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A B S T R A C T

Structural aluminium alloys are commonly heat-treated to enhance their strength for load-bearing applications, 
but exposure to fire can degrade or completely eliminate these benefits. Even if a component withstands the fire, 
it may no longer meet design load requirements, making post-fire performance assessment essential. This study 
presents 16 material coupons tests and 12 experimental tests on 6082-T6 aluminium lap joints exposed to 
elevated temperatures (200 ◦C, 300 ◦C, and 400 ◦C) prior to testing. Three joint configurations with varying bolt 
spacing were investigated, resulting in different failure modes: net section fracture, end bearing, and mixed 
failure. One unheated specimen per configuration served as a benchmark sample. Additionally, tensile tests on 
flat and flat grooved coupons were conducted to characterise the stress-strain and fracture behaviour after 
thermal exposure. The findings of the lap joint tests include load-displacement behaviour, as well as evaluations 
of failure loads and failure modes, and are reported in detail. Subsequently, numerical models were developed 
and validated against the experimental results. A parametric study was also carried out to investigate the in
fluence of the bolt hole end and edge distance on the joint performance. The experimental and numerical results 
were used to evaluate the accuracy of existing design standards for predicting the resistance of aluminium alloy 
connections, including AS/NZS 1664.1, EN 1999-1-1 (Eurocode 9), and the provisions available in the literature. 
Based on the experimental and numerical data, a modified design equation for the bearing resistance factor is 
proposed to improve the prediction accuracy, and enable post-fire design that accounts for temperature-induced 
degradation.

1. Introduction

Aluminium alloys have attracted considerable interest in structural 
engineering research over the past two decades, primarily due to their 
advantageous combination of high strength-to-weight ratio, corrosion 
resistance, and recyclability [1–6]. These properties make them ideal 
candidates for applications in aerospace, transportation, marine, and 
increasingly, in building and civil infrastructure systems. There are eight 
aluminium series each characterised by its principal alloy element with 
the 6xxx and 7xxx series aluminium alloys being suitable for structural 
applications. Among them, the 6082-T6 aluminium alloy stands out due 
to its high strength, good weldability and good corrosion resistance. The 
T6 temper process, involving solution heat treatment followed by arti
ficial aging, significantly enhances the mechanical performance of the 

alloy, making it suitable for load-bearing components.
This study investigates the structural performance of aluminium 

alloy lap joints fabricated from 6082-T6. Lap joints, formed by over
lapping metal plates and securing them with bolts, are among the most 
prevalent types of mechanical joints used in civil engineering and in
dustrial structures. Their ease of assembly makes them essential com
ponents in bolted connections for aluminium frameworks. Existing 
studies on aluminium alloy connections and joints have reported that 
current code-based design approaches generally lead to conservative 
strength predictions, highlighting the need for further research [1]. This 
conservatism arises because many of the formulations are adapted from 
steel-based equations with simplified bilinear material models, do not 
adequately capturing aluminium’s nonlinear stress–strain behaviour, 
and are often based on limited experimental and numerical data. 
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Although recent studies have examined various aluminium alloy 
connection configurations under ambient temperature conditions [7,8], 
research specifically focused on the behaviour of lap joints remains 
limited.

A key limitation of aluminium alloys, including 6082-T6, is their 
mechanical degradation under elevated temperature exposure [9–13]. 
Wang et al. [14] reviewed recent research on the mechanical properties 
and structural fire behaviour of aluminium alloy structures during and 
after fire, identifying key areas for future investigation to support wider 
structural application, including the need for focused studies on post-fire 
performance of alloy connections to enable more reliable and accurate 
design methods. On this direction, several studies have examined the 
material properties degradation [6,7,15] or the performance of beams or 
columns at elevated temperatures [11–13,16]; however, limited 
research exists on how thermal exposure affects the ultimate perfor
mance and failure mode of bolted connections - a critical component in 
structural assemblies. Maljaars and De Matteis [17] conducted both 
experimental and numerical studies on T-stub bolted connections made 
from 6060-T6 aluminium alloy, focusing on their structural behaviour 

and strength at elevated temperatures. Liu et al. [18] investigated single 
shear bolted connections using 6061-T6 aluminium alloy. Wang et al. 
[19] performed shear connection tests on 7A04-T6 aluminium alloy to 
assess the in-fire and post-fire capacities of single shear bolted connec
tions, with particular focus on end distance effects and the validity of 
existing design codes. Additionally, Guo et al. [20] studied the fire 
resistance of gusset joints fabricated from 6061-T6 and 6063-T5 
aluminium alloys and proposed theoretical equations for predicting 
their strength and stiffness. At another study [21], Guo et al. examined 
the high-temperature flexural behaviour of aluminium alloy beam–col
umn joints with bolted double steel clamp plates, quantifying 
temperature-dependent failure modes, stiffness degradation, and 
moment capacity reduction.

Despite extensive research on aluminium alloy connections, the 
high-temperature and post-fire behaviour of bolted joints-particularly 
those made from the widely used 6082-T6 alloy-remains insufficiently 
understood. This study addresses this gap through combined experi
mental and numerical investigation of the residual performance of 
bolted aluminium joints after exposure to elevated temperatures. At 
post-fire conditions, bolted aluminium alloy joints exhibit altered 
ductility and, in some cases, different governing failure modes due to 
irreversible thermal degradation and changes in load redistribution, 
rather than simply reduced strength values. Consequently, the post-fire 
structural behaviour cannot always be represented as a scaled ambient- 
temperature response, highlighting the relevance of the present 
research. By integrating mechanical testing, numerical modelling, and 
code assessment, the study provides critical insight into the adequacy of 
current aluminium design provisions, including recent updates to EN 
1999-1-1 [22], and supports the development of safer and more resilient 
aluminium structures for post-fire applications, such as those encoun
tered in fire events or industrial high-heat environments. As the con
struction industry moves toward lightweight and sustainable solutions, 
studies such as the present one, underpin the reliable integration of 
aluminium alloys in modern structural systems and promote reuse and 
recyclability.

The experimental programme reported herein includes results from 
twelve bolted lap joint specimens, eight flat coupon specimens, and 
eight flat grooved coupons tests. The test matrix is designed to explore 
both strength and ductility degradation due to thermal preconditioning 
at various temperature levels. Section 2 presents the heating protocol 
and material testing. Section 3 describes the lap joint testing procedures 
and results. Section 4 includes a detailed numerical model validation 
and a parametric investigation using finite element analysis. In Section 
5, the test results are evaluated against the design predictions of current 

Fig. 1. Heating protocol.

Fig. 2. Tensile flat coupon tests.

Fig. 3. Stress-strain curves from flat coupon tests.
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structural standards, whilst Section 6 concludes with key findings.

2. Material testing

2.1. Heating protocol

Both lap joint specimens and tensile coupons were initially exposed 
to elevated temperatures to simulate post-fire conditions and assess re
sidual performance. Three elevated-temperature exposure protocols 
were applied, involving heating to 200 ◦C, 300 ◦C, and 400 ◦C, followed 
by natural cooling as described in [23]. The specimens and material 

coupons were gradually heated from ambient temperature at a 
controlled rate of 15 ◦C per minute. The furnace used for this process 
featured multiple uniformly spaced heating elements to ensure consis
tent thermal conditions. Upon reaching the target temperature, a hold
ing period of 30 min was implemented to promote uniform heat 
distribution throughout each sample. Following the dwell period, the 
furnace was switched off, and all specimens were allowed to cool 
naturally to room temperature inside the chamber. Tests were also 
conducted on specimens not subjected to elevated temperatures to serve 
as a benchmark. Henceforth in the discussion and in the figures, 
room-temperature specimens are labelled as Group A. Those subjected 
to elevated temperatures are categorised as follows: Group B for samples 
heated to 200 ◦C, Group C for 300 ◦C, and Group D for 400 ◦C, as shown 
in Fig. 1. The abrupt temperature drop in curve C likely resulted from a 
furnace preset limit and can be considered acceptable, as the target 
thermal response had already been achieved.

2.2. Material flat coupon tests

All tested specimens were made of aluminium alloy 6082-T6 ac
cording to [22]. The aluminium material used in this study was sourced 
from Simmal Ltd [24]. Tensile tests were performed on standard flat 
coupons extracted from the same plate used to manufacture the samples 
described in Section 3. The geometry of these coupons is illustrated in 
Fig. 2 (a). All coupons had a thickness of 4 mm, consistent with that of 
the lap joint specimens. The tests were carried out in accordance with 
the procedure outlined in EN ISO 6892-1 [25], using a 50 kN hydraulic 
tensile testing machine, and the tensile load was applied under 
displacement control at a rate of 0.2 mm/min. The failed specimens are 
shown in Fig. 2 (b). The obtained stress-strain behaviour of all eight 
coupon tests is presented in Fig. 3. To verify the consistency and 
repeatability of the results, duplicate tests were carried out for each 
specimen. The average material properties obtained from the dog-bone 
coupon tests are reported in Table 1, where E0 is the Young’s modulus, f0 
is the 0.2 % proof stress, fu is the ultimate stress, εu is the strain at 

Table 1 
Summary of measured material properties.

Specimen T (◦C) E0 (MPa) f0 (MPa) fu (MPa) εu (%) εf (%) n m Reduction factor 6082-T6 Reduction factor 6063-T5 [23]

f0 fu f0 fu

A 20 72004 265 306 11.3 15.7 30.0 2.5 - - - -
B 200 70371 263 303 9.3 12.8 30.0 3.0 0.99 0.99 ~1.0 ~1.0
C 300 67363 93 160 7.8 18.0 9.0 4.0 0.34 0.52 ~0.49 ~0.61
D 400 68000 43 123 27.0 33.6 3.0 14.0 0.16 0.40 ~0.13 ~0.38

Fig. 4. Flat-grooved coupon geometry.

Fig. 5. Stress-strain curves from flat grooved coupon tests.
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ultimate stress, εf is the strain at fracture, and n and m are the two 
parameters for the Ramberg-Osgood model [26], fitted based on the 
experimental data. The mechanical properties summarised in Table 1
are used for finite element modelling (Section 4), while only the ultimate 
strength (fᵤ) is required for the code-based strength predictions (Section 
5).

For coupons exposed to moderate temperatures (200 ◦C), the mate
rial exhibits only a slight reduction in strength, retaining most of its 
original properties. However, as the exposure temperature increases, 
both the 0.2 % proof stress (f₀) and ultimate tensile strength (fᵤ) decline 
significantly. Specifically, f₀ drops from 265 MPa at 20 ◦C to 43 MPa at 
400 ◦C, while fᵤ decreases from 306 MPa to 123 MPa over the same 
range, indicating a substantial loss in mechanical strength. Table 1 also 
shows the reduction factors compared to room temperature material 
properties, indicating a 0.16 reduction in proof strength and a 0.40 
reduction in ultimate strength at 400 ◦C. Similar values have been re
ported by Sun et al. for another 6xxx aluminium alloy, with reduction 
factors of 0.13 for proof strength and of 0.38 for ultimate strength, after 
exposure at 401 ◦C [23]. On the contrary, both the ultimate strain and 
fracture strain increase significantly at 400 ◦C. This suggests that 
although the material weakens at higher temperatures, it gains greater 

ductility and post-yield deformation capacity. Lastly, the Young’s 
modulus remains relatively stable across the tested temperature range.

2.3. Material flat grooved coupon tests

To develop a material fracture model, tests on material coupons 
subjected to different levels of stress triaxiality were also carried out [27,
28]. Two flat-grooved specimens for each examined temperature state 
(A, B, C, D) featuring a circumferential notch were tested. The notches 
were introduced to the specimens using a controlled machining process. 
The notch dimensions (depth, width, and radius) were defined in 
advance and verified using calibrated measurement tools after fabrica
tion to minimise variability. The thickness of all coupons was 4 mm, 
consistent with the thickness used for all specimens, whilst at the notch 
location the minimum thickness was 1.95 mm. Two notch radii R equal 
to 2 mm and 25 mm were considered, as shown in Fig. 4, to capture the 
fracture characteristics of the material over a range of stress triaxiality 
levels η. The specimens were labelled according to the groove radius R in 

Fig. 7. Lap joints geometry.

Fig. 6. Flat grooved coupons after tensile testing.

Table 2 
Lap-joint sample list, dimensions and bolt arrangement.

Specimen Number of 
bolts

T 
(◦C)

d (mm) d0 

(mm)
e1 

(mm)
e2 

(mm)
h 
(mm)

1A 4 20 12 13 40 20 260
1B 4 200 12 13 40 20 260
1C 4 300 12 13 40 20 260
1D 4 400 12 13 40 20 260
2A 3 20 12 13 17 20 187
2B 3 200 12 13 17 20 187
2C 3 300 12 13 17 20 187
2D 3 400 12 13 17 20 187
3A 3 20 12 13 30 20 200
3B 3 200 12 13 30 20 200
3C 3 300 12 13 30 20 200
3D 3 400 12 13 30 20 200
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millimetres as R2 and R25. The obtained load-displacement curves and 
the corresponding failed specimens are presented in Fig. 5 and Fig. 6, 
respectively, and are aligned with those presented in [30].

3. Lap joint tests

3.1. Test set-up

A total of twelve tests were conducted on aluminium lap joints made 
from Grade 6082-T6, using the dimensions and bolt hole configuration 
shown in Fig. 7 and Table 2. Specimens of Group 1, designed to fail in 
pure net section fracture, featured four bolts (Fig. 7 (a)), whereas 
Specimens of Groups 2 and 3, designed to fail in pure bearing and 
combined bearing and net section fracture respectively, incorporated 
three bolts each but also differed in overall plate geometry and bolt 
spacing (Fig. 7 (b)). The experimental set-up, shown in Fig. 8 consisted 
of double-shear lap joints connecting the two (top and bottom) steel 
loading plates, which were clamped within the testing machine grips. 
The end and edge distances (e₁, e₂) and hole-to-hole spacings were 
deliberately varied to promote different failure mechanisms. All 
aluminium plates were fabricated from Grade 6082-T6 with a nominal 
thickness (t) of 4 mm, a width (w) of 40 mm, whilst the bolt hole 
diameter (d₀) was 13 mm. Key geometric parameters for each configu
ration are provided in Table 2.

The loading plates were machined from S355 structural steel, each 
with a thickness of 10 mm, and were designed to remain elastic 
throughout testing. The same pair of loading plates was reused for all 
tests. M12 Grade 8.8 bolts were employed, featuring an unthreaded 
shank length of 18 mm -comprising two 4 mm-thick aluminium plates 
and a 10 mm-thick steel plate- to ensure that no threads were present in 
the shear plane. Dimensional checks confirmed that the fabricated 
specimens closely matched the nominal design values; therefore, nom
inal dimensions were adopted for all analysis. All tests were conducted 
using a Mayes universal testing machine with a 500 kN load capacity. 
Displacement-controlled loading was applied at a constant rate of 0.5 
mm/min until failure. Strain and deformation fields were captured using 
a Dantec Dynamics Digital Image Correlation (DIC) system. Two 
tracking points, labelled a and b, [29] were placed around the bolt holes 
(see Fig. 7 (a) and 7 (b)) to monitor deformation during testing and 
enable relevant load-displacement curves to be extracted.

Fig. 8. Experimental set-up.

Fig. 9. Experimentally observed failure modes.
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Fig. 10. Experimental load-displacement curves.
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3.2. Failure modes

Fig. 9 shows the observed failure modes for all specimens. Failure 
modes observed in the tests included net section failure, bearing failure, 
and mixed behaviour. All specimens in Group 1 failed by net section 
fracture (N), while those in Group 2 failed by bearing (B). Specimens in 
Group 3 exhibited mixed failure mode, with pronounced bearing de
formations followed by a combined net-section fracture. This behaviour 
was intentionally achieved by specifying bolt spacings that caused net 

section and bearing failures to occur at comparable load levels. In 
particular, the specimens were designed using Eurocode-based calcula
tions [22], with bolt spacings selected so that the predicted net-section 
and bearing resistances were comparable, with bearing being slightly 
lower.

In Group 1 specimens, net section failure consistently occurred at the 
inner bolt row. In tests C and D, where the aluminium plates were 
subjected to elevated temperatures, significant plastic deformation was 
observed before fracture, including noticeable narrowing of the plate 
width in the fracture region. For Group 2 specimens, which failed by 
bearing, failure typically initiated at the outer bolt hole. When the edge 
distance was smallest, material tearing occurred in front of the bolt, 
effectively splitting the plate. Under elevated temperatures (specimens C 
and D), the response was more ductile, leading to higher deformations 
around the holes. This led to a more pronounced bearing failure mode, 
as the plates could accommodate additional deformation even after 
reaching the peak load. Group 3 specimens exhibited a mixed failure 
mode, characterised by significant bearing deformation at the outer bolt, 
and net-section fracture at the inner bolt row. The extent of net-section 
fracture was influenced by material ductility, with preheated specimens 
(B and C) exhibiting sufficient ductility to accommodate bearing 
deformation until large deformations before fracture.

3.3. Load-displacement curves

The load-deformation curves obtained from the tests are reported in 
Fig. 10. The experimental resistances are summarised in Table 3, where 
Fu,test represents the ultimate load recorded during testing. Table 3 also 
reports fu and αb which are codified variables defined in Section 5.1, as 
well as the strength reduction ratios compared to benchmark specimens 
(Fu,test,A). For the specimens A (no pre-heat), the ultimate load values (Fu, 

test) for specimens 1A and 3A were relatively consistent, ranging between 
71–73 kN. It should be noted that for specimen 2A, data near the end of 
the test was lost, so the reported load–displacement curve only partially 
reflects the specimen’s full response. Nevertheless, the testing machine 
data show a load plateau consistent with specimen 2B, supporting the 
reliability of the identified failure load. For specimens tested after being 
heated at 200 ◦C, the ultimate loads remained fairly consistent within 
each series, with only slight reductions (approximately 1–2 kN) 
compared to the results of the benchmark specimens. As the pre-test 
temperature increased to 300 ◦C and 400 ◦C, a more substantial 
reduction in ultimate strength was observed. This was accompanied by 
increased deformation and hole elongation. For instance, maximum 
recorded load for specimen Group 1 decreased progressively from 72.25 
kN at 20 ◦C to 30.63 kN at 400 ◦C. The hole elongation at failure load 

Table 3 
Lap joint experimental results.

Specimen T 
(◦C)

fu 

(MPa)
d0 

(mm)
αb Fu,test 

(kN)
Strength 
reduction 
(Fu,test / Fu, 

test,A)

Failure 
mode

1A 20 306.0 13.0 3.00 72.25 - N
1B 200 303.0 13.0 3.00 73.77 1.02 N
1C 300 160.0 13.0 3.00 41.19 0.57 N
1D 400 123.0 13.0 3.00 30.63 0.42 N
2A 20 306.0 13.0 1.31 45.33 – B
2B 200 303.0 13.0 1.31 43.34 0.96 B
2C 300 160.0 13.0 1.31 21.82 0.48 B
2D 400 123.0 13.0 1.31 19.00 0.42 B
3A 20 306.0 13.0 2.31 71.69 - B+N
3B 200 303.0 13.0 2.31 71.76 1.00 B+N
3C 300 160.0 13.0 2.31 37.91 0.53 B+N
3D 400 123.0 13.0 2.31 30.08 0.42 B+N

Fig. 11. Friction coefficient calibration process for specimen 1B.

Fig. 12. Mesh sensitivity analysis.
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was under 2 mm for specimens 1A and 1B, but exceeded 2 mm and 3 mm 
for specimens 1C and 1D, respectively, indicating increased ductility 
with increasing pre-heating temperature. Similar trends were observed 
across all specimens. Overall, specimens tested after exposure to 300 ◦C 
(1C, 2C, 3C) experienced reductions in ultimate strength of approxi
mately 30–50 % compared to those tested at 20 ◦C. The most substantial 
decreases were seen in the 400 ◦C specimens (1D, 2D, 3D), with strength 
reductions reaching 60 % in some cases.

4. Numerical modelling

The numerical modelling is introduced to extend the experimental 
dataset, enabling a broader and more robust assessment of existing 
design methods beyond the tested configurations. The general-purpose 
Finite Element (FE) software Abaqus [30] was used to develop numer
ical models of the double shear bolted connections to examine their 
response under static loading and varying geometric configurations.

Fig. 13. Development of the FE models.

Fig. 14. Schematic representation of pre- and post-necking stress-strain response modelling using the weighted average method.
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4.1. Modelling assumptions

Eight-node linear brick elements with reduced integration (C3D8R) 
were employed to discretise the geometry of all the model parts i.e., 
specimens, loading plates and bolts. To reduce computational cost, a 
quarter model of the connection was developed by exploiting symmetry 
in both the loading conditions and geometry. The bolt geometry was also 
simplified: the threaded region was represented as a smooth cylinder 
with an effective diameter corresponding to the bolt unthreaded area. 
The bolt head, nut, and shank were modelled as a single continuous 
piece, and their hexagonal profiles were approximated as cylinders. 
These simplifications are widely adopted in the literature and have been 
shown not to compromise the accuracy of the results [31,32]. No bolt 
preload was applied, given that in the tests the bolts were 
hand-tightened to obtain the snug-tight condition. Loading was applied 
as a prescribed displacement at the top loading plate in the y-axis 

direction. Contact interactions between all components were defined 
using the "All with self" * surface-to-surface contact approach in ABA
QUS. A friction coefficient of 0.61, determined through a calibration 
process similar to [33], was applied via the penalty method for tangential 
behaviour, and hard contact was used for normal behaviour. The friction 
coefficient calibration process is shown in Fig. 11. Separation after 
contact was permitted. Kinematic coupling was applied to the top face of 
the loading plate, constraining all degrees of freedom and assigning RP1 
as the controlling reference point. Full contact between the bolts and the 
loading plates was assumed at the start of the simulation, thus elimi
nating any initial bolt-hole clearance. Based on the sensitivity analysis, 
as shown in Fig. 12, a mesh size of 0.5 mm was employed in the antic
ipated fracture region to accurately capture the sharp stress variations, 
plastic strains, and the progression of fracture, while a coarser mesh was 
applied in other regions. This mesh configuration was found to provide 
accurate results without incurring excessive computational cost. Fig. 13
shows the boundary conditions, model components, and mesh for the 2 
representative geometric configurations with one row of 4 bolts and 3 
bolts.

A quasi-static explicit dynamic analysis was performed to enable 
fracture prediction without encountering convergence issues, while 
keeping computational time reasonable. Mass scaling was applied to 
increase the stable time increment, thereby reducing the total simulation 
time. To minimise inertial effects, the prescribed vertical displacement 
was applied using a smooth amplitude curve. The validity of this 

Fig. 15. Representative lower and upper bounds and calibration of weight factor w.

Table 4 
Calibrated post-necking and fracture parameters.

Specimen w c1 c2

A 0.3 1.129 -3.925
B 0.1 1.129 -3.925
C 0.2 1.500 -2.525
D 0.0 1.500 -1.500

Fig. 16. Numerical evolution of stress triaxiality with plastic strain until fracture initiation and proposed equations.
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approach was confirmed by monitoring the kinetic energy, which 
remained below 2 % of the internal energy throughout the analysis.

4.2. Material and fracture model

The pre-necking true stress–strain material response (σt-εt) was 
derived from the experimentally obtained engineering stress–strain data 
(σ-ε) (Fig. 3) to simulate the full-range plasticity of the aluminium alloy 
materials until the attainment of the ultimate tensile stress. The post- 
necking material response was modelled using the weighted average 
method [34]. This method assumes that the post-necking response can 
be approximated as a weighted average of a power-law and a linear 

extrapolation of the stress–strain curve beyond necking. These two 
curves represent the lower and upper bounds of the post-necking 
behaviour, respectively, as shown in Fig. 14. The approach is defined 
in Eqs. (1) and (2). 

εt = ln (1+ ε) (1) 

σt =

⎧
⎨

⎩

σ(1 + ε) for ε ≤ εu

σt,u

[

w
(
1 + εt − εt,u

)
+ (1 − w)

(
εt

εt,u

)εt,u]

for ε > εu

⎫
⎬

⎭
(2) 

where εu, εt,u and σt,u are the engineering strain, true strain and true 
stress at the onset of necking (ultimate engineering tensile stress), and w 

Fig. 17. Comparison of experimental and numerical load-deformation curves and failure modes.
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is a weighting factor controlling the shape of the true stress-strain curve 
in the post-necking range, with 0 ≤ w ≤ 1, determined through an 
iterative trial and error approach until the numerical load-displacement 
material response is in close agreement with the experimental load- 
displacement curves. This process was carried out independently for 
each temperature level, with Fig. 15 showing an illustrative example for 
the fitting procedure of flat coupon B (200 ◦C). The optimal values w for 
benchmark (A) and pre-heated material (B, C and D for material pre- 
heated at 200 ◦C, 300 ◦C and 400 ◦C respectively) are reported in 
Table 4.

The fracture model was developed based on the procedure reported 
in [27] assuming that the strain at fracture is a function of the stress 
triaxiality. Fig. 16 illustrates the relationship between the stress triaxi
ality at the centre of the specimen, where fracture begins, and the 
equivalent plastic strain (PEEQ) for all the tested coupons. Stress triax
iality was monitored numerically at the integration point located at the 
centre of each specimen and recorded as a function of equivalent plastic 
strain during loading. The average stress triaxiality was obtained by 
computing the area under the triaxiality–plastic strain curve and 
dividing it by the total accumulated equivalent plastic strain. The strain 
at fracture, εf, is defined in Eqs. (3), where ηav represents the average 
triaxiality, ε is the equivalent plastic strain [35]. 

ηav =
1
εf

∫εf

0

η(ε)dε (3) 

εf = c1ec2η (4) 

The relationships between the plastic fracture strain εf and stress 
triaxiality η is assumed exponential as defined by Eq. (4), where c1 and c2 
are material dependent parameters, calibrated as the best match for the 
numerical values. The adopted values for c1 and c2, determined through 
an iterative trial and error approach until the numerical material 
response is in close agreement with the experimental load-displacement 

curves, are summarised in Table 4 and Fig. 16. Similar process has been 
successfully applied in [27]. These curves were used as a fracture 
initiation criterion using the ductile damage material option in ABAQUS 
and specifying a very low (virtually zero) energy for the fracture 
propagation.

4.3. Validation of the FE models

The FE model incorporating fracture was validated by comparing the 
numerically predicted load–displacement responses and failure modes 
with corresponding experimental results, as illustrated in Fig. 17, and 
summarised in Table 5. Overall, the numerical predictions show good 
agreement with the experimental data, and the fracture behaviour is 
accurately captured. The average ratio of numerical to experimental 
ultimate load for Group 1 specimens 1 is 0.980, for Group 2 specimens is 
1.038, and for Group 3 specimens is 0.979, with a coefficient of variation 
of 0.008, 0.041, and 0.021, respectively. The close match between 
experimental and numerical curves for all specimens confirms the 
effectiveness of the adopted fracture modelling approach in predicting 
failure for the 6082-T6 lap joints for the four studied temperatures. It is 
worth noting that in some cases the experimental curves did not capture 
the fracture, i.e., the descending branch of the load–displacement curve, 
due to failure occurring at the back plate or DIC accuracy being lost. 
Nevertheless, these samples are still validated based on their ultimate 
load.

4.4. Parametric study

Having validated the numerical model, parametric studies were 
performed. Since in earlier design rules [27] both the end and edge 
distances were assumed to be affecting the bearing resistance, both e1 
and e2 were varied for each of the 4 pre-heating temperatures considered 
in the tests. The values of bolt spacing, bolt diameter d = 12.0mm, and 
clearance hole d0 = 13.0mm used in the tests remained unchanged. The 
effect of plate thickness t was not investigated, as previous studies have 
shown that variations in t result only in proportional changes in ultimate 
resistance and have minimal impact on connection behaviour. All 
models employ the material model (including fracture) for 6082-T6 
previously discussed, while the bolts were assumed to be elastic for all 
models to simplify modelling, since bolt fracture is beyond the scope of 
this study and was not observed in the tests. While the assumption of 
elastic bolt behaviour is appropriate for the scope of this study, explicit 
modelling of bolt plasticity may be required in cases involving large 
deformations, where bolt yielding and redistribution of forces can 
potentially influence failure mode predictions. The investigated pa
rameters of the 63 models are summarised in Table 6. The results of the 
parametric study are summarised in Table 7, where the numerically 
obtained failure modes are also reported.

The total number of samples failing by bearing (B) is 39, while 24 
failed by net section fracture (N). Fig. 18 shows the tensile and shear 
stress distributions at the ultimate load for representative connections 
failing by bearing and net section fracture. The tensile and shear stresses 
along the identified failure paths at mid-thickness of the plates are 
plotted [36]. For the B specimen in Fig. 18 (a), the highest stress along 
the net tensile plane occurs at the edge of the bolt hole and decreases 
with increasing distance toward the plate edge. This stress gradient re
sults in compressive stresses caused by rotation of the section as bearing 
failure develops. Similarly, the shear stresses along the effective shear 
plane are highest near the bolt hole edge, where failure initiates. In 
contrast, as expected, the N specimen in Fig. 18 (b) shows no 
compressive stress in the net section, and the shear stresses are generally 
smaller than those in the B specimen.

Six reference points (a, b, c, d, e, and f) were defined on the FE plate, 
as illustrated in Fig. 19, where p1 is the distance between the centre of 
the bolt holes. The total deformation of the connection is typically 
quantified as the extension of the plate along the loading direction, 

Table 5 
Comparison of experimental and numerical loads.

Specimen Fu,test (kN) Fu,FEA (kN) Fu,FEA/Fu,test Mean COV

1A 72.25 71.45 0.989 0.980 0.008
1B 73.77 71.38 0.968
1C 41.19 40.53 0.984
1D 30.63 30.02 0.980
2A 45.33 47.29 1.043 1.038 0.041
2B 43.34 47.02 1.085
2C 21.82 23.01 1.054
2D 19.00 18.41 0.969
3A 71.69 69.67 0.972 0.979 0.021
3B 71.76 72.66 1.012
3C 37.91 37.04 0.977
3D 30.08 28.74 0.955
​ ​ Mean (All) 1.00
​ ​ COV (All) 0.04

Table 6 
List of key parameters included in the parametric study.

Set Temperature 
(◦C)

e1 (mm) e2 (mm) Number of 
models

A 20 10.4, 13.0, 15.6, 
26.0, 32.5, 39.0

15.6, 20.0, 
26.0, 52.0

24

20.8, 45.5, 52.0 52.0 3
B 200 10.4, 13.0, 15.6, 

26.0, 32.5, 39.0
15.6, 52.0 12

C 300 10.4, 13.0, 15.6, 
26.0, 32.5, 39.0

15.6, 52.0 12

D 400 10.4, 13.0, 15.6, 
26.0, 32.5, 39.0

15.6, 52.0 12

​ ​ ​ Total models: 63
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measured between points a and b [37]. This elongation results from four 
main factors: bolt protrusion (c to d), bolt hole bearing or embedding (b 
to c), elongation of the gross section (a to f), and elongation of the net 
section (e to f). Fig. 20 presents the deformation patterns of two repre
sentative specimens, B and N. In Fig. 20 (a), where bolt protrusion 
dominates the deformation, the connection fails primarily by bearing, 
commonly associated with small end distances e1. In contrast, Fig. 20 (b) 

shows that in specimens with relatively small edge distances (e2) and 
large end distances (e1), deformation is mainly attributed to net section 
elongation, leading to failure by net section fracture.

Finally, it is noteworthy that in model 18, out-of-plane plate de
formations in front of the bolt, commonly known as curling, was 
observed, as shown in Fig. 21. This deformation corresponds to a form of 
local buckling of the plate under compressive stresses [38]. Since curling 

Table 7 
Numerical parametric study results.

No T (◦C) e1 (mm) e1/d0 e2 (mm) e2/d0 b (mm) h (mm) fu (MPa) Fu, FEA Failure Mode FEA

1 20 10.4 0.8 15.6 1.20 31.2 180.4 306 26.6 N
2 20 13.0 1.0 15.6 1.20 31.2 183.0 306 35.5 N
3 20 15.6 1.2 15.6 1.20 31.2 185.6 306 42.7 N
4 20 26.0 2.0 15.6 1.20 31.2 196.0 306 50.2 N
5 20 32.5 2.5 15.6 1.20 31.2 202.5 306 50.1 N
6 20 39.0 3.0 15.6 1.20 31.2 209.0 306 50.4 N
7 20 10.4 0.8 20.0 1.54 40.0 180.4 306 21.2 B
8 20 13.0 1.0 20.0 1.54 40.0 183.0 306 35.2 B
9 20 15.6 1.2 20.0 1.54 40.0 185.6 306 44.2 B
10 20 26.0 2.0 20.0 1.54 40.0 196.0 306 69.2 N
11 20 32.5 2.5 20.0 1.54 40.0 202.5 306 73.1 N
12 20 39.0 3.0 20.0 1.54 40.0 209.0 306 73.0 N
13 20 10.4 0.8 26.0 2.00 52.0 180.4 306 22.6 B
14 20 13.0 1.0 26.0 2.00 52.0 183.0 306 33.9 B
15 20 15.6 1.2 26.0 2.00 52.0 185.6 306 42.2 B
16 20 26.0 2.0 26.0 2.00 52.0 196.0 306 73.2 N
17 20 32.5 2.5 26.0 2.00 52.0 202.5 306 85.4 N
18 20 39.0 3.0 26.0 2.00 52.0 209.0 306 93.6 N+C
19 20 10.4 0.8 52.0 4.00 104.0 180.4 306 25.1 B
20 20 13.0 1.0 52.0 4.00 104.0 183.0 306 34.4 B
21 20 15.6 1.2 52.0 4.00 104.0 185.6 306 42.8 B
22 20 20.8 1.6 52.0 4.00 104.0 190.8 306 61.1 B
23 20 26.0 2.0 52.0 4.00 104.0 196.0 306 74.3 B
24 20 32.5 2.5 52.0 4.00 104.0 202.5 306 85.6 B
25 20 39.0 3.0 52.0 4.00 104.0 209.0 306 89.7 B
26 20 45.5 2.5 52.0 4.00 104.0 215.5 306 98.4 B
27 20 52.0 3.0 52.0 4.00 104.0 222.0 306 100.0 B
28 200 10.4 0.8 15.6 1.20 31.2 180.4 303 26.3 B
29 200 13.0 1.0 15.6 1.20 31.2 183.0 303 34.8 N
30 200 15.6 1.2 15.6 1.20 31.2 185.6 303 42.6 N
31 200 26.0 2.0 15.6 1.20 31.2 196.0 303 50.1 N
32 200 32.5 2.5 15.6 1.20 31.2 202.5 303 50.1 N
33 200 39.0 3.0 15.6 1.20 31.2 209.0 303 50.5 N
34 200 10.4 0.8 52.0 4.00 104.0 180.4 303 25.7 B
35 200 13.0 1.0 52.0 4.00 104.0 183.0 303 34.0 B
36 200 15.6 1.2 52.0 4.00 104.0 185.6 303 43.0 B
37 200 26.0 2.0 52.0 4.00 104.0 196.0 303 73.8 B
38 200 32.5 2.5 52.0 4.00 104.0 202.5 303 85.0 B
39 200 39.0 3.0 52.0 4.00 104.0 209.0 303 93.1 B
40 300 10.4 0.8 15.6 1.20 31.2 180.4 160 12.7 B
41 300 13.0 1.0 15.6 1.20 31.2 183.0 160 17.8 B
42 300 15.6 1.2 15.6 1.20 31.2 185.6 160 21.3 B
43 300 26.0 2.0 15.6 1.20 31.2 196.0 160 26.1 N
44 300 32.5 2.5 15.6 1.20 31.2 202.5 160 26.4 N
45 300 39.0 3.0 15.6 1.20 31.2 209.0 160 26.6 N
46 300 10.4 0.8 52.0 4.00 104.0 180.4 160 12.8 B
47 300 13.0 1.0 52.0 4.00 104.0 183.0 160 17.5 B
48 300 15.6 1.2 52.0 4.00 104.0 185.6 160 22.2 B
49 300 26.0 2.0 52.0 4.00 104.0 196.0 160 36.0 B
50 300 32.5 2.5 52.0 4.00 104.0 202.5 160 43.3 B
51 300 39.0 3.0 52.0 4.00 104.0 209.0 160 48.4 B
52 400 10.4 0.8 15.6 1.20 31.2 180.4 123 11.0 B
53 400 13.0 1.0 15.6 1.20 31.2 183.0 123 14.4 B
54 400 15.6 1.2 15.6 1.20 31.2 185.6 123 17.5 N
55 400 26.0 2.0 15.6 1.20 31.2 196.0 123 20.0 N
56 400 32.5 2.5 15.6 1.20 31.2 202.5 123 19.9 N
57 400 39.0 3.0 15.6 1.20 31.2 209.0 123 20.2 N
58 400 10.4 0.8 52.0 4.00 104.0 180.4 123 10.9 B
59 400 13.0 1.0 52.0 4.00 104.0 183.0 123 14.2 B
60 400 15.6 1.2 52.0 4.00 104.0 185.6 123 17.4 B
61 400 26.0 2.0 52.0 4.00 104.0 196.0 123 28.5 B
62 400 32.5 2.5 52.0 4.00 104.0 202.5 123 33.3 B
63 400 39.0 3.0 52.0 4.00 104.0 209.0 123 35.7 B
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is a known behaviour in bolted connections with thin steel plates and, in 
this case, occurred concurrently with failure mode N, it was not 
considered further in the discussion.

5. Assessment of current design standards and design 
recommendations

This section assesses the applicability of existing design standards in 
predicting bearing and net-section fracture failures of aluminium alloy 
connections. The evaluation of bearing failure predictions, based on 
design provisions from several codes, is carried out using 39 FEA sim
ulations (“B” in Table 7) and 8 experimental data points (“B” in Table 3). 
These assessments have also led to a new design proposal, explained in 
Section 5.2. Cases in which net-section failure (“N”) governed—typi
cally observed in joints with large end distances (e₁) and small edge 
distances (e₂)—have been used for the evaluation of the European design 
provisions. This assessment was based on 24 FEA simulations (“N” in 
Table 7) and 4 experimental data points (“N” in Table 3). All partial 

safety factors are set to unity.

5.1. Design predictions

The design provisions outlined in this section will be used for the 
assessment presented in Section 5.3.

5.1.1. Bearing resistance - EN 1999-1-1 (2023) [22]
According to [22], the resistance 

(
Fb,Rd

)
to bearing failure is given by 

Eq. (5)

Fb,Rd =
αbfudt

γM2
(5) 

Where fu the characteristic ultimate strength of the aluminium plate 
material, d the bolt diameter, t the thickness of the plate and γM2 the 
partial safety. The bearing resistance factor αb for end bolts can be 
evaluated from Eq. (6)

Fig. 18. Ultimate tensile and shear stress distributions across net tensile and effective shear sections for representative models (plotted on undeformed 
configuration).

Fig. 19. Reference points assigned to plates in the FE models.
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Fig. 20. Components of deformation for representative connection samples.

Fig. 21. Deformed shape of connection susceptible to curling (model 18).

Fig. 22. Effect of end distance e1 on the bearing resistances of double shear lap-joint connections and comparison with design provisions.
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Fig. 23. Effect of end distance e2 on the bearing resistances of double shear lap-joint connections and comparison with design predictions.

Table 8 
Assessment of bearing resistance design predictions.

FEA/Exp Data EN 1999-1-1 (2023) 
[22]

EN 1999-1-1 (2007+A2-2013) 
[39]

Teh and Uz [40,43] AS/NZS 1664.1:1997 
[41]

No T 
(◦C)

Fu, FEA or 

Exp

Fu,B, EC9, 2023 / Fu,FEA or 

Exp

Fu,B, EC9, 2013 / Fu,FEA or Exp Fu,B, Teh and Uz / Fu,FEA or 

Exp

Fu,AS/NSZ / Fu,FEA or Exp aprop Fu,B, proposed / Fu,FEA or 

Exp

2A 20 45.33 0.85 0.71 0.89 1.08 1.54 1.00
2B 200 43.34 0.88 0.73 0.92 1.12 1.54 1.03
2C 300 21.82 0.92 0.77 0.97 1.17 1.54 1.08
2D 400 19.00 0.81 0.68 0.85 1.04 1.54 0.96
3A 20 71.69 0.83 0.79 1.10 0.68 2.63 1.08
3B 200 71.76 0.82 0.78 1.08 0.68 2.63 1.07
3C 300 37.91 0.82 0.78 1.08 0.68 2.63 1.07
3D 400 30.08 0.79 0.75 1.05 0.65 2.63 1.03
7 20 21.2 0.89 0.75 0.80 0.75 0.79 0.88
8 20 35.2 0.83 0.70 0.81 0.70 1.10 0.92
9 20 44.2 0.80 0.66 0.82 0.66 1.39 0.92
13 20 22.6 1.04 0.87 0.93 0.87 0.79 1.03
14 20 33.9 0.87 0.72 0.84 0.72 1.10 0.95
15 20 42.2 0.84 0.70 0.86 0.70 1.39 0.97
19 20 25.1 0.94 0.78 0.84 0.78 0.79 0.92
20 20 34.4 0.85 0.71 0.83 0.71 1.10 0.94
21 20 42.8 0.82 0.69 0.85 0.69 1.39 0.95
22 20 61.1 0.77 0.64 0.84 0.64 1.91 0.92
23 20 74.3 0.79 0.66 0.90 0.66 2.35 0.93
24 20 85.6 0.86 0.71 1.00 0.57 2.79 0.96
25 20 89.7 0.98 0.82 1.15 0.55 3.10 1.02
26 20 98.4 0.90 0.75 1.04 0.50 3.29 0.98
27 20 100.0 0.88 0.73 1.03 0.49 3.35 0.98
28 200 26.3 0.89 0.49 0.79 0.738 0.79 0.87
34 200 25.7 0.91 0.76 0.81 0.76 0.79 0.90
35 200 34.0 0.86 0.71 0.83 0.71 1.10 0.94
36 200 43.0 0.81 0.68 0.84 0.68 1.39 0.94
37 200 73.8 0.79 0.66 0.90 0.66 2.35 0.93
38 200 85.0 0.86 0.71 1.00 0.57 2.79 0.95
39 200 93.1 0.94 0.78 1.09 0.52 3.10 0.97
40 300 12.7 0.97 0.54 0.86 0.81 0.79 0.96
41 300 17.8 0.86 0.48 0.84 0.72 1.10 0.95
42 300 21.3 0.87 0.48 0.89 0.72 1.39 1.00
46 300 12.8 0.96 0.46 0.861 0.802 0.79 0.95
47 300 17.5 0.86 0.44 0.854 0.730 1.10 0.96
48 300 22.2 0.83 0.69 0.85 0.69 1.39 0.96
49 300 36.0 0.84 0.70 0.96 0.70 2.35 0.99
50 300 43.3 0.85 0.74 1.04 0.59 2.79 0.99
51 300 48.4 0.95 0.79 1.11 0.53 3.10 0.98
52 400 11.0 0.86 0.48 0.77 0.72 0.79 0.85
53 400 14.4 0.82 0.45 0.80 0.68 1.10 0.90
58 400 10.9 0.87 0.72 0.78 0.72 0.79 0.86
59 400 14.2 0.83 0.69 0.81 0.69 1.10 0.92
60 400 17.4 0.81 0.68 0.84 0.68 1.39 0.94
61 400 28.5 0.83 0.69 0.94 0.69 2.35 0.97
62 400 33.3 0.89 0.74 1.04 0.59 2.79 0.99
63 400 35.7 0.99 0.83 1.16 0.55 3.10 1.03
​ ​ Mean (all) 0.87 0.70 0.92 0.71 ​ 0.96
​ ​ COV (all) 0.07 0.14 0.12 0.21 ​ 0.06
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αb = min
(

e1

d0
;
3fub

fu
; 3

)

(6) 

Where fub is the characteristic ultimate strength of the bolt material. 
Note that Eqs. (5)-(6) are based on the most recent version of the 
Eurocode.

5.1.2. Bearing resistance - EN 1999-1-1 (2007+A2-2013) [39]
In the previous version of Eurocode 9 (EN 1999-1-1:2007+A2:2013), 

the bearing resistance was defined by Eqs. (7)–(9), whilst, Eqs. (5)–(6)
presented previously, represent the updated formulations. A significant 
change is that in the most recent version of EN 1999-1-1 the edge dis
tance e2 is not assumed to influence the bearing resistance. 

Fb,Rd =
k1αbfudt

γM2
(7) 

Where the bearing resistance factor depends on factors αb and k1 ac
counting for bolt spacing parallel and perpendicular to the applied load 
respectively, as defined by Eqs. (8)-(9). 

αb = min
(

ad;
fub

fu
; 1

)

where ad =
e1

3do
for end bolts and ad

=
p1

3do
−

1
4

for inner bolts (8) 

k1 = min
(

2.8
e2

do
− 1.7; 2.5

)

for edge bolts and k1

= min
(

1.4
p2

do
− 1.7; 2.5

)

for inner bolts (9) 

5.1.3. Bearing resistance - Teh and Uz [40,43]
Based on experimental findings, Teh and Uz [40,43] proposed the 

design model given in Eq. (10) for predicting bearing failure. This 
equation defines the bearing resistance of a bolted connection based on 
material (fu) and geometric parameters (e1, d0, t, d) as defined earlier. 
The expression takes the minimum of two values: a geometry-dependent 
term, which accounts for the adverse effect of small end distance e1 and 
an upper limit, representing a maximum bearing capacity. 

FB,Teh and Uz = min [1.2(e1 − 0.25d0)tfu; 3.5dtfu] (10) 

5.1.4. Bearing resistance - AS/NZS 1664.1:1997 [41]
These equations define the bearing capacity of a bolted connection as 

a function of plate geometry and material properties. Eq. (11) gives the 
nominal bearing capacity, while Eq. (12) adjusts the stress factor fB 
based on the end distance e1, where when e1≥2d, full bearing capacity is 
allowed. When e1<2d, a linear reduction is applied to account for the 
reduced effectiveness of the bearing area. 

FAS/NZS = 2dtfB (11) 

fB =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

min
(

f0.2;
fu

1.2

)

for e1 ≥ 2d

e1

2d
min

(

f0.2;
fu

1.2

)

for e1 < 2d
(12) 

5.1.5. Net section fracture – EN 1999-1-1 [22,39]
The resistance of the net section fracture is given by Eq. (13), where 

Anetis the net section area, with deduction for holes and fu the charac
teristic ultimate strength of the aluminium plate material. The same 
equation is proposed in both version of EN 1999-1-1 (2007+A2-2013) 
[39] and EN 1999-1-1 (2023) [22]. 

Fnet,Rd = 0.9Anetfu
/

γM2 (13) 

5.2. Proposed design equation

In this section, the experimentally and numerically obtained data are 
used to assess the applicability of the bearing resistance factor αb given 
by EN 1999-1-1 (2007+A2-2013) [39], by EN 1999-1-1 (2023) [22], 
and the alternative model proposed by Teh and Uz [40,43]. To perform 
this assessment while considering the effects of end and edge distances, 
e1 and e2 respectively, the numerically obtained ultimate load corre
sponding to bearing failure Fu, divided by two, was normalised by the 
bearing coefficient β, calculated as the product of bolt diameter d, 
thickness t and ultimate tensile stress of the plate fu, and plotted against 
the normalised bolt end distance e1/d0 for each value of e2/d0 in Fig. 22. 
In this figure, the codified design provisions [22,39,41] and Teh and Uz 
proposal [40,43] are also plotted for different values of e1/d0. From 
assessing EN 1999-1-1 [22], it is noted that the design standard does not 
allow for e1/d0≤1.2, however the relevant design curves were extrapo
lated below this limit to allow the assessment of the suitability of the 
design rules for lap joints with smaller e1/d0 values. The FE data pre
sented in Fig. 22, contrary to the available linear models [22,39,41] 
follow a curved trend, emphasising therefore the need for a more ac
curate equation for αb. The proposed new model for αb, derived from 
calibrating an elliptical function equation, is presented in Eq. (14). This 
formulation expresses ab as a function of e1/d0, and is calibrated against 
the experimental and numerical findings, thereby enhancing the accu
racy of the predictions. Similar approaches have been adopted by [42] 
and [43]. 

αb = min
[

3.35;3.35 − 0.25
(

4 −
e1

d0

)2]

(14) 

To more accurately assess the potential effect of e2/d0 on the bearing 
resistance, the data points for all temperatures have been grouped and 
plotted against their value for small values of e1/d0, as shown in Fig. 23. 
It is clear that the effect of e2/d0 on the bearing resistance is minimal, 

Table 9 
Assessment of net section fracture eurocode design predictions.

FEA/Exp Data EN 1999-1-1 (2023) [22]

No T (◦C) Fu, FEA or Exp Fu,net, EC9 / Fu,FEA or Exp

1A 20 72.25 0.82
1B 200 73.33 0.80
1C 300 41.19 0.76
1D 400 30.63 0.78
1 20 26.57 0.88
2 20 35.49 0.83
3 20 42.71 0.83
4 20 50.16 0.80
5 20 50.05 0.80
6 20 50.38 0.80
10 20 69.22 0.85
11 20 73.07 0.81
12 20 72.99 0.82
16 20 73.17 0.80
17 20 85.41 0.86
18 20 93.58 0.92
29 200 34.8 0.84
30 200 42.6 0.82
31 200 50.1 0.79
32 200 50.1 0.79
33 200 50.5 0.79
43 300 35.2 0.80
44 300 37.5 0.79
45 300 37.3 0.79
54 400 17.5 0.81
55 400 20.0 0.81
56 400 19.9 0.81
57 400 20.2 0.80
54 400 17.5 0.81
​ ​ Mean (all) 0.81
​ ​ COV (all) 0.04
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with small variations caused by data variation. This justifies excluding 
the effect of e2/d0 from the latest version of EN 1999-1-1 [22].

5.3. Assessment of design standards

A comparison of FEA and experimental data with design values from 
various design codes [22,39,41] and proposed models found in the 
literature [40,43] is presented in Table 8 and Table 9. With regards to 
the bearing resistance design prediction, the updated EN 1999-1-1 
(2023) [22] shows improved accuracy compared to the previous EN 
1999-1-1 (2007+A2-2013) [39], with a higher mean of 
predicted-to-FE/experimental ratio of 0.87 (compared to 0.70) and a 
lower coefficient of variation, indicating better consistency and align
ment with the test data. The AS/NZS design code considerably under
predicts the strength, with a mean ratio of 0.71, and high variability. The 
Teh and Uz [40,43] model demonstrates improved accuracy, with a 
mean ratio of 0.92. However, the design method using the proposed Eq. 
(14) demonstrates the best agreement with the FEA/experimental data, 
achieving a mean ratio of 0.96 and maintaining a low coefficient of 
variation (COV) of 0.06, supporting its potential as a more accurate and 
reliable design approach.

Table 10 presents the design ratio for prediction for the various 
assessed temperature levels, indicating generally conservative design 
predictions. At room temperature (Condition A), all models show rela
tively comparable accuracy, with average values around 0.83. As tem
perature increases to 200 ◦C and 300 ◦C (Conditions B and C), a general 
reduction in accuracy is observed for most codified methods, particu
larly for EN 1999-1-1 (2007+A2:2013) and AS/NZS 1664.1:1997, which 
consistently underestimate capacity. In contrast, the proposed design 
approach maintains a high level of accuracy across all temperature 
levels, demonstrating greater robustness under thermal degradation. 
Generally, it appears that the design equations calibrated for room 
temperature remain applicable at elevated temperatures. No clear trend 
is observed in design accuracy with increasing temperature, which can 
be attributed to the incorporation of temperature-dependent material 
properties in the FE analyses.

6. Conclusions and future work

The experimental testing and numerical modelling of 6082-T6 
aluminium lap connections after exposure to high temperatures, 
considering four temperature levels, have provided valuable insights 
into the material behaviour and structural performance. The investiga
tion was limited to 6082-T6 aluminium alloy subjected to a prescribed 
heating and cooling protocol.

Material testing was carried out on eight flat coupons of 6082-T6 
aluminium alloy. The results showed that the ratio of proof strength at 
300 ◦C and 400 ◦C was 0.34 and 0.16, respectively, when compared to 
room-temperature values. In addition, twelve tests on aluminium lap 
joints were conducted, covering three geometries and four temperature 
levels. The observed failure modes included net-section fracture, bearing 
failure, and combinations of the two. Flat grooved coupon tests were 
performed at the same four temperature levels. Using these data, a 
calibrated material model for aluminium alloys was developed, incor
porating post-necking behaviour and fracture through a weighted- 
average approach. A triaxiality-dependent fracture criterion was also 
applied, enabling accurate finite element simulation of full-range plastic 
deformation and the onset of fracture.

Following the successful development and validation of the finite 
element model, a comprehensive parametric study consisting of sixty- 
three analyses was completed, and all output data were reported. Of 
the total FE specimens, 39 failed by bearing and 24 by net-section 
fracture. Specimens that failed in bearing exhibited higher tensile and 
shear stresses near the bolt holes, indicating compressive stresses caused 
by section rotation, whereas specimens failing by net-section fracture 
showed lower shear stresses and no compressive stress in the net section.Ta
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Normalising the ultimate load with the bearing coefficient and 
plotting it against the ratio e1/d0 enabled the development of a new 
equation for the bearing resistance factor αb, which demonstrated better 
agreement with the experimental data than existing code-based ex
pressions. An assessment of bearing-failure strength prediction showed 
that current design codes are generally conservative. The proposed 
design method exhibited the closest agreement with the finite-element 
and experimental results, with a mean ratio Fu,B,proposed/Fu,FEA or Exp =

0.96 and a coefficient of variation of 0.06, outperforming codified pro
cedures in both accuracy and consistency. The proposed bearing factor 
was calibrated using 39 FE simulations and 8 experimental results and is 
applicable only to configurations with e₁/d₀ = 0.8–4.0, e₂/d₀ = 1.2–4.0, 
a bolt diameter of 12 mm, and temperatures between 200 ◦C and 400 ◦C; 
extrapolation beyond these ranges requires further validation.

Similarly, an evaluation of strength predictions for net-section frac
ture according to Eurocode provisions resulted in a conservative design 
outcome, with Fu,net, EC9/Fu,FEA or Exp=0.81 and a coefficient of variation 
of 0.04, indicating the need for further research in this area. Overall, 
design ratios remain generally conservative across all temperature 
ranges, and no clear trend in accuracy was observed with increasing 
temperature, although the proposed approach consistently out
performed codified methods in terms of strength prediction.

Future research should extend the proposed equation to other 
aluminium alloys, joint configurations, and loading conditions to 
improve general applicability. Particular attention should be given to 
the influence of bolt spacing p1 on bearing failure occurring between 
bolts and the role of post-fire ductility on the bearing resistance. As the 
experimental programme was limited to a specific lap-joint geometry 
under monotonic loading, further experimental and numerical studies 
are recommended to validate failure mechanisms and residual strength 
across a wider range of temperatures, materials, loading conditions, and 
connection geometries for a broader range of aluminium joint configu
rations under post-fire conditions.
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