the
deformations of the web. The deformation behaviour of infilled tubular profile having thin webs is
quite similar to sandwich composite under edgewise loading. The analysis of sandwich components
(Eyvazian et al., 2019; Taghizadeh et al., 2019) demonstrated the structural efficiency of the above
solution: the substantial increase in both load-bearing capacity and the absorption of the deformation

energy was the consequence of the tests of the composite systems.

The recent studies reported in the literature demonstrated that the strength and stiffness of the
core material affect the load-bearing capacity of sandwich structures, especially under an edgewise
compressive load (Eyvazian et al., 2019; Mamalis et al., 2005; Hongshuai et al., 2016). A low-density
honeycomb core provides excellent structural stability (Djama et al., 2019). Aluminium foam (Xiao
et al., 2018), polyurethane foam (Waddar et al., 2019), and NOMEX paper honeycombs (Zhang et al.,
2018) were efficiently used as sandwich cores. However, traditional thermosets and metallic mixes
formed all sandwich structures mentioned above. Thus, the utilisation of these structures faces severe
recycling problems (Chen et al., 2019; Shi et al., 2019). Recyclable thermoplastic materials become
considerably advertised in advanced engineering applications to overcome this problem (Schneider
etal., 2015; Gao et al., 2020). The thermoplastic composites are gaining in recognition due to inherent
advantages of thermoplastics, such as thermoformability which results in manufacturing process

innovations that deliver on cost efficiency (Sewell et al., 2016; Das et al., 2020).

Among various technologies used for the production of the core material of sandwich
composites, additive manufacturing has been frequently investigated because of the distinguished
advantages of mass customisation and ability to manufacture complex structures (Hou et al., 2018;
Sarvestani et al., 2018; Ngo et al., 2018; Zaharia et al., 2020). Studies by Lu et al. (2018) and Li &
Wang (2017) highlighted the suitability of the architected core structures to tailor the bending
properties and failure mechanisms of sandwich structures. Lubombo & Huneault (2018) investigated

the stiffness and strength of cellular 3D-printed parts under uniaxial tensile and flexural loading. The
13



cellular components were fabricated using various types of infill patterns at different infill density
levels. The stiffness and strength scaled with the infill density. Besides, at the same printing density,
the mechanical response varied substantially, depending on the infill patterns and the number of
perimeter shells. Bates ef al. (2016) concluded that optimised topology of the 3D-printed core ensures
enhancing the energy absorption abilities of the honeycomb structures. The strain rate and cell

orientation to the compression direction affected the absorption capacity.

The above studies demonstrated the potential of additive manufacturing technologies for the
creation and optimisation of core element topologies, which are not constrained by traditional
manufacturing principles, offering the designer the capability to create resilient sandwich structures
tailored explicitly to operational applications. Moreover, the computer-based additive manufacturing
principles fit the Industry 4.0 concept that relates the revolutionary development of the technology to
the manufacturing robots and humans interaction (Cerutti et al., 2019). However, 3D-printed
prototypes can inadequately replicate the mechanical behaviour of real objects (Alhammer et al.,

2020). Therefore, the structural application of printed materials requires characterisations.

This study consists of two parts. At the first stage, the efficiency of the industrial strengthening
techniques is estimated. Several full-scale hollow section aluminium profiles (mullions) available on
the market were tested simulating uniformly distributed flexural load. The ultimate bending load and
the unit weight ratio determines the strengthening efficiency. The failure mechanism is also
investigated. This study illustrates the essential role of local profile resistance to mechanical load.

That is characteristic of structural connections of the facades.

Therefore, the second part of this MSc Thesis aims to demonstrate the development feasibility
of efficient composite systems comprising aluminium profiles and low-modulus polymeric stiffeners.
The hollow section aluminium profile tested at the first investigation stage was the subject of the six-
point bending test simulating distributed load. The buckling failure was the testing result of the
samples. Polymer stiffeners produced using a 3D printing technique strengthened alternative samples
for the comparison purpose. The printing density of the stiffeners was the variable of this study. The
previous material tests (Gribniak et al., 2019; Shkundalova et al., 2018) determined the design of the
stiffeners. A 10% infill density of the polymer was the minimum value used in this investigation.
Numerical simulations are carried out to analyse nonlinear effects characteristic of the deformation

behaviour of the profiles.
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2. Full-Scale Profile Tests

2.1 Test Specimens

The tests were carried out in the Laboratory of Innovative Building Structures at Vilnius Tech.
The 2 m long mullions were tested to investigate the efficiency of strengthening techniques typical
for facade building industry. A six-point-bending test simulated the uniformly distributed load the
facade structure. Three types of strengthened specimens were fabricated, producing two identical
samples of each specimen types. Thus, six profiles were tested in total. Figure 1 depicts cross-section
of the specimens. Figure 1b shows a special extruded profile fixed with self-drilling screws to the
mullion. Screws were placed at 10 cm from both ends with a step of 30 cm. In Figure 1c, two zinc
coated metal sheets connected to a mullion with self-tapping screws strengthen the aluminium profile.
Hereafter, these specimen types are designated as to Type A, Type B, and Type C. The distances
between screws are the same as in specimen shown in Figure 1b. Figure 1d shows the mullion with
inserted flat steel bars and extruded aluminium profile. The 10 mm bolts, placed 10 cm from both

ends of the sample, connect the structural components.

2.2 Flexural tests: Six-Point Bending
The reduction of the self-weight of facade structures determines the main benefit of
aluminium profiles. However, strengthening reduces the profile efficiency by increasing the profile
weight. For example, a unite aluminium profile meter weight is equal to 3.050 kg; the respective
parameter of the profiles shown in Figure 1b-Figure 1d are 5.852 kg, 9.272 kg, and 15.037 kg that is
1.92, 3.04 and 4.93 times heavier than an empty profile. That shows the limited strengthening ability
of improving the structural performance of aluminium facades. Therefore, the ultimate bending load

and the unit weight ratio of the strengthened profiles is the research object of this Section.

The flexural tests were carried out using an electromechanical machine w+b LFV 5000 with
a loading capacity of 100 kN, under displacement control with a loading rate of 0.042 mm/s.
Deformations of six specimens were monitored using a digital image correlation (DIC) technique.
The spray paint was utilised to apply a high-contrast random pattern to the monitoring surface (Figure
9b). A digital single-lens reflex camera Canon EOS 77D SLR with 18-135 mm Canon EF-S lens
placed on a tripod at a 0.4 m distance from the monitored surface captured the digital images. The
6000x4000 pixel images were captured at the load increments of 0.5 kN using following settings of

the camera: exposure time = 1/200 s, aperture = /4.5, sensitivity to light = ISO 100, focal length =

15



24 mm. A remote control device was used to avoid unexpected movements of the camera. A 100 kN

load-cell monitored the applied load. The LVDT devices were placed as shown in Figure la.
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Figure 1. Six-point bending test (units [mm]): (a) loading scheme; (b) cross-section strengthened
with aluminium profile (Type A sample); (c) cross-section strengthened zinc coated metal sheets

(Type B); (d) cross-section strengthened with aluminium profile and flat steel sheets (Type C).
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Figure 2 shows the experimental setup and load-vertical displacement diagrams measured at
the mid-span of the profiles. Figure 3 shows the failure mechanism of the test specimens.The load-
displacement diagrams (Figure 2b) show that Type A and Type B demonstrated almost identical load-
bearing capacity, though the profiles strengthened with aluminium profiles (Type A) possessed a
more ductile failure than Type B counterparts. On the contrary, Type C samples experienced 1.75
times higher ultimate load than the above mentioned samples. Note, the specimen C-1 demonstrated
slightly different ultimate behaviour (regarding the sample C-2) because of unexpected rotation of
the testing apparatus supports (Fig. 3c). Thus, this specimen was excluded from the further analysis.
Larger load-bearing capacity than the other two types of profiles; the increase in deformations
corresponding to the ultimate resistance was 1.12 and 1.48 times in mullions with extruded

strengthening profile and zinc coated sheet metals, respectively.

Load P, kN

Type A-1

Type A-2
= Type B-1
——Type B-2

Type C-1

Type C-2

20 40 60 80 100

Figure 2. Six-point bending test: (a) test apparatus; (b) load-vertical displacement diagrams of all

specimens.
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Figure 3. Deformed shape of the flexural elements: (a) Type A; (b) Type B; (c) Type C.
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Figure 4. Local buckling of specimen Type A.

Table 1. Ultimate load and displacement values of six-point bending specimens

X Ultimate Load, Displacement, Failure Ultimate load/unite meter weight
No Specimen . R
kN mm mechanism ratio
1. TypeA-1 81.6 41 Local buckling 13.94
2.  TypeA-2 80.6 41 Local buckling 13.77
3.  TypeB-1 76.9 27 Local buckling 8.29
4. TypeB-2 80.4 31 Local buckling 8.67
5. TypeC-1 132.3! 25 Out of plane 8.8
6 Type C-2 140.3 46 Local buckling 9.33

! Unexpected rotation of the testing apparatus supports caused a different result. Thus this specimen is excluded from analysis

Table 1 demonstrates that the strengthening technology when the additional aluminium
profiles inserted inside the mullions (the specimens Type A is the most efficient way for improving
the ultimate behaviour of aluminium facade bending elements. Ultimate load to unite meter weight
ratio is 1.63 and 1.53 times higher than Type B and Type C specimens respectively are. The breakage
of the aluminium bottom part caused the failure of the strengthened profiles. Figure 3 shows the
deformed shape of the bending specimens. Thus, the profiles faced premature loss of flexural
stiffness. However, a local buckling was the consequence of the bending tests of the specimens Type
A, inducing the plastic plateau (Figure 4). With the ultimate bending load and the unit weight ratio of
the strengthened profiles being the main object of this section, Type A specimens were the most
effective ones. Thus, the next section investigates the development feasibility of efficient composite
systems comprising aluminium profiles and low-modulus polymeric stiffeners, avoiding premature

loss of the deformation resistance.
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3. Local Buckling Analysis

3.1 Test Specimens
A three-point bending test determined the deformation behaviour of an aluminium profile. A
hollow section profile, made from aluminium EN AW 6060 T66, available on the market was the test
subject. Figure 5a shows the loading scheme of three-point bending. Figure 5b depicts the cross-

sections of the three-point bending specimen.
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Figure 5. Three-point bending test (units [mm]): (a) loading scheme; (b) cross-section of the

profile.

The reference 1 meter specimens had no additional stiffeners. On the contrary, polymer
stiffeners strengthened alternative samples. A sky-blue shading indicates the stiffened zone in Figure
S5a. The stiffeners were produced using a 3D printing technique. They had the dimensions
corresponding to the internal shape of the profile (Figure 5b) and 10 mm thickness; thus, 20 segments,

glued together with epoxy adhesive, strengthened each alternative profile.

A 3D printed thermoplastic polymeric material was used producing the stiffeners. A low
deformation modulus of the polymeric material can reduce local stress concentrations due to high
deformability of the material (Gribniak et al., 2019). Shkundalova et al. (2018) investigated the
mechanical properties and tensile failure of four thermoplastic polymeric materials: acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA), high impact polystyrene (HIPS), and polyethylene
terephthalate (PETG). The investigation shown that the ultimate strain of the specimens made of

ABS, HIPS and PETG localised between the printed filaments causing local brittle failure of the
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tensile specimen. On the contrary, the PLA experienced a ductile failure providing the highest

nominal tensile strength (37.7 MPa) of the material. Thus, the 3D printing employed PLA.

Figure 6 shows the printer, the stiffeners having different infill, and the strengthening
procedure. The stiffeners were printed using PRUSA i3 MK3 printer (Figure 6a) with identical printing
parameters: extrusion nozzle temperature = 215°C; printing bed temperature = 60° C; print speed =

28 mm/s. The 1.75 mm PLA filament Prusament having 1240 kg/m® density was used.

The stiffeners were printed in the horizontal position; the thickness of each printing layer was
0.2 mm. Two continuous “shells” having the 100% density were printed on the perimeter of each
specimen. The inner part of the samples was printed at rectilinear raster orientation inclined at 45°.

Such a printing layout is frequent for the prototyping. The infill density was the variable of this study.

Figure 6. Strengthening procedure: (a) PRUSA i3MK3 printer; (b), (c), and (d) printed stiffeners

having 10%, 25%, and 50% density of the infill; (e) and (f) a stiffener segment coated with epoxy

adhesive before and after inserting it inside the aluminium profile

This MSc Thesis reports results of 3 series of the specimens having 10%, 25%, and 50% infill
density of the printed stiffeners (Figure 6b-Figure 6d). As it can be observed in Figure 6e, a two-
component adhesive (Epoxydharz L resin and Hdrtel L hardener) was used to fix the stiffeners inside
the profile (Figure 6f). Eight specimens were produced to analyse local deformations of the
strengthened profile fragments under compression. The length of the samples was equal to 50 mm.
The segments were cut from the flexural profiles and had the same cross-section (Figure 5b). The
bottom surface was levelled to avoid stress concentration. Four 10 mm thickness stiffeners (identical
to the ones used for the flexural tests) were inserted in the centre part of the strengthened samples.
The same adhesive fixing the plastic details and printing density of the stiffeners, as in the flexural

specimens, were used. Two items of each type were produced, as shown in Figure 7. Two additional
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samples were produced to investigate the adhesion effect between the stiffeners and profile on the
local deformations under compression. One of them had no adhesive fixation of the stiffener with

profile; another was the bare stiffener. Both stiffeners had a 10% infill density.

Twelve tensile samples were also tested to determine the mechanical properties of aluminium:
equal number (six) of specimens were cut from 5.8 mm flange and 2.1 mm web (Figure 5b). The test

samples were designated correspondingly as to F-5.8 and W-2.1. Figure 8 shows the dimensions of

the tensile specimens.

Figure 7. Specimens for compressive tests: (a) reference samples, (b), (c), and (d) the specimens

strengthened with stiffeners having 10%, 25%, and 50% infill density, respectively.
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Figure 8. Tensile samples (dimensions in mm): (a) specimen W-2.1 cut from 2.1 mm web; (b)

specimen F-5.8 cut from 5.8 mm flange.
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3.2 Tensile Tests
The tests were carried out using the 200 kN tensile machine P-20 with loading rate of 100 N/s.
Figure 9 illustrates the tensile tests. The same DIC system, as described in the section “Flexural tests.
Six-point bending”, monitored the relative displacements of the specimens. The relative strain
distribution maps were determined by using GOM Correlate software. Figure 9c shows an example

of the deformation monitoring results. The uniform distribution of the strains is characteristic of the

tensile sample until the failure.

Figure 9. Tensile tests: (a) specimen equipped with an extensometer; (b) sample prepared for DIC

measurements; (c) strain distribution of sample F-5.8 captured by the DIC system.

The extensometer MFA 25-12 (Figure 9a) measured deformations of the remaining eight
samples. The measurement base of the specimens W-2.1 (Figure 8a) and F-5.8 (Figure 8b) was equal
to 50 mm and 80 mm, respectively. A grip failure caused the loss of the experimental data of one

sample W-2.1. Figure 10 shows the stress-strain diagrams estimated from the tensile tests.

Table 2 specifies the determined mechanical parameters of the aluminium samples, including
0.2% proof strength (fy), ultimate tensile strength (f.), elongation percentage after fracture (4), and
the elastic modulus (E). The table also includes the strength ratio (f./f). A perfect agreement between
test data of the specimens W-2.1 and F-5.8 is characteristic of ultimate strength f.. The corresponding
average difference between the results is equal to 0.1%. The differences in the yielding limit fo and
the elastic modulus increase to 2.0% and 10.3%, respectively. The later difference demonstrates the
potential vulnerability of the thin web to deformation localisation. This difference is also significant

for numerical analysis (Misiunaite et al., 2020).
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Figure 10. Stress-strain diagrams of aluminium: (a) specimens W-2.1; (b) specimens F-5.8.

Table 2. Mechanical properties of tensile aluminium samples.

No Specimen E,GPa fo,MPa f,MPa A,% fu/fo

1. W-2.1 66.0 228 248 9.60 1.09
2. W-2.1 70.4 228 256 9.85 1.12
3. W-2.1 -1 228 252 9.50 1.11
4. W-2.1 71.7 228 252 10.1 1.10
5. W-2.1 73.6 228 252 9.18 1.11
6. F-5.8 78.6 233 252 11.3 1.08
7. F-5.8 78.4 232 253 104 1.09

! A substantial scatter of the test results did not allow achieving acceptable correlation value.

3.3 Compressive Tests
The compressive tests were carried out using an electromechanical machine H75KS (Tinius
Olsen, Norway) with a loading capacity of 75 kN, under displacement control with a loading rate of
0.25 mm/min. Linear variable displacement transducers (LVDT) with 0.001 mm precision measured
the vertical displacements; a 50 kN load-cell measured the applied load. The specimens were tested

until the failure. Figure 11 shows the test setup.

The same DIC system, as described in the section “Flexural tests. Six-point bending”,
monitored the relative displacements of the specimens. The difference was that two identical digital
cameras Canon EOS 77D SLR monitored opposite side surfaces of the compressive cross-section
fragments (Figure 7). The cameras were placed at 0.4 m distance from the monitoring surface; the

digital images were captured every 0.5 kN.

Figure 12 shows the final deformed shapes of all compressive specimens. The asymmetric
failure shape is characteristic of the reference specimens (Figure 12b). The stiffeners make the
deformed shape symmetrical, changing the load resistance mechanisms. Figure 13 shows an example
of a deformation evolution identified by the DIC system. The images are related to vertical

displacement u of the compression support of the testing machine. The stiffeners compensated the
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unsymmetrical loss of the adhesive contact with the web (see the second image in the line). At

advanced loading stages, the deformation localisation follows the printing layout (Figure 6b).

Figure 11. Compressive tests: (a) test apparatus; (b) strengthened sample; (c) a typical failure of the

strengthened specimen.

Figure 12. The final deformed shape of the compressive specimens: (a) the printed stiffener “1”’

having a 10% infill density; (b) the reference fragments “2” and “3” without stiffeners; (c) the
sample “4” having a 10% density stiffener without adhesive connection to the profile; (d) to (f) the
samples “5” and “6”, “7” and “8”, and “9” and “10” with 10%, 25%, and 50% density stiffeners
glued to profiles.
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Figure 13. Deformation evolution of the test sample “6” (Fig. 8d) hawing a 10% stiffener

adhesively connected to the aluminium profile.

The differences in the shape of the strengthened specimens after the compressive tests are not
evident from Figure 12c to Figure 12f. The stiffeners, having the minimum infill density, were
suitable to improve the deformation mechanism. That well agree with the results of the sandwich
components reported in the literature (Eyvazian et al., 2019). The load-displacement diagrams, shown
in Figure 14a, are more informative in this context. The application of the stiffeners adhesively
connected to the profile increases the ultimate load more than four times, altering the deformation

behaviour of the compressive specimens.

Figure 14b depicts a schematic diagram of the load-resistance components of the profile,
having the stiffener with a 10% infill density. The scheme demonstrates that the adhesive bonding of
the inserted polymer has a substantial effect on the load resisting at the early deformation stage (the
vertical displacements < 1 mm). A considerable scatter of the test results, however, does not allow
obtaining a reliable estimation of the resistance of the adhesion contact. The average compressive
load corresponding to the loss of the adhesive bond is equal to 43.5 kN; the values 35.7 kN and 49.6
kN define the variation interval of the corresponding load. The ascending branch of the load-
deformation diagram of the reference profile adequately determines the location of the characteristic
point A on Figure 14b. The localisation of the point B is a more complex issue because of the
substantial variation of both ordinate and abscissa. On the contrary, the infill density of the stiffeners
determines the position of the points C and D adequately. Moreover, the increase in stiffness reduces

the scatter of the results.
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Figure 14. Load-vertical displacement diagrams of the compressive specimens: (a) test results; (b) a

schematic diagram of components of the load-resistance mechanism.

3.4 Flexural Tests
The flexural tests employ the same testing apparatus (H75KS) and measurement devises
(LVDT and DIC), as used in the compressive tests. The loading rate 2.5 mm/min was applied. The
parameters and characteristics of the DIC were identical to the compressive tests. A 100 kN load-cell
monitored the applied load. The LVDT devices were placed at the mid-span, as shown in Figure 5a.

Figure 15 shows the test setup and load-displacement diagrams of the profiles.

The load-displacement diagrams (Figure 15b) show almost doubled load-bearing capacity of
the strengthened profiles. The vertical displacements u were measured at the mid-span as shown in
Figure 5. The average increase in the load-bearing capacity was equal to 1.63; the average increase
in deformations corresponding to the ultimate resistance was 2.50, 3.26 and 2.05 times in the profiles

with 10%, 25%, and 50% stiffeners, respectively.

Moreover, the stiffened specimens demonstrated the load-bearing resistance exceeding the
reference value corresponding to the vertical displacement range not lesser than 22.9 mm; the

reference displacement was equal to 5.3 mm (Figure 15b).
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Figure 15. Flexural tests: (a) test apparatus; (b) load-vertical displacement diagrams.

The above results prove the efficiency of the application of low-modulus stiffeners in
preventing premature failure of aluminium profiles. The difference in the load-bearing capacity of
the strengthened specimens is not significant though failure mechanisms of the beams are different.
A local buckling was the test result of the beam strengthened with a 10% infill density stiffener; the
breakage of the aluminium web caused the failure of the remaining strengthened profiles. Figure 16

shows the deformed shape of the bending specimens.

As described in the section “Test specimens”, the DIC system was used to identify
deformations and failure mechanisms related to the application of the polymeric stiffeners. Figure 17
shows the image correlation results. The generated images correspond to similar loading levels. The
differences in the distribution of the deformations of the web are evident. The concentration of the
compressive strains causes failure of the profile having stiffeners with a 50% infill density; the
reduction of the density of the stiffeners to 25% allows avoiding strain concentration. The failure of
the specimen having the stiffener with a 10% infill density is similar to the reference profile though

the load-bearing capacity of the strengthened beams remained almost identical (Figure 15b).

The strain distribution maps of Figure 17 ensure a qualitative comparison of deformation
mechanisms related to the application of polymeric stiffeners. However, as shown in the references
[5] and [45], the DIC approach allows of identifying relative displacements of any points recognised
on the exposition surface after the physical tests. Virtual strain gauges created by the GOM Correlate
software are used for that purpose in this study; 13 virtual indicators, having 20 mm length, were
placed on the flat part of the profile web every 10 mm, as shown in Figure 18a. The section near the
edge of the strengthening zone was selected to identify the distribution of local strains. Figure 18b—
Figure 18e show the strain profiles related to the vertical displacement, u.
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Figure 16. Deformed shape of the flexural elements: (a) reference specimen; (b)—(d) specimens

stiffened respectively with polymeric details having 10%, 25%, and 50% infill density.
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Figure 17. DIC analysis of flexural failure of aluminium profiles: (a) reference specimen; (b)—(d)

samples with 10%, 25%, and 50% stiffeners.
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Figure 18. Analysis of the distribution of local strains in the web: (a) virtual strain gauges; (b)—(¢)

strain profiles of the reference and strengthened specimens with 10%, 25%, and 50% stiffeners.
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The strain profiles (Figure 18b—Figure 18e) illustrate non-linearity of local deformations
characteristic for both the reference and strengthened profiles. Alteration of the deformations become
evident at early loading stages. It is necessary to point out that the above figures show strains
estimated at an arbitrarily chosen location. That makes the image correlation technique versatile tool
suitable for structural health monitoring purposes. That is well agreeing with findings reported in the
literature (Pan et al., 2020; Sharma et al., 2020). The next section presents the results of numerical
simulations carried out to evident the deformation mechanisms essential for the adequacy of the

structural design.
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4. Numerical Simulations

The numerical simulations are carried out to analyse nonlinear effects characteristic of the
deformation behaviour of the compression and flexural profiles. The analysis encompasses two
stages. Commercial finite element (FE) software SOLIDWORKS 2017 is used to simulate deformation
response of the test samples at the first stage. The reference specimens and the profiles strengthened
with stiffeners having a 10% infill density are the objects of the analysis. The adequate representation
of the ascending branches of the load-deformation diagrams shown in Figure 14a and Figure 15b is
the focus of simulations because of the relevance of this behaviour to the structural design problems.
The compressive section is the object of the elastic buckling analysis carried out at the second

simulation stage. A non-commercial structural analysis software MASTAN? is used for that purpose.

4.1 Finite Element Simulations of Deformations of Compression and Flexural Profiles

The deformation problems are solved in the 3D formulation, using the Newton-Raphson
iteration procedure. Figure 19 shows the corresponding numerical models built up using 3D
tetrahedral solid finite elements. A regular mesh with the average size of finite elements of 3 mm was
used. Steel plates were modelled to avoid stress concentration at the supports and the load application
point. The von Mises material model with bilinear stress-strain diagram is used for aluminium
assuming the average experimental values of the modulus of elasticity (£ = 70.0 GPa) and the yield
strength (fo = 228 MPa) of the web-samples (Table 2). The polymeric material was assumed perfectly
elastic with modulus E,=538 MPa. The latter value was determined during the compression test of
the bare stiffener (Figure 12a). The SOLIDWORKS software does not ensure modelling the adhesion
contact between the inserted polymer stiffener and profile. Therefore, the restricted penetration of the

components without bonding adhesion was used in the models of the strengthened specimens.

The boundary conditions were defined to adequately represent the physical test situation
(Figure 11 and Figure 15a). Figure 19 shows the support and load conditions. The vertical
displacement was applied in small increments (0.3 mm) until the load-bearing capacity was exceeded.
The predicted ultimate load of the reference and strengthened specimens was equal to 11.7 kN and
42.3 kN, respectively. That is well agreeing to the test results, when the reference samples resisted
the average 11.6 kN ultimate load (Figure 14a); the average resistance of the strengthened specimens

was 43.5 kN (Figure 14b).
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Figure 20 shows the deformed shape of the simulated profiles subjected to the ultimate
compression load. The simulated increase of the ultimate capacity was similar to the test outcomes
(Figure 14a): the application of the low-modulus stiffener increases the load-bearing capacity by 3.6

times. The obtained deformed schemes correspond to the test results of Figure 12b and Figure 12d.

Fixed
upport

Figure 19. FE mesh and boundary conditions: (a) reference specimen; (b) strengthened profile.

(a) ‘ | H (b) ‘l @

Figure 20. Simulated compression test corresponding to the ultimate compression load: (a)

reference specimen (Pmax = 11.7 kN); (b) strengthened profile (Pmax = 42.3 kN).
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Figure 21. FE mesh of bending specimens: (a) Total view; (b) Support and cross-section of the

reference specimen; (c¢) Support and cross-section of the strengthened profile.

Figure 21 shows the finite element (FE) model of the bending specimens. The similar 3D
tetrahedral solid finite elements were used, as for compressive specimens; the same mesh size (3 mm)
was used only in the centre part of the beam, corresponding to the strengthened zone (Figure 5a). The
remaining parts of the model had an average size of FE mesh equal to 10 mm because of the computer
limitations. Figure 22 shows the loading and boundary conditions of the model. The vertical

displacement was applied in small increments (0.3 mm) until the load-bearing capacity was exceeded.

Figure 23 demonstrates the load-vertical displacement diagrams of the bending specimens.
The noticeable aspect could be related to the overestimation of the actual load-bearing capacity of
aluminium profiles. That is a consequence of neglecting non-elastic deformations characteristic of
the considered thin-walled structure. The analysis of the strain distribution in the web can help in

illustrating those mechanisms.

Figure 24 illustrates the strain distribution in the web, corresponding to the ultimate bending
resistance of the FE models. Figure 25 compares the local strain profiles captured by the DIC system
and simulated via FE approach. This figure relates the diagrams to the vertical displacement, u. The
letter “N” designates the calculation results. Figure 25 shows that the models predict general
deformation tendencies, but non-linear effects, appearing at early loading stages (vertical

displacement u# = 5.8 mm, Figure 25b), are beyond the simulation abilities.
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Figure 22. Loading and boundary conditions of FE model of the bending specimen.
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Figure 23. Simulation results of load displacement behaviour of flexural specimens: (a) reference

specimen; (b) strengthened profile with the stiffener having a 10% infill density.
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Figure 24. Simulated strain distribution in flexural specimens: (a) reference specimen (vertical
displacement u = 3.85 mm); (b) and (c) strengthened profile with the stiffener having a 10% infill

density (u = 3.85 mm and 8.06 mm, respectively).
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Figure 25. Simulation results of strain distribution in flexural specimens: (a) reference specimen;

b) strengthened profile with the 10% density stiffener.
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4.2 Critical Load and Second-Order Elastic Analysis of Compressed Specimens
As can be seen in Figure 12b, the deformed shape of the reference aluminium profile reflects
a sway buckling mode. The cross-section parameters (Figure 5b) ensure more than twofold stiffness
of the flanges than that of the web. Consequently, the buckling of the web is the predominant failure
type. Thus, the elastic buckling of the rigid frame can reflect the failure mechanism of the aluminium
sections subjected to compression (section “Compressive tests”). The software MASTAN? is used to

carry out the second-order elastic and critical load analysis.

This software provide the opportunity to perform first- or second-order elastic and inelastic
analyses of two- or three-dimensional systems subjected to static load to explain the failure mode of
the structural system. Elastic critical load (ECL) analysis of an idealised elastic model of the framed
structure determines the shape that the system assumes in the post-critical state in the terms of the
eigenvector. This analysis does not include the nonlinear phenomena necessary to determine the
magnitude of the ultimate load precisely; it also does not ensure of determining the deformation range,
but it adequately predicts the failure manner (Sippel and Blum, 2020). The second-order elastic (SOE)
analysis amply represents sway imperfection (also known as P-A effect) (Zemian and McGuire,
2002). For the solution of nonlinear equilibrium equations, the predictor-corrector and improved

polygon method are used (McGuire et al., 2000).

A rectangular frame approximated the aluminium cross-section (Figure 5b); the material
properties and dimensions were chosen to retain the actual stiffnesses of the flanges and webs. The
bottom corners of the frame were simply supported during the simulations. The reference load P, was
equal to the ultimate load of the aluminium section at the first buckling mode (Figure 12b). The elastic
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critical analysis employed the load in a single step; in the second order analysis, the load was applied
in small increments (0.01 N) with the maximum number of increments equal to 1000. The applied

load ratio (ALR) in comparison to P, is analysed further. Figure 26 presents the simulation results.

Figure 26a shows the first buckling mode obtained by elastic buckling analysis at ALR = 1.
This failure mode corresponds to the deformed shape of the aluminium section shown in Figure 12b.
Figure 26b shows the deformed shape of the frame obtained by second-order elastic analysis,
corresponding to ALR = 1, of the initially non-deformed structure. Figure 26c demonstrates the result
of the second-order analysis taking into account the influence of the initial sway imperfection of the
frame and residual deformation of the components. The first elastic buckling mode of the frame
(Figure 26a) described the shape of global and local imperfections. The 1/200 slope of the webs
determined the imperfection magnitude. The second-order elastic analysis did not alter the buckling
load (ALR = 1), proclaiming the absence of the effects of the deformed geometry (sway imperfection)
on the load-bearing capacity of the frame. However, the destabilising influence of initial sway

imperfection is evident (comparing to Figure 26b).

Figure 26d shows the first buckling mode from the elastic buckling analysis, corresponding
to ALR = 3.84, determined under the assumption of the Imm lateral displacement of the top flange.
The restrain simulated the effect of an adhesive connection between the aluminium profile and
stiffener. Figure 13 demonstrates the corresponding experimental tendencies. Figure 26e shows the
second buckling mode obtained by elastic buckling analysis, corresponding to ALR =3.9. The
application of an adhesive, jointing the stiffener and aluminium profile, provides sufficient restraint
of the web. The experimental specimen fails at ALR~3.9 (Figure 14). This situation well agrees to

the simulated second buckling mode of the rigid frame (Figure 26e).

As shown in Figure 12c, the embedded stiffener without adhesive connection to the profile
prevents sway deformations of the frame accentuated by the initial imperfections, and composite
section fails in disintegrated buckling mode governed by the symmetric buckling of the webs and
share failure of the stiffener. However, Figure 14 shows that overall deformation behaviour and the
ultimate resistance failure of the cross-section without an adhesive connection between the
constituents is close to the reference fragment. A similar computational result can be obtained
verifying structural stability of the rigid frame using second-order analysis without imperfections
(Figure 26b). Although the deformed shape of the frame in Figure 26b and Figure 26¢ are deferent,
the second-order elastic analysis (Figure 26b) resulted in the same stiffness of the frame. Thus, the

buckling load is remaining the same (ALR = 1).
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The above results ensure to relate the effect of the adhesive stiffeners to the alteration of the
deformation shape of the cross-section. This solution allowed doubling the load-bearing resistance of
the aluminium profiles (mullions). It also can help to avoid imperfection effects during the
construction process. The additive manufacturing technology applied to the production of the
stiffeners enabled varying the printing density and internal structure of the 3D objects. That makes it
a promising tool for the efficient utilisation of construction materials. The obtained results, however,
proclaim the primary effect of the adhesive connection of the constituents on the buckling resistance
of the hybrid system. This outcome well agrees with the results reported in the literature (Zhao and
Zhang, 2007; Fernando et al., 2009; Schnerch, 2005; Islam and Young, 2011; Islam and Young,
2012). Thus, the development of a reliable adhesive connection between the aluminium profile and

stiffeners should be the object of further research.
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Figure 26. Analysis of compressed specimens: (a) first buckling mode of elastic critical load
(ECL), applied load ratio (ALR) = 1; (b) second-order elastic (SOE) without imperfection,
ALR = 1; (¢) SOE with imperfection (1/200 slope of the webs), ALR = 1; (d) ECL with restrain (1
mm lateral displacement of the flange), ALR = 3.84; (e) Second buckling mode of ECL,
ALR =3.90.
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Conclusions

The six-point bending tests were carried out to determine the efficiency of strengthening
techniques typical for facade building industry. During these tests local buckling mechanism was
detected and further study concentrated on eliminating the premature loss of flexural stiftness. The
efficiency of low-modulus stiffeners improving load-bearing capacity of aluminium profiles
(mullions) is the object of this research. Polymer stiffeners produced using a 3D printing technique
strengthened samples for compression and flexural tests. The infill density of the printed stiffeners
was the variable of the study. Numerical simulations were carried out to analyse nonlinear web
crippling effects characteristic of the deformation behaviour of the profiles. The following

conclusions are formulated from the obtained results:

The application of the low-modulus stiffeners, even of the minimum printing density (with
elastic modulus of = 0.54 GPa), adhesively connected to the profiles, doubled the flexural resistance
of the specimens. Breakage of the aluminium was the consequence of the tests of the strengthened

samples, indicating an efficient utilisation of materials.

The compression tests demonstrated that the application of the low-modulus stiffeners
increases the ultimate load more than four times, altering the deformation behaviour of the specimens.
The adhesive bonding of the inserted polymer has a substantial effect on the load resisting at the early
deformation stage (< 1 mm). A considerable scatter of the test results, however, does not allow
obtaining a reliable estimation of the load-bearing capacity. The average compressive load
corresponding to the loss of the adhesive bond was equal to 43.5 kN; the values 35.7 kN and 49.6 kN
defined the load variation interval. The ascending branch of the load-deformation diagram of the
reference (unstrengthen) profile adequately determines the deformation corresponding to the ultimate
load. On the contrary, the infill density of the stiffeners determines the shape of the descending branch
of the load-deformation diagram; the increase in stiffness (from a 10% printing density through 25%

to 50% infill) reduced the scatter of the results.

A perfect agreement between test data of tensile specimens cut from 5.8 mm flange and 2.1
mm web of the profiles is characteristic of ultimate strength. The corresponding average difference
between the results is equal to 0.1%. The differences in the yielding limit and the elastic modulus
increase to 2.0% and 10.3%, respectively. The later difference demonstrates the potential
vulnerability of the thin web to deformation localisation. It is also essential for the adequacy of the

finite element modelling.
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The results of the elastic critical load analysis well agree to the test outcomes. That put a solid
background for the design of composite cross-sections. The results of the tests and numerical
simulations also allow relating the effect of the adhesive stiffeners to the alteration of the deformation
shape of the cross-section, doubling the load-bearing resistance of the aluminium profiles. The local
strengthening can be useful to minimise the effects of the imperfection of the construction process.
Thus, the development of a reliable adhesive connection between the aluminium profile and

polymeric stiffeners should be the object of further research.
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