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Abstract

Aluminium remains relatively uncommon in civil structures; however, its durability and
light-weight nature make it an attractive alternative for vehicular bridges. Recent ap-
plications use aluminium bridge decks supported by steel girders. However, galvanic
corrosion and thermal incompatibility limit full and optimised behaviour. This research
explores the use of Bobbin Tool Friction Stir Welding (BTFSW), which improves the welded
aluminium behaviour while significantly improving fatigue detail classification, as it is
critical for bridges. This configuration optimises material use, reduces structural weight,
and supports Accelerated Bridge Construction (ABC) practices by enabling modular prefab-
rication and rapid installation. The findings highlight aluminium’s potential as a primary
bridge material.

Keywords: aluminium; bridges; Bobbin Tool Friction Stir Welding (BTFSW); fatigue;
Accelerated Bridge Construction (ABC)

1. Introduction
Bridges are typically designed for a service life exceeding 75 years. To achieve this

target, however, traditional materials such as steel and concrete require frequent main-
tenance, especially in harsh climates like Quebec’s. The extensive use of de-icing salts
creates corrosive conditions that degrade steel bridges and reinforcement, resulting in
approximately 30% of the 7000 bridges managed by the Ministry of Transportation of
Quebec requiring repair or replacement [1]. Consequently, there is a critical need for more
durable structural alternatives.

Aluminium is a compelling option. Beyond its high strength-to-weight ratio, which
simplifies accelerated construction and the reuse of existing foundations, it forms a stable
surface oxide layer that provides inherent corrosion protection without supplementary
coatings [2]. Furthermore, aluminium alloys maintain high toughness and ductility at low
temperatures, making them ideal for cold climates [3,4]. The Arvida Bridge in the province
of Quebec, an 88.4 m span arch erected in 1950, exemplifies this durability; it has surpassed
75 years of service without significant structural maintenance.

Despite these advantages, challenges such as a lower modulus of elasticity compared
to steel can lead to increased deflections and dynamic sensitivity [5]. Welding also reduces
local strength by up to 50% [6], and fatigue remains a critical issue due to higher crack
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growth rates than steel [7]. Additionally, aluminium’s high coefficient of thermal expansion
complicates composite action with other materials [8].

This paper proposes a structural concept for an all-aluminium bridge optimised for
material efficiency and fatigue performance. The design leverages the geometric versatility
of extrusions and utilises Bobbin Tool Friction Stir Welding (BTFSW) to enhance welded
joint resistance. By using aluminium exclusively, the deck contributes to the longitudinal
load-carrying mechanism, improving global efficiency. This concept aligns with prefabrica-
tion and is highly compatible with Accelerated Bridge Construction (ABC) strategies.

2. Aluminium in Vehicular Bridges
The use of aluminium in vehicular bridges has primarily been seen in bridge decks. In

the event of replacing an old deck, aluminium is highly advantageous, as an aluminium
deck can weigh as little as 20% of a comparable concrete deck [5]. These decks are fabricated
by joining and welding individual extrusions together. The main constraint in designing
aluminium decks is the maximum size of the extrusion, which is limited by the capacity of
extrusion presses. This capacity is directly related to the maximum circumscribing circle
diameter and the weight per unit length of the profile.

Various deck systems have been developed and tested using different joining methods,
ranging from traditional Gas Metal Arc Welding (GMAW) to Friction Stir Welding (FSW), as
shown in Figure 1. These decks have undergone rigorous laboratory testing and have been
implemented in real-world projects [8–13]. In general, studies concluded that aluminium
decks are highly capable of resisting traffic loads, satisfying both ultimate resistance and
fatigue requirements. Observed failure modes typically involved the fracture of welds or
the local buckling of stiffeners combined with yielding at the load patch.

  
(a) (b) 

Figure 1. Aluminium bridge decks: (a) Friction Stir Welding (FSW) [8]; (b) Gas Metal Arc
Welding (GMAW).

Aside from decks, aluminium has also been used as the primary structural material
in a limited number of vehicular bridges. As previously mentioned, the Arvida Bridge
in Quebec stands as a landmark structure built in 1950. The Forsmo Bridge in Norway is
another notable example [4], where a steel–concrete structure was replaced by a 39 m span
aluminium bridge within a total closure period of only five days. Furthermore, in Russia, a
new four-span, 72 m bridge was constructed using aluminium for both the deck and the
girders [14].

3. Development of a BTFSW Aluminium Deck
Decks must be designed to satisfy serviceability (SLS), ultimate (ULS), and fatigue

(FLS) limit states. ULS ensures the overall resistance and stability of the deck. While
the design process using code provisions, such as the Canadian Highway Bridge Design
Code (CSA S6-25) [15], is generally straightforward, there is a lack of guidance regarding
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simplified models for structural analysis, such as the equivalent strip method used for
concrete decks.

For SLS, which governs the limitation of excessive deflections and user discomfort, the
standard guidelines used for orthotropic steel decks in AASHTO [16] are adopted in codes
like CSA S6-25. A deflection limit of L/1000 between the supports of the aluminium deck
reflects the original provisions for the deflections of orthotropic steel deck ribs between
crossbeams. Additionally, a limit of 2.54 mm for relative deflection between adjacent ribs
and a maximum deflection of L/300 for the deck plate are recommended.

For FLS, the design is particularly critical. Studies report that FSW joints perform better
than GMAW joints in bridge decks [13]. However, FSW details tend to fall into a lower
fatigue detail category; the requirement for backing bars to support vertical loads creates
stress concentrations and potential crack initiation points (classified as Detail Category D in
CSA S6-25). Furthermore, from a design perspective, simplified nominal stress approaches
may not adequately capture local stress distributions; therefore, methods such as the
effective notch stress approach may be required [17].

Another critical consideration is that decks are subjected to biaxial stresses. Although
the primary load-carrying mechanism distributes the load to adjacent girders (inducing
stresses transverse to traffic), the wheel load patch also generates stresses parallel to
traffic, resulting in tensile stresses at the bottom of the deck. Finite element analyses have
shown that the rotation of the principal stress plane during the passage of a wheel load
is less than 20◦; therefore, in accordance with the International Institute of Welding (IIW)
guidelines [18], the assumption of proportional loading is permitted. Consequently, fatigue
must be evaluated for this multiaxial stress state. The IIW provides guidance on how to
address this condition, as shown in Equation (1). ∆σS,d and ∆τS,d are the applied normal
and shear stress ranges (⊥ stands for perpendicular to the weld and || for parallel to the
weld), while ∆σR,d and ∆τR,d stand for the normal and shear fatigue resistance given by
S-N curves. (

∆σ⊥,S,d

∆σ⊥,R,d

)2
+

(
∆σ||, S,d

∆σ||,R,d

)2

+

(
∆τS,d

∆τR,d

)2
≤ 1.0 (1)

To apply this equation, an adjustment is required because the standard development
of the fatigue curve assumes a cumulative damage factor D = 1, based on Miner’s sum [19].
According to the IIW, a factor D = 0.5 must be used instead. Consequently, it can be demon-
strated that the allowable stress ranges specified in design codes, which are calculated
based on D = 1.0, must be transformed into Equation (2). For a fatigue curve with inverse
slope m = 7.0, the stress range corresponding to D = 0.5 equates to 90% of the admissible
stress provided by the code.

∆σR,D=0.5 = (0.5)
1
m ·∆σR,D=1.0 (2)

To date, aluminium decks have primarily been fabricated using either GMAW or
conventional FSW; however, an alternative joining process offers distinct advantages.
BTFSW, a variant of the FSW process, utilises a double-sided shoulder tool that contains
the transmitted vertical forces, thereby eliminating the need for a backing bar. As a
result, the fatigue detail classification improves to a higher category (Detail Category B
in CSA S6-25), achieving a significantly higher fatigue resistance. Figure 2 illustrates the
difference between the conventional FSW process (which requires external or intrinsic
backing) and BTFSW.
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(a) (b) (c) 

Figure 2. Friction Stir Welding (FSW) of aluminium decks [17]: (a) FSW with external backing plate;
(b) Bobbin Tool Friction Stir Welding (BTFSW); (c) FSW with intrinsic backing plate.

However, BTFSW imposes certain limitations on the weld configuration. The joint
must be a flat butt weld with a minimum flat clearance of at least 26 mm to accommodate
the welding tool [20]. Additionally, there are restrictions on the maximum thickness of the
welded plates. Currently in Quebec, BTFSW has been proved effective for a maximum
plate thickness of 8 mm [21], and an increase to a 9.5 mm capacity is under development.
Therefore, it is of significant interest to develop an optimised deck shape suitable for BTFSW
that successfully accommodates both the spatial clearance requirements of the tool and a
maximum anticipated plate thickness of 9.5 mm.

3.1. Finite Element Model

A Finite Element (FE) model was developed in Abaqus to study various geometries
for aluminium decks. First, the modelling approach was validated through comparison
with previous experimental tests, as shown in Figure 3 [9,10]. The models were discretised
using either shell S4R elements or solid C3D8I elements; the latter were specifically selected
to adequately capture local bending mechanics. Mesh sizes were determined following a
convergence study, resulting in a maximum element size of 15 mm for the solid models and
12 mm for the shell models. A non-linear material constitutive law following the Ramberg-
Osgood relation was implemented, as recommended in Annex E of Eurocode 9 [22], utilis-
ing reported material parameters for both the base metal and the reduced-strength Heat
Affected Zone (HAZ). The extent of the HAZ was defined in accordance with the CSA
S6-25 code, with a width ranging between 20 mm and 30 mm. To accurately replicate the
experimental conditions, the load was applied through a low-stiffness rubber pad matching
the exact dimensions of the physical load patch. The non-linear Riks method, incorporat-
ing geometric non-linearities, was utilised to solve the model and accurately capture the
structural response. Finally, boundary conditions were configured to match the physical
tests by imposing simply supported constraints along the extreme edges parallel to the
extrusion direction.

  
(a) (b) 

Figure 3. Tested aluminium decks: (a) P1 test, GMAW deck tested in [9]; (b) LC1 test, GMAW deck
tested in [10].
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The load–displacement curves comparing the experimental tests against the FE sim-
ulations are presented in Figure 4. For both tests, the initial elastic response is captured
accurately, with a maximum stiffness deviation of 4% for test P1 and 3% for test LC1. Both
shell and solid element models prove adequate, as the stiffness variation in the linear elastic
range is less than 5%. In the non-linear range, the shell models exhibit behaviour similar
to the solid models; however, the inclusion of fillets in the solid model increases both the
overall stiffness and the peak load because the local buckling of the stiffeners occurs over a
reduced effective length.

 
(a) (b) 

Figure 4. Comparison between Finite Element (FE) simulation and test load–displacement curves:
(a) P1 test [9]; (b) LC1 test [10].

However, the ultimate peak load is not fully captured in the simulations because
both experimental decks experienced weld fracture after exceeding their plastic limit.
The FE model was not designed to simulate fracture mechanics, which accounts for this
discrepancy. Regardless, the design wheel load specified in the CSA S6-25 code is 62.5 kN,
and the experimental fracture occurred well above this limit, at approximately 600 kN
for both decks. Therefore, within the range of expected service loads, the FE model is
considered highly satisfactory and is validated for use in subsequent studies.

3.2. Deck Shape Selection

To select an appropriate shape for a BTFSW aluminium deck, five geometries were
chosen to study and compare their structural behaviour. All geometries were designed to
be extruded with a 9-inch (228.6 mm) maximum circumscribing circle diameter and a linear
mass of 12 kg/m, which corresponds to the capacity limits of the largest extrusion press
available in Quebec. The thickness of the welded area was set to 9.5 mm, with a minimum
overall flat width of 26 mm to accommodate the welding tool. Figure 5 shows the five
selected cross-sections of the base extrusions for the decks:
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Figure 5. Base extrusion cross section geometries of the studied decks.
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• D1: This geometry incorporates both vertical and diagonal stiffeners, maintaining a
uniform thickness for both the welded area and the flanges.

• D1E: This geometry features a welded area that is thicker than the flange elements to
compensate for the reduced material properties in the Heat Affected Zone (HAZ). For
this geometry, two shell models were created: D1E-exc, which explicitly considers the
geometric eccentricity, and D1E-no exc, which disregards it.

• D2: This geometry prioritises overall deck depth over the inclusion of vertical stiffeners,
which are eliminated in this design.

• D3: This geometry replicates the optimised profile developed by Djedid [20] in a
similar prior study.

FE models of 3 m × 3 m panels with simply supported boundary conditions along
the edges parallel to the extrusions were created, as shown in Figure 6. Only linear elastic
material properties were considered, as the anticipated service loads fall within this range.
A design load of 62.5 kN was applied over a load patch of 600 mm × 250 mm. Double
symmetry boundary conditions were utilised, thereby reducing the computational domain
to one quarter of the deck. Local mesh refinement was applied near the point of maximum
stress within the weld.

Figure 6. Finite Element (FE) model in Abaqus of the BTFSW aluminium deck.

The performance comparison was based on optimisation for SLS (evaluated by panel
stiffness) and FLS (evaluated by the maximum transverse tensile stress in the weld). The
results are presented in Figure 7. The D2 geometry experienced lower stresses in the weld
(30 MPa vs. 35 MPa for D1) and demonstrated greater stiffness (29 kN/mm vs. 20 kN/mm
for D1). This improvement is attributed to the increased height of the D2 geometry (140 mm
compared to 120 mm for D1), demonstrating that prioritising deck depth over vertical
stiffeners yields more favourable results for these limit states.

The results indicate that the shell models adequately captured both the stresses and
the stiffness of all deck geometries, with the exception of D3, where the stiffness predicted
by the shell model was only 66% of that predicted by the solid model.

Finally, the effect of modelling eccentricity in the shell elements was notable, as it
increased the predicted stress in the weld by 26%. However, the stress value obtained
from the solid model, which inherently accounts for both the eccentricity and the geo-
metric stiffening effect of the fillets, fell between the values predicted by the two shell
model variations.

Therefore, geometry D2 is selected for further analyses using shell elements, as it offers the
best structural performance while remaining reliably represented by the modelling approach.

https://doi.org/10.3390/engproc2026151027
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(a) (b) 

Figure 7. Results of the studied geometries: (a) Maximum transverse tensile stress in the weld [MPa];
(b) Stiffness of the deck [kN/mm].

4. Bridge Concept
Following the selection of the optimised bridge deck geometry D2, the full-bridge

concept is illustrated in Figure 8. The deck is designed to be connected to the girders using
the bolted plate technique [23,24]. The girders are similarly fabricated by joining multiple
extrusions using BTFSW. This approach allows for a customised selection of each extrusion,
providing the flexibility to include specific geometric details, such as longitudinal stiffeners,
to enhance shear resistance. Furthermore, this concept aligns perfectly with Accelerated
Bridge Construction (ABC) methodologies, as it is fully prefabricable.

 

Figure 8. BTFSW all-aluminium bridge concept.

5. Ongoing Research
A preliminary analysis of this all-aluminium concept is detailed in reference [25]. Initial

findings demonstrate that the deck and global superstructure provide adequate capacity
for both ULS and FLS. However, satisfying SLS requires a more rigorous investigation, such
as an in-depth dynamic study or the implementation of dampers to mitigate vibrations.
The analysis also highlighted that structural detailing heavily governs the global design;
specifically, utilising welded attachments for cross-brace connections reduces fatigue and
bending resistance by approximately 50%. Consequently, the design strategy must prioritise
bolted connections over welding at these critical junctions.

Finally, applying this concept to a case-study bridge demonstrated significant weight
savings: the structural mass was reduced by 78% compared to a traditional steel-concrete
alternative, yielding a total bridge mass that is only 47% of the original design. Based on
these initial findings, an all-aluminium bridge presents a highly promising structural solu-
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tion, suitable for both the replacement of deteriorating infrastructure and the construction
of new bridges.

To validate the preliminary findings of this study and further refine the structural
concept, several research initiatives are currently underway. First, a comprehensive inves-
tigation into bridge vibrations is being conducted to accurately characterise the dynamic
behaviour of the light-weight superstructure. Concurrently, an experimental laboratory
testing programme is planned to physically evaluate the static and fatigue performance of
the developed BTFSW aluminium deck. A primary objective of this testing is to establish
the validity of fatigue resistance (S–N) curves for this deck system and to experimentally
verify the biaxial fatigue interaction equations. Furthermore, simplified design guidelines
are being formulated to streamline structural analysis for practical bridge engineering.
Finally, a Life Cycle Cost Analysis (LCCA) will be executed to quantify the long-term eco-
nomic and environmental feasibility of this all-aluminium solution compared to traditional
steel and concrete alternatives.

6. Conclusions
This paper presented the development and preliminary analysis of an all-

aluminium vehicular bridge concept utilising Bobbin Tool Friction Stir Welding
(BTFSW). Based on the numerical investigations and geometric optimisation, the fol-
lowing main conclusions are drawn:

• An optimised BTFSW deck shape prioritising overall deck depth over internal vertical
stiffeners yields the most favourable structural behaviour. This configuration leverages
the advantages of aluminium welded by FSW while enhancing fatigue resistance
through an improved fatigue detail classification.

• Simplified shell element models are generally adequate for predicting the linear elastic
stiffness and stress distributions of the extruded deck profiles. However, capturing
the true geometric eccentricity in these shell models is critical; explicitly modelling
this eccentricity was shown to increase the predicted transverse weld stresses by up to
26%, more accurately reflecting the physical structural response.

• Overall, the integration of customised aluminium extrusions, high-resistance BTFSW
joints, and modular bolted connections presents a highly promising structural solution,
with further research underway to confirm these initial findings. This light-weight,
prefabricable system is exceptionally well suited for Accelerated Bridge Construction
(ABC) and the sustainable replacement of deteriorating infrastructure.
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