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Abstract: Beam-to-column joints are one of the most common types of joints in metal structures. In the
design of load-bearing aluminium structures, welding, as a joining method, is often avoided because
of localised degradation of mechanical properties in the heat-affected zone (HAZ). However, recent
experimental studies on the extent and strength of the HAZ show a significant difference compared to
very conservative design rules when modern welding techniques are used. Therefore, the numerical
study conducted in this paper addresses the influence of HAZ on the mechanical behaviour of the
welded aluminium beam-to-column joint. Parametric numerical analyses were performed varying
the aluminium alloys, the reduced mechanical properties of the HAZ, and different definitions
of the HAZ extent. The obtained results show that the highest stress concentration occurs at the
connection between the top beam flange and the column flange, resulting in plastic softening in this
region. Different joint capacities were observed by varying the mechanical properties of the HAZ. A
detailed overview of numerical models as well as the obtained moment–rotation curves show that
the behaviour of some models is not as conservative as assumed in the design standards considered.

Keywords: aluminium alloys; welding; heat-affected zone; beam-to-column joint; Eurocode 9;
American Design Manual; parametric numerical analysis

1. Introduction

Aluminium alloys have been successfully used in various industries for several
decades. In the construction industry, aluminium alloys are usually found in the form of
secondary structures such as façades or in the refurbishment and seismic protection of
historic buildings and bridges [1–3]. Although steel is used more frequently for primary
metal structures, aluminium alloys have come back into focus in recent years due to the
high trend towards sustainability and the associated cost savings [4–6]. Natural corrosion
resistance, lightness, functionality of structural form, and high ductility are just some of
the advantages that distinguish them and put them at the top of the list of modern and
environmentally friendly materials. Despite the aforementioned advantages, primary struc-
tures made of aluminium alloys are still not used to the same extent as those made of steel.
This is a consequence of the high production costs and the relatively late development
of design standards. Today, it can be said that the existing limitations have been largely
overcome over the years with the publication of the standard for the design of aluminium
structures—Eurocode 9 (EC9) [7]—as evidenced by numerous primary structures such as
aluminium bridges, prefabricated portal halls, offshore structures, and large-span spatial
trusses [3]. Although generally accepted, many parts of the currently valid standard for
the design of aluminium structures [7] have been taken over from the standard for the
design of steel structures—Eurocode 3 (EC3) [8]—resulting in a standard that does not
provide an optimal level of reliability. The soon-to-be published standard for the design of
aluminium structures [9] brings progress and novelties in the design procedures, but due
to the insufficient experimental and probabilistic background, numerous deficiencies have
not yet been remedied.
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In typical portal frames (with or without steel tension tie elements), which are the
subject of recent research studies [10–13], beam-to-column joints play a key role as their
stiffness directly affects the behaviour of the frame systems. These are also the most common
types of joints in metal structures. The design of beam-to-column joints is based on the
well-known component method, which has been extensively investigated for steel. This is
not the case for aluminium, although it is given in EC9 [7,9] as a method for the design of
beam-to-column joints. To date, the research data on aluminium beam-to-column joints
are scarce. Most of the research is related to joint components with mechanical fasteners,
i.e., T-stubs [14–22]. In recent years, research has started on bolted beam-to-column joints
in full-scale [23,24] to characterise their behaviour, and thus the behaviour of aluminium
frame systems. On the other hand, welded aluminium beam-to-column joints are the
subject of very little research and no full-scale laboratory tests for such joints are currently
found in the literature. Therefore, it is not yet possible to accurately characterise their
behaviour, mainly due to the presence of the HAZ.

From a design point of view, the two most important mechanical properties are the
0.2% proof strength (fo) and the tensile strength (fu). As a result of aluminium welding,
there is a reduction of the mechanical properties in the area called the heat-affected zone
(HAZ) and it is necessary to know the reduced values within the HAZ (fo,haz and fu,haz).
The specified standards [7,9] do not provide characteristic values of the specified properties,
but minimum (guaranteed) values that have no probabilistic background, which can lead
to overly conservative values of the mechanical properties and uneconomical designs. This
is especially true for the joint design, as welding is still one of the most widely used joining
technique in various industries. Recent experimental and numerical studies [25,26] on the
HAZ extent and the reduction of mechanical properties of the base material (BM) show
significant differences compared to the values defined in EC9 [7,9]. Furthermore, the use
of modern welding techniques from the field of mechanical engineering allows for the
development of reliable, as well as economically and environmentally sustainable welded
aluminium structures.

In view of the above, the objective of this study is to evaluate the influence of the HAZ
on the behaviour of the aluminium welded beam-to-column joints using finite element
analysis. Primarily, this paper provides a brief overview of the state-of-the-art in this field,
referring to the latest findings on the HAZ extent and the reduced values of mechanical
properties in this area. The numerical model of the beam-to-column joint developed in
this study was calibrated against existing laboratory tests of welded beam-to-column
steel joints [27]. Aluminium alloys from the 6xxx and 7xxx series were considered in the
numerical analyses, as well as specifications from various standards for the design of
aluminium structures: EC9 [7,9] and American Design Manual (ADM) [28]. In addition
to the mentioned standards, experimental results from the recent literature were used to
define the HAZ in order to provide a comparison with current standards regarding the
mechanical behaviour of the beam-to-column joint.

2. Literature Overview on the Heat-Affected Zone in Aluminium Alloys

In the design of welded aluminium structures using hardened or artificially aged
alloys, the deterioration of the strength properties that occurs in the vicinity of the weld,
i.e., the HAZ, must be considered. An exception to this rule exists for alloys in the O-state
when no weakening occurs near the weld, or if the material is in the F-state and the design
strength is based on the properties of the O-state. For design purposes, it is assumed that the
strength properties are reduced to the same level throughout the area under the influence
of heat. The reduction due to the heat effect, affects the 0.2% proof strength (fo) more than
the tensile strength (fu) [29]. The HAZ extends closely around the weld, beyond which the
strength properties quickly return to their initial values of the base material.

Several standards [7,9,28,30,31] for the design of aluminium structures address the
issue of the HAZ. EC9 [7] assumes that the HAZ extends in all directions away from
the weld, as defined in Figure 1. In addition, different parameters, such as the welding
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processes (MIG and TIG), the number of heat paths, the material thickness, and the alloy
series, are considered. The second generation of EC9 [9] includes changes in the expressions
regarding the α2 factor which considers the influence of temperature above 80 ◦C. For the
joints with three valid heat paths, it is stated that the HAZ extent can be reduced by 25%.
On the other hand, the American (ADM) [28] and Canadian (CSA) [30,31] standards state
that the HAZ extent should be measured 25 mm from each side of the weld centreline,
regardless of the thickness of the element being welded.
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Figure 1. Extent of HAZ according to EC9 [7,9].

Research on the topic of the HAZ has been going on for more than four decades.
The first solid findings on this problem were provided by Soetens [32] and Matusiak [33].
Soetens [32] experimentally investigated welded connections in hollow sections (X-type
and T-type), fillet welds, and the mechanical properties of weld metal and HAZ for the
5xxx, 6xxx, and 7xxx alloy series. The results of this study led to recommendations for the
design of welded connections, which at the time were included in the current versions of
some standards and technical principles [34–36]. The work of Matusiak [33] was based on
the strength and ductility of welded beam-to-column aluminium connections. The focus
of this study was to investigate the influence of HAZ on the column flange loaded under
transverse tension. The study found that material softening in the HAZ has a significant
effect on the strength and ductility of the analysed specimens. Solid element numerical
models developed as part of his research showed good agreement with the experimental
results. However, these models were not suitable for large-scale analyses due to the time
consumption. Therefore, Wang et al. [37] used the experimental data from [33] to develop
and validate the numerical model with finite shell elements. In this study, parameters such
as anisotropy and strain hardening were considered in material modelling, as well as the
critical strain thickness value.

Since the results of the numerical study were found to be highly mesh dependent, the
authors proposed and applied non-local plastic thinning in the weld and HAZ which led to
accurate and efficient results. Another numerical study was carried out by Dørum et al. [38]
on the plastic failure in the HAZ. The analyses were performed on a 2 mm thick and
200 mm long dogbone specimen made of EN AW-6060-T6 aluminium alloy. The specimen
was subjected to uniaxial tension and assumed to have been cut from the plate with the
weld placed transversely on the specimen. Several finite elements were used to model
the welded specimen, namely shell elements, solid elements, and cohesive zone elements.



Buildings 2023, 13, 718 4 of 21

As a result of this study, two approaches were proposed to estimate the HAZ mechanical
properties and ductility of welded aluminium connections when a coarser mesh and thin
plates are used.

Zhang et al. [39] investigated the microstructure and behaviour of welded aluminium
T-joints on hollow sections using a new modelling approach. Namely, the authors provided
a step-by-step procedure to transfer the microstructure data from WELD-SIM software to
the ABAQUS software and applied a combination of two different analyses, i.e., a thermal–
mechanical and a mechanical analysis. With this approach, the HAZ extent as well as the
ductility and stress–strain curve can be defined automatically. The study has also shown
that the HAZ dimensions influence the shape of the load–displacement curve, while the
obtained strength in the HAZ determines the load level.

With modern welding techniques, while using the approach described in [39], it should
be possible to achieve lower reductions in the material properties of the HAZ. Cheng
et al. [26] provided a comprehensive overview of research on reducing joint softening
in terms of low heat input welding, external assisted cooling, and post-weld treatment.
Among the MIG (Metal Inert Gas) and TIG (Tungsten Inert Gas) welding processes which
are the most used for aluminium alloys, Friction Stir Welding (FSW), Laser Welding (LW),
and Cold Metal Transfer (CMT) Welding have been increasingly used in recent years due
to the lower heat input.

In addition to the HAZ strength studies, several HAZ extent studies have also been
conducted. According to the design standards [7,9,28,30,31], HAZ strength properties are
reduced over the entire zone, while in reality, they gradually increase over the zone length
from the weld centreline. Due to this phenomenon, the design strength can be much lower
compared to the actual condition, while HAZ extent can be much higher. The strength
development within the HAZ can be investigated by hardness measurements, which can
be determined by a hardness in Vickers (HV) or Rockwell (HRF). Table 1 lists some studies
that have been carried out on the HAZ extent and the strength determined by hardness
measurements and tensile tests.

Table 1. Overview of the studies on the HAZ extent and ultimate strength.

Ref. Welding
Method Weld Type Alloy Thickness

[mm]

HAZ Extent
from Centre

[mm]

Ultimate
Strength of

the Joint
[MPa]

Joint
Efficiency =

Joint/BM
[%]

Distance of
Min.

Hardness
from Centre

[mm]

Min. Hard-
ness/Base
Hardness

[%]

Moen et al.
(1999) [40] MIG welded

stiffener
EN

AW-6082-T6 5.0 30.0 213 66.0 12.0 63.0

Sato et al.
(1999) [41] FSW butt weld EN

AW-6063-T5 6.0 15.0 - - 10.0 65.0

Missori et al.
(2000) [42] MIG butt weld EN

AW-6082-T6 10.0 20.0 169 62.0 10.0 55.0

Wang
(2006) [43] MIG fillet weld EN

AW-6082-T6 5.0 30.0 270 76.0 10.0 65.0

Zheng et al.
(2009) [44] MIG butt weld EN

AW-6061-T6 3.0 23.0 181 76.0 10.0 50.0

Li et al.
(2006) [45] TIG butt weld EN

AW-6061-T6 6.0 25.0 183 56.0 10.0 50.0

Sukawet
et al.

(2015) [46]
GMAW butt weld EN AW-5083 6.0 4.0 193 65.0 3.0 92.0

Baskutis
et al.

(2017) [47]
GMAW butt weld EN

AW-6082-T6 10.0 10.0 183 69.0 5.0 86.0
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Table 1. Cont.

Ref. Welding
Method Weld Type Alloy Thickness

[mm]

HAZ Extent
from Centre

[mm]

Ultimate
Strength of

the Joint
[MPa]

Joint
Efficiency =

Joint/BM
[%]

Distance of
Min.

Hardness
from Centre

[mm]

Min. Hard-
ness/Base
Hardness

[%]

Guzman
et al.

(2019) [48]

Pulsed
GMAW butt weld EN

AW-6061-T4 7.0 17.5 153 - 14.5 95

Yang et al.
(2018) [49] FSW butt weld EN

AW-6061-T4 6.35 12.5 229 93.0 8.0 75.0

Wang et al.
(2016) [50]

MIG
butt weld 6N01S-T5 8.0

22.0 210 72.0 12.0 58.0

Laser-MIG 24.0 243 83.0 14.0 60.0

Yan et al.
(2014) [51]

MIG
butt weld EN

AW-6005-T6 5.0
17.0 190 68.8 8.0 87.0

Laser-MIG 12.0 206 74.6 7.0 84.0

Wang et al.
(2016) [52] LBW butt weld EN

AW-6061-T6 4.0 5.0 220–231 ~70.0 1.0 75.0

Although the LBW and FSW welding processes achieve good properties of the welded
joints in terms of HAZ extent and capacity (see Table 1), these processes are not unreservedly
suitable for welding of beam-to-column joints. Reasons for this include a very expensive
execution or the impossibility of access of the robot arm (in the case of FSW) at a certain
angle to the specimen. In this context, MIG welding is still the most optimal solution. It
should be emphasised that in most cases, modified MIG welding techniques such as Pulse-
MIG, Double Pulse-MIG, Alternating Current-MIG, and Laser-MIG can achieve better
results than ordinary MIG welding, comparable in quality to the TIG welding process. At
the same time, the welding speed and productivity are better than the TIG process. Several
studies have been carried out on the subject of improved MIG welding processes, in which
parameters such as current intensity, pulse frequency, filler wire, and travel speed [53–58]
were investigated in addition to the HAZ extent.

From the recent studies on the HAZ extent [46–48] (Table 1), it appears that the
standards for the design of aluminium structures may be too conservative (a much smaller
HAZ extent was obtained compared to the standard). This assumption is confirmed with
studies conducted by Nazemi et al. [25] and Hoang et al. [59]. In reference [25], several
tensile coupons were cut and tested from two aluminium plates welded using the MIG
welding technique. The aluminium alloy EN AW-6061-T6 was used, while the thickness
of the plates was 4.8 mm. The authors used a Digital Image Correlation (DIC) system to
measure the strain field and divided the HAZ and weld into six subzones to capture the
strain localisation (see Figure 2a).
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From the hardness curve (Figure 2b), it is evident that HAZ strength (Z2–Z4) is lowest
immediately after the welding, but it also gradually increases to the strength value of the
BM within 10 mm of the weld centreline. The identified constitutive parameters and the
methodology based on the Virtual Fields Method (VFM), which are described in detail
in [25], were implemented in numerical models of plate–column joints. The numerical and
experimental results showed a very good correlation, from which it can be concluded that
the standards for the design of aluminium structures underestimate the HAZ extent and
the strength properties. Hoang et al. [59] tested the butt-welded specimens, both similar
and dissimilar, made of aluminium alloys EN AW-6060-T6 and EN AW-7003-T6. Two
aluminium plates, with a thickness of 3 mm were welded with the MIG process combined
with the CMT Pulse technique, which proved to be suitable for both alloys.

The HAZ extent from [25] was used in present numerical study, along with two other
studies [60,61] to evaluate the behaviour of aluminium beam-to-column joints and was
compared with design standards.

3. Numerical Parametric Study
3.1. Description of Numerical Modelling Approach

The numerical models of the aluminium beam-to-column joint presented in this study
were developed using the software package ABAQUS [62]. The purpose of developing
such models was to investigate the behaviour of the welded aluminium beam-to-column
joint due to the presence of the HAZ. In order to obtain the best possible insight into the
joint behaviour, several parameters were varied: (1) aluminium alloys, (2) the HAZ extent,
(3) mechanical properties in the HAZ, and (4) the HAZ extent definition. To determine the
influence of the real mechanical properties on the behaviour of welded beam-to-column
joints, true stress–strain curve values of aluminium alloys from previous studies [25,60,61]
were also adopted in the numerical models. The comparison was made with the behaviour
of the joint consisting of aluminium members with nominal mechanical values according
to Eurocode 9 [7,9] and ADM [28].

The numerical models were validated on the basis of a laboratory test of a welded
beam-to-column steel joint [27]. The joint consists of an extruded IPE 240 section connected
to an extruded HEA 200 section column by fillet welds. The geometrical properties of the
mentioned profiles and fillet welds themselves were taken from [27]. Different aluminium
alloys were used whose material mechanical properties (0.2% proof strength and ultimate
strength both for BM and HAZ) were taken both from the standards (nominal values) [7,9]
and from previous experimental studies (measured values) [25,60,61]. It should be noted
that the tests from which data were taken for numerical modelling all used the MIG welding
process. The nomenclature system of each specimen is depicted in Figure 3.
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Table 2 lists the considered models in the numerical analyses. The members were
modelled as deformable 3D solid brick elements (C3D20R). For the sake of reducing the
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time required for the numerical analyses and still obtain accurate numerical results, a mesh
sensitivity analysis was performed. Mesh elements of 10 mm, 6 mm, and 4 mm were
evaluated, and the results shown in Figure 4a indicate little to no difference between the
mesh size (sizes 6 and 10 mm). Finally, a mesh size of 10 mm was chosen for all elements
except for the welds, for which a mesh size of 5 mm was selected (Figure 4b).

Table 2. Summary of analysed numerical models.

Model Name Aluminium Alloy
Extent of HAZ

bhaz [mm] Measured

AL_EC6061-T6_RW_00

EC6061-T6 [7,9]

- -

AL_EC6061-T6_RW_R30 30

radial from the weld end
AL_EC6061-T6_R30 30

AL_EC6061-T6_R23 23

AL_EC6061-T6_R40 40

AL_EC6061-T6_C30 30

radial from the weld centrelineAL_EC6061-T6_C23 23

AL_EC6061-T6_C30 40

AL_EC7020-T6_R30

EC7020-T6 [7,9]

30

radial from the weld endAL_EC7020-T6_R23 23

AL_EC7020-T6_R40 40

AL_EC6082-T6_RW_00
EC6082-T6 [7,9]

- -

AL_EC6082-T6_R30 30 radial from the weld end

AL_ADM7005-T53_C25 ADM7005-T53 [28] 25
radial from the weld centreline

AL_ADM6061-T6_C25 ADM6061-T6 [28] 25

AL_N6061-T6_C25
N6061-T6 [25]

25
radial from the weld centreline

AL_N6061-T6_RW_00 -

AL_S6082-T6_C25
S6082-T6 [60]

15
radial from the weld end

AL_S6082-T6_RW_00 -

AL_T6082-T6_C25
T6082-T6 [61]

25
radial from the weld end

AL_T6082-T6_RW_00 -

Note: Mechanical properties of aluminium alloys are shown in Table 3.
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Table 3. Mechanical properties of aluminium alloys.

Aluminium
Alloy

fo
[MPa]

fu
[MPa]

fo,haz
[MPa]

fu,haz
[MPa] ρo,haz ρu,haz

fw
[MPa]

εu
[%]

E
[MPa]

EC6061-T6 240 260 115 175 0.48 0.67 190 9

70,000EC6082-T6 260 310 125 186 0.48 0.60 210 10

EC7020-T6 290 350 205 280 0.71 0.80 260 10

ADM7005-T53 305 345 165 275 0.54 0.80 240 10 72,400

ADM6061-T6 240 260 105 165 0.44 0.64 190 9 69,600

N6061-T6 250 295
1 Value of zone

Z1-Z6
- - 1 Value of Z1 8 68,900

S6082-T6 334 353 207
271

261
307 0.62 0.74 210 8 73,000

T6082-T6 316 340 177 256 0.56 0.75 210 7 70,000

1 Z1–Z6 represent zones of heat affected material from experimental data [25] (Figure 5).
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3.1.1. Variation of HAZ Geometry and Mechanical Properties

Since fillet welds were used at the connection between the beam and the column,
this led to the occurrence of the HAZ, the area of which had to be appropriately defined.
Therefore, various definitions of HAZ were considered, such as the definition according to
EC9 [7,9], ADM [28], and previous experimental studies [25,60,61].

Table 3 shows, in addition to the data taken from the standards [7,9,28], the data
used for the aluminium alloys and the HAZ from other studies [25,60,61]. Therefore, it is
worth mentioning that in [25], specimens with a thickness of 4.8 mm were tested, while
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in [60] and [61], specimens with thickness of 8 and 10 mm were tested, which is closer to
the geometric values of the profiles used in the present test setup. Considering that the
thicknesses of the web and flanges of the profiles in this study are between 6 and 10 mm,
the required HAZ extent, according to EC9 [7,9] should be set at 30 mm for the thicknesses
between 6 and 12 mm. As mentioned in Section 2, the HAZ extent can be reduced to 0.75
bhaz if three valid heat paths are achieved, which ultimately means that the bhaz in this case
is 23 mm. In addition to the two observed HAZ extents according to EC9, a third case has
been added where an even more conservative situation compared to EC9 is considered, i.e.,
where the HAZ extent is bhaz + 10 mm (equal to 40 mm).

To represent the behaviour of aluminium alloys, a bilinear stress–strain curve was used
in ABAQUS [62] for the EC models. Finally, when using the data for the base material from
the experimental studies [25,60,61], the true stress–strain curves (Figure 5) were adopted
in the numerical models. Table 3 shows the considered alloys with their mechanical
properties. Additionally, Figure 5 shows the different HAZ extents between the EC9
model (AL_EC6061-T6_R30) and the model according to the experimental data (AL_N6061-
T6_C25, AL_S6082-T6_C25, AL_6082-T6_C25). Note that colours of the stress–strain curves
in Figure 5 correspond to the defined HAZ subzones.

3.1.2. Contacts, Boundary Conditions, and Loading

The contact between the weld and the joint members was modelled with a TIE connec-
tion. The end cross-section of the beam is connected to the column flange using a TIE con-
nection as well. Such a contact was defined due to the thin members used, whereas in reality,
the preparation of the beam end would be executed, resulting in a full penetration weld.

The test set-up for the numerical analysis (Figure 6a) was chosen in accordance with
the experimental programme [27] such that the load is applied to a horizontally placed
beam (cantilevered on a vertical column) at a distance of 905 mm from the connection. The
column is supported at the bottom where it prevents displacement in all directions and
rotation about the X and Y axes. However, unlike the bottom support, the upper support
is free to move in the vertical longitudinal direction (Y-direction). Figure 6b shows that
the lateral resistance supports are placed at specific points on the column and beam where
movement in the Z-direction is prevented. The specimens are loaded with a static force
acting on the part of the beam. More specifically, the point of load input is achieved through
a semi-circular protrusion welded to the top flange of the beam and located 150 mm from
the free end of the beam. The Static Riks solver [62] was used, in which a static force was
gradually applied to the test specimens until a final force value of 140 kN was reached.

3.2. Validation of Benchmarked Numerical Model

Considering the lack of experimental studies on welded aluminium beam-to-column
joints, the benchmarked numerical model for this study was validated using test results for
welded beam-to-column joints made of steel [27]. The geometrical properties of the profiles
and the mechanical properties of the steel used for the beam-to-column joint, were adopted
in accordance with the experimental data [27]. Therefore, the numerical moment–rotation
curves of the steel beam-to-column welded joint were compared with the representative
experimental moment–rotation curve in Figure 7. As can be seen in Figure 7, the curve
obtained with the numerical model agreed very well with the curve obtained from the
experimental data.
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Figure 6. Welded beam-to-column joint set-up: (a) Numerical model (axial dimensions, units in mm);
(b) Experimental set-up [27].
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Figure 7. Experimental and FEM moment–rotation curve for steel beam-to-column joint.

With a good agreement of the curve, a good visualisation of the joint failure mode
itself can also be observed. In other words, within the obtained results of the steel beam-
to-column model (Figure 8), most of the deformation occurred in the column web. More
precisely, the column web panel was first deformed due to the effect of shear stress. Sub-
sequently, there was a local buckling of the column web under transversal compression,
but also a large local deformation of the tension zone of the column web panel. Further-
more, as expected, the deformation of the flange and web component of the beam in
compression was so small that it was practically negligible. Ultimately, this calibrated
numerical model was used as a benchmark for the welded aluminium beam-to-column
joint numerical models.
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4. Results and Discussion
4.1. Failure Modes

A detailed numerical analysis of aluminium beam-to-column joints reveals that most
of the deformation did not occur at the column web, as was the case with the steel joint,
Figure 9a. In other words, the deformation in the area of the column web panel was
significantly lower in the aluminium joint than in the steel joint. Local buckling of the
aluminium column web can be considered as an accompanying failure mode. The highest
stress concentration occurred at the connection of the top flange aluminium beam with the
aluminium column flange, as shown in Figure 9b. This stress concentration led to rapid
strain development, resulting in buckling failure of the aluminium column in the HAZ area
(flange–web junction), which in turn caused local buckling of the aluminium column web
panel. Different assumptions of the HAZ extent, as presented in Figure 5, correspond to
the joint mechanical behaviour from Figure 9b in terms of identical failure mode, i.e., local
failure at the connection between beam top flange and column flange. Even though in
all cases the definition of material degradation in the subzones did not contribute to the
change of joint failure mode, it did contribute to the different joint overall behaviour which
is visible from moment–rotation curves in Section 4.5.

Although this failure mode is the most common failure mode observed in numerical
models of aluminium joints, it is also worth noting that in some models fillet weld failure
occurs at the point of highest stress concentration (Figure 10). Such a mode specifically
occurs in models where experimental data were used for both the BM and the HAZ
(AL_T6082-T6_C25 and AL_S6082-T6_C25), where it is obvious that the BM has better
mechanical properties than the weld used for this alloy. However, it should be noted that in
some experimental data [60,61], the mechanical properties of the weld are missing, so the
assumed weld properties for these models are consistent with EC9 [7,9] for the alloy used.

4.2. Moment–Rotation Characterisation

The behaviour of the beam-to-column joint is usually characterised by the moment–
rotation curve. Therefore, it was necessary to recalculate all the diagrams as was done
in [27]. The bending moment acting on the joint, Mj, corresponds to the applied load, F,
multiplied by the distance between the load input point and the outer surface of the column
web at which the column is connected to, in this particular case 905 mm:

Mj = Lf·F = 0.905·F [kNm] (1)
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Figure 10. Failure of the weld for the aluminium beam-to-column joint (AL_T6082-T6_C25).

Finally, in the analysis of the numerical models, both the column and the beam were
deformed, so the rotation of the joint is calculated by subtracting the beam elastic rotation
and the rotation due to the column web shear deformation from the total rotation of the
joint (Figure 11). Therefore, the rotation of the joint can be expressed as follows:

Rot = Rot b − bel − Rot H1 = arctan
δb

1050
− θb,el −

δuf − δbf
z

(2)

where δb is the measured displacement at the end of the beam, while θb,el is the elastic
rotation of the beam. The terms δuf and δbf are displacements of the column at the level of
the beam top and bottom flange, respectively, while ‘z’ is the distance between the centres
of gravity of the beam flanges.
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Figure 11. Rotation components of the joint for the determination of connection rotation [27].

A summary of the numerical results obtained by processing the Mj–φ curves is shown
in Table 4. More specifically, the table contains values such as the maximum bending
moment (ultimate resistance) of the joint (Mu), the initial rotational stiffness of the joint
(Sj,ini), the rotation at maximum bending moment (φMu), and the vertical displacement of
the point at the top flange at the end of the beam at maximum bending moment (δMu).

Table 4. Numerical results for joint ultimate resistance, initial stiffness, and ductility.

Model Name Mu
[kNm]

Sj,ini
[kNm/mrad]

φMu
[mrad]

δMu
[mm]

AL_EC6061-T6_RW_00 55.9 14.364 50 154

AL_EC6061-T6_RW_R30 45.6 10.089 63 126

AL_EC6061-T6_R30 42.7 9.843 65 120

AL_EC6061-T6_R23 48.8 11.143 67 152

AL_EC6061-T6_R40 41.5 9.862 69 119

AL_EC6061-T6_C30 42.4 9.488 44 86

AL_EC6061-T6_C23 48.8 11.097 54 129

AL_EC6061-T6_C40 40.9 9.768 62 107

AL_EC7020-T6_R30 61.2 11.040 51 130

AL_EC7020-T6_R23 65.1 11.659 57 148

AL_EC7020-T6_R40 59.1 10.859 47 112

AL_EC6082-T6_RW_00 63.2 15.294 44 137

AL_EC6082-T6_R30 45.6 10.649 61 111

AL_ADM7005_C25 62.7 11.769 48 121

AL_ADM6061_C25 45.6 10.977 55 119

AL_N6061-T6_RW_00 63.3 12.333 46 133

AL_N6061-T6_C25 54.2 12.101 36 89

AL_S6082-T6_RW_00 58.4 11.450 38 121

AL_S6082-T6_C25 52.1 11.299 57 137

AL_T6082-T6_RW_00 69.9 14.181 44 130

AL_T6082-T6_C25 65.7 12.469 47 124
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4.3. Effect of Variation of Aluminium Alloys of Base Material

This section presents the results of the beam-to-column joint behaviour regarding
the variation of the different aluminium alloys. Therefore, Figure 12a shows the moment–
rotation curves for models with nominally the same aluminium alloy EN AW-6061-T6. From
Figure 12a and from Table 4, it can be seen that the AL_N6061-T6_C25 model had a better
behaviour in terms of resistance by about 27% (54.2/42.7) and 19% (54.2/45.6) compared
to the other two models: AL_EC6061-T6_R30 and AL_ADM6061-T6_C25, respectively.
These models, however, showed a slightly more ductile behaviour in terms of joint rotation
capacity. This behaviour results from the fact that the mechanical properties of the base
material as well as the material in the HAZ are more favourable than the mechanical
properties of the materials in the other two models. However, when comparing the two
remaining models, it was notable that the AL_ADM6061-T6_C25 model achieved a joint
ultimate resistance that was approximately 7% higher than the AL_EC6061-T6_R30 model
(45.6/42.7), even though the mechanical properties of the materials in the models are very
similar. This discrepancy in behaviour results from the different definition of the HAZ
extent. There was also an obvious difference between the models in terms of the initial joint
rotational stiffness. In other words, the initial stiffness of the AL_N6061-T6_C25 model was
about 23% (12.101/9.843) higher compared to the AL_E6061-T6_R30 model.
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Figure 12. Moment–rotation curves for models with aluminium alloys: (a) EN AW-6061-T6; (b) EN
AW-6082-T6.

Figure 12b shows the moment–rotation curves for models with nominally the same
alloy EN AW-6082-T6. Comparing the AL_T6082-T6_C25 model with the EC9 model (AL
_EC6082-T6_R30), it is clear that the difference between the ultimate bending resistance
was about 44% (65.7/45.6), which ultimately shows the conservatism of the EC9 model.
Similar results were also obtained in terms of the initial rotational stiffness of the joint. The
differences in joint resistances resulted from the fact that different material properties and
different HAZ extent are used for each model. However, when it comes to the rotational
capacity of the joint at maximum bending moment, the model AL_EC6082-T6_R30 achieved
a better rotational capacity by 30% (61/47) compared to the AL_T6082-T6_C25 model and
by 7% (61/57) compared to the model AL_S6082-T6_C25. This behaviour can be interpreted
by the fact that the models AL _T6082-T6_C25 and AL _S6082-T6_C25 achieved lower
rotational capacities than the EC9 model due to the lower elongation of the BM at ultimate
tensile strength. Detailed examination of the numerical models also revealed that the same
type of failure occurred in all models, i.e., due to the localisation of stresses in the area
where the beam flanges are connected to the column, which eventually leads to failure
(Figure 9b).
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Figure 13 shows the curves for two models containing the alloy EN AW-7xxx-Txx.
As can be seen, the alloys differed both in the composition of the alloy itself and in the
heat treatment process. Regardless of the differences, it is evident that they have similar
mechanical properties in terms of 0.2% proof strength, ultimate tensile strength, and HAZ
extent as shown in Table 3. Therefore, the curves for the two observed models matched
almost completely.
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Figure 13. Moment–rotation curves for models with aluminium alloys EN AW-7xxx-Txx.

4.4. Effect of Mechanical Properties Reduction in the HAZ

Figure 14 shows the differences in the resistance and ductility of the model caused by
the deterioration of the material properties due to welding. More specifically, the models
(AL_EC6061-T6_RW_00 and AL_N6061-T6_RW_00) represent specimens where no material
degradation was present, while the remaining models (AL_EC6061-T6_R30 and AL_N6061-
T6_C25) from Figure 14a had reduced material properties according to Table 3. From the
moment–rotation curves (AL_EC6061-T6_XX), it can be seen that the joint ultimate bending
resistance was reduced by about 31% (55.9/42.7) due to the presence of the HAZ, while
in the models labelled AL_N6061-T6_XX, there was a reduction in ultimate resistance of
about 17% (63.3/54.2). However, in these models, both the BM and the material in the HAZ
were based on the experimental data [25], from which it can be concluded that the EC9
models are somewhat more conservative when it comes to the degradation of the material
in the HAZ. As for the initial rotational stiffness of the joint, it was found that the model
AL_EC6061-T6_RW_00 achieved an initial stiffness about 45% higher (14.364/9.843) than
the model with material reduction due to the HAZ (AL_EC6061-T6_R30). However, the
ductility of these models was the opposite, i.e., the model AL_EC6061-T6_R30 achieved a
higher rotational capacity. Indeed, it can be noted that the curve shape of the AL_EC6061-
T6_RW_00 model indicates that there is a possibility of sustained ductile behaviour, as the
models have been loaded up to a certain force. Specifically for the AL_N6061-T6_RW_00
and AL_N6061-T6_C25 models, it is visible from Table 4 that the model without material
reduction (AL_N6061-T6_RW_00) achieved 28% (46/36) higher ductility, while there were
no significant differences in the initial stiffness. The same type of failure was also observed
in the detailed examination of the numerical results, i.e., there is a stress concentration at
the connection of the beam top flange with the column flange, which eventually leads to
failure, accompanied by local buckling of the aluminium column web.
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Figure 14. Moment–rotation curves for models with the effect of reduced mechanical properties in
the HAZ for alloys: (a) EN AW-6061-T6; (b) EN AW-6082-T6.

Observing the curves for the models containing alloy EN AW-6082-T6 (Figure 14b), it
was concluded that the analogy is the same as for the alloy EN AW-6061-T6 (Figure 14a).
Thus, it is obvious that the reduction in ultimate resistance was much more pronounced in
the EC9 models than in the models containing material properties determined on the basis
of experimental data [25,60,61]. From this, it can be deduced that EC9 is somewhat more
conservative in defining the HAZ mechanical properties compared to experimental data.

4.5. Effect of Different Definition of the HAZ Extent

As mentioned earlier, models were considered where the extent of the HAZ was
measured radially from the end of the weld or from the centre of the weld (Figure 1 and
Table 2). Therefore, when considering the joint Mj–φ curves for alloy EN AW-6061-T6
(Figure 15a), there was no significant difference in resistance between the two methods of
extending the HAZ for the considered model (R vs. C). Namely, if the rotational capacity
of the joint was observed, it is evident that models labelled R (AL_EC6061-T6_Rxx) had
a slightly better ductility compared to the other models (AL_EC6061-T6_Cxx), by about
11% (69/62), 24% (67/54), or 48% (65/44) depending on the observed models (Table 4).
However, considering that the HAZ extent was reduced by 25% due to the achieved
three valid heat paths, a 15% (48.8/42.7) higher joint ultimate bending resistance was
achieved compared to the nominal extension of the HAZ (bhaz = 30 mm). As mentioned in
Section 3.1.1, an even more conservative approach than the EC9 was considered. In other
words, the nominal circumference of the HAZ increased by 10 mm, resulting in a slightly
reduced resistance of the joint itself by 3% (42.7/41.5). The above analogy also applies to
the alloy EN AW-7020-T6 alloy, as shown in Figure 15b.
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Figure 15. Moment–rotation curves for models with the effect of different assumption of the HAZ
extent for alloys: (a) EN AW-6061-T6; (b) EN AW-7020-T6.

5. Conclusions

A comprehensive numerical study was carried out on 21 models of aluminium beam-
to-column welded joints. Laboratory tests of steel beam-to-column joints were used as a
benchmark for the numerical simulations of aluminium joints. Several parameters were
varied to obtain the results necessary to gain better insight into the behaviour of welded
aluminium structural joints under the influence of the HAZ. In addition to the specifica-
tions given in European and American standards for the design of aluminium structures,
experimental data from recent literature on HAZ were also used as input for numerical
models. The following conclusions can be drawn from the obtained numerical results:

(1) Compared to the benchmark steel beam-to-column joint, the aluminium beam-to-
column joint showed significant differences in overall behaviour and failure mode. In
the aluminium models, the joint failure occurred at the connection of the top flange
aluminium beam with the aluminium column flange, while the steel joint failed in
the column web zone. It is precisely the significant effect of the HAZ that led to the
formation of the highest stress concentration and consequently to the local failure of
the connection.

(2) The degradation of the material properties in the HAZ significantly reduced the
bending resistance of the joint. Based on the EC numerical models (RW_00 vs. R30) for
the 6xxx series alloys (6061-T6 and 6082-T6), a decrease of 31% and 39%, respectively,
was observed in ultimate bending resistance. On the other hand, more realistic models
with HAZ defined and labelled N, S, and T had much smaller drops in ultimate
bending resistance (17%, 12%, and 6%, respectively) compared to their identical
models without reduced mechanical properties.

(3) The validity of the HAZ extent should also be re-investigated. A model with a smaller
HAZ extent (AL_EC6061-T6_R23) compared to model with a higher HAZ extent
(AL _EC6061-T6_R30) showed a more favourable behaviour in both ultimate bending
moment resistance and the initial stiffness of the joint.

(4) It appears that a more precisely (gradual) defined degradation of material properties
in the HAZ, i.e., in several subzones, ultimately led to a more favourable behaviour
of the beam-to-column joint compared to the model where the degradation of the
material occurred uniformly over the entire HAZ extent according to the standards.
Therefore, the optimal assumption of the HAZ definition should be taken as the
one from model labelled N, where the gradual degradation is defined based on
experimental studies. Such a HAZ definition led to higher bending resistance and
initial stiffness of the beam-to-column joint.
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(5) There was no significant influence of the HAZ extent definition (C or R) for the
considered thicknesses of the welded members. However, this assumption of HAZ
measurement can significantly influence the behaviour of specimens where thicker
elements (20 mm and more) are welded together.

Future research on this topic should be based on the development and application
of new (improved) welding processes (DP-MIG, AC-MIG, etc.) that can achieve a smaller
reduction within the HAZ. The effects of these welding processes on the HAZ should first
be investigated experimentally. Finally, it should be noted that the reduced mechanical
properties of aluminium alloys in the HAZ need to be statistically evaluated in order to
provide a database for the reliable design of welded aluminium structures.
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Abbreviations

List of Symbols and Abbreviations
EC 9 Eurocode 9
EC 3 Eurocode 3
HAZ Heat-Affected Zone
ADM American Design Manual
CSA Canadian Standard Association
MIG Metal Inert Gas
TIG Tungsten Inert Gas
FSW Friction Stir Welding
LW Laser Welding
CMT Cold Metal Transfer
DP-MIG Double Pulse-MIG
AC-MIG Alternating Current-MIG
GMAW Gas Metal Arc Welding
LBW Laser Beam Welding
BM Base Material
HV Hardness in Vickers
HRF Hardness in Rockwell
DIC Digital Image Correlation
VFM Virtual Fields Method
fo 0.2% proof strength
fu ultimate strength
fo,haz 0.2% proof strength in the HAZ
fu,haz ultimate strength in the HAZ
α2 factor that considers influence of temperature above 80 ◦C
ρo,haz reduction factor of 0.2% proof strength in the HAZ
ρu,haz reduction factor of ultimate strength in the HAZ
fw characteristic strength of weld metal
εu characteristic value of elongation at rupture



Buildings 2023, 13, 718 19 of 21

E Young’s modulus of elasticity
Mj bending moment
F applied force/load
Lf lever arm from the applied force to the connection of the beam and column
δuf displacement of the column at beam top flange level
δbf displacement of the column at beam bottom flange level
δb measured displacement at the end of the beam
θb,el elastic rotation of the beam
z distance between the centres of gravity of the beam flanges
φ joint rotation
Mu joint ultimate resistance
Sj,ini initial rotational stiffness
φMu rotation at maximum bending moment
δMu vertical displacement of the point at the top flange at the end of the beam at maximum

bending moment
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