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Abstract

Indisputably, the evolution of innovative manufacturing methods such as additive man-
ufacturing (AM) or 3D printing in the last decade has started gradually to influence the
construction field, offering significant benefit potential, particularly in the field of metallic
materials. In the case of aluminium alloys, the implementation of the wire arc additive
manufacturing (WAAM) method, an AM sub-type, has recently emerged as a promis-
ing alternative to conventional rolling and extrusion, enabling unprecedented geometric
flexibility, lower energy demand, and reduced tooling costs. However, the selection of an ap-
propriate feedstock alloy poses a major challenge, as inherent trade-offs between strength,
ductility, and printing-induced anisotropy arise. In this context, this study presents a
thorough multi-scale numerical investigation, spanning from the cross-sectional to the
global structural scale. The structural performance of several two-story moment-resisting
frames was evaluated, comparing frames featuring WAAM-fabricated columns against
conventional extruded and rolled benchmarks. The assessment included three 3D-printed
alloys (Al-Mg, Al-Cu, Al-Mg-Si), differing in ductility levels, featuring topology-optimized
and internal lattice-reinforced cross-sectional geometries. Linear elastic analyses reveal
that global lateral stiffness heavily governs the response of slender frames, where WAAM
was able to efficiently decrease the corresponding inter-story drifts by maximizing cross-
sectional inertia without necessitating the utilization of larger external member dimensions.
Furthermore, nonlinear static (pushover) analyses provided valuable insight into critical de-
sign considerations, exposing a profound strength-ductility trade-off in printed aluminium
alloy load-bearing members.

Keywords: additive manufacturing; aluminium alloy structures; wire arc additive
manufacturing; structural design; seismic performance; pushover analysis; codified
provisions

1. Introduction
Driven by the contemporary demand for both durable and sustainable materials,

aluminium and its alloys have gained significant attention across various industries, such
as aerospace, automotive, and construction [1,2]. They represent lightweight, nontoxic, and
durable metallic materials, distinguished by their high strength-to-weight ratio and recycla-
bility, while their significant corrosion resistance makes them particularly suitable for use
in aggressive environments, such as coastal or industrial regions [3,4]. In addition, one of

Buildings 2026, 16, 1876 https://doi.org/10.3390/buildings16101876

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16101876&domain=pdf&date_stamp=2026-05-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-7844-0343
https://orcid.org/0009-0001-4317-4292
https://doi.org/10.3390/buildings16101876


Buildings 2026, 16, 1876 2 of 32

the most significant advantages of aluminium as a structural material is its extrudability [5].
In fact, extrusion allows for the production of complex cross-sectional geometries, enabling
the production of a broad range of products, such as tubes, plates, and profiles, through
well-established industrial routes [5,6].

However, these cross-sections are constant, and the process is considered energy-
intensive and is subject to constraints, such as the avoidance of sharp internal corners and
the economic unfeasibility of producing tailored sections for small batches [7,8]. There-
fore, extrusion is often economically prohibitive for customized, low-volume structural
components [9,10]. Moreover, although extensive research has been devoted to aluminium
structural members, most of the existing studies focus primarily on the axial load-bearing
capacity or cross-sectional resistance of isolated components manufactured through tradi-
tional shaping processes such as extrusion or rolling. For instance, Li et al. [11] evaluated
the axial load-bearing capacity of H-section stocky 6061-T6 and 6063-T6 aluminium alloy
components through a comprehensive experimental and numerical program. Moreover,
slender 6061-T6 aluminium alloy column sections were examined by Li et al. [12], focusing
on the global buckling behavior of such components. Similarly, Kong et al. [13] confirmed
through the conducted experimental evaluation of the structural performance of 21, in total,
Al-Mg aluminium alloy columns that global buckling heavily governs the load-bearing
capacity of such elements. Studies have also investigated whether different types of rein-
forcement can improve the structural behavior of isolated aluminium alloy members. For
instance, Tang et al. [14] investigated the load-carrying capacity of 6064-T5 alloys where
bamboo scrimber was added in the alloy mixture through a comprehensive experimental
program, while Mi et al. [15] evaluated the structural behavior of concrete-filled 6061-T6 alu-
minium alloy tubular under eccentric axial load. On the numerical side, Ziemian et al. [16]
evaluated, through finite element analyses, several 6061-T6 aluminium alloy parts utilized
as columns, which featured transverse welds, whereas Ning et al. [17] studied more than
260 Al-Mg aluminium alloy columns under compressive loading. The long-term structural
reliability of aluminium alloys has also received significant research interest [18,19]. For
instance, through their experimental program, Zhang et al. [20] examined the effect of
water jet peening on fatigue crack growth of 7075 aluminium alloys. They found that crack
propagation was mitigated due to water jet strengthening. Nevertheless, it is evident that
the global structural system behavior under realistic loading scenarios has received limited
attention by the engineering research community to date.

In parallel, in the last decade, the evolution of innovative manufacturing methods has
started gradually to influence the construction field, offering measurable benefits and poten-
tial in the value chain [21]. Regarding structural applications, additive manufacturing (AM),
commonly referred to as 3D printing, characterized by its layer-by-layer material deposi-
tion based on digital model information [22], has been widely implemented in aerospace,
automotive, and biomedical industries [23–25], while its deployment in construction and
structures is still at an early yet promising stage [26–31]. In the case of metallic materials
(e.g., aluminium alloys, steel) the wire arc additive manufacturing (WAAM) stands out
among existing AM technologies due to its capability to generate large-scale metallic parts
with increased precision. For aluminium alloys specifically, WAAM can be considered as
a promising alternative capable of overcoming extrusion’s limitations, offering improved
geometric flexibility, material efficiency and adaptability, as well as environmental perfor-
mance [32–35]. The necessity of high-performance and tailor-made components to ensure
structural resilience has been highlighted by the broader structural engineering in both
design and rehabilitation applications [36,37]. In these domains, innovative material in-
tegration has been found to be vital [38–40]. However, available research is considered
to be limited, focusing heavily on printing process-related parameters and their effect on
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the mechanical properties of 3D-printed aluminium alloy components [41–43]. Recent
studies emphasize the critical role of thermomechanical effects and the subsequent need
for welding optimization and microstructural evolution in metallic-material joints [44]. For
instance, Li et al. [45] proposed a multistage heat treatment methodology to assess the
microstructural evolution of aluminium alloys and successfully enhanced alloys’ hardness
and corrosion resistance.

Additive manufacturing (AM) of aluminium alloys has recently received noticeable
attention, where the combination of different alloy compositions and AM technologies has
been thoroughly investigated [46–48]. Among existing AM techniques, only two can be
effectively applied to aluminium alloys. Specifically, powder bed fusion (PBF) and directed
energy deposition (DED) are the most suitable for aluminium alloy-based components since
both offer sufficient energy density and controlled thermal gradients to effectively overcome
aluminium’s inherent thermal conductivity and high porosity susceptibility [32,33]. Wire
arc additive manufacturing (WAAM), a DED subcategory, stands out among metallic
material-oriented AM technologies as it has allowed for successful structural applications
and has enabled reliable bonding and load transfer under several conditions [33]. WAAM
also demonstrates significant economic and environmental performance, due to its high
material efficiency and low energy consumption. WAAM has been found to increase energy
efficiency by up to 50.0%,while limiting carbon dioxide emissions (CO2) by up to 45.0%,
compared to traditional machining methods such as rolling or extrusion [49].

However, process-related challenges are present since hot cracking phenomena,
anisotropic mechanical performance, and residual stresses may occur due to steep thermal
gradients. Although 6xxx and 7xxx series alloys are widely used in rolling and extrusion,
they are susceptible to solidification cracking during the cooling process that follows the
printing process [50–53]. In general, the metallurgical characteristics of the used feed-
stock wire heavily govern the implementation of WAAM in structural aluminium applica-
tions [54]. In conventional manufacturing using rolling or extrusion, material properties
are homogenized, and the final component is deemed to be highly isotropic. In contrast,
WAAM-fabricated alloys are subject to complex thermal cycles, solidification kinetics, and
directional cooling rates [50]. These result in anisotropic material properties, residual
stresses, and porosity, which significantly affect the structural performance of load-bearing
elements [55]. Aiming to evaluate the influence of these phenomena on the cross-sectional
and global response of structural frames, three aluminium alloys widely used in struc-
tural applications were assumed to be fabricated via WAAM and were compared against
conventional frameworks (rolled and extruded aluminium alloys).

The 5xxx series (Al-Mg) alloys have been traditionally used for WAAM applications
primarily due to their excellent processability and resistance to hot cracking. Experimen-
tal studies have extensively investigated the microstructural evolution and mechanical
response of WAAM-fabricated Al-Mg alloys. For instance, Su et al. [56] examined how heat
input affects the geometry, microstructure, and mechanical properties of printed ER5356
components, noting that process parameter control refines grain structure and heavily
influences strength. Liu et al. [57] proposed optimized WAAM parameters utilizing printed
walls from ER5556 alloy, evaluating the effects of current, speed, gas flow, and interlayer
time on microstructure, texture, and properties. Arana et al. [58] also investigated ER5356
WAAM-fabricated walls, concluding that optimized parameters can reduce porosity be-
low 0.035%, refine grains, and produce particularly ductile parts with yield strength fy

exceeding 110.0 MPa, ultimate tensile strength fu exceeding 270.0 MPa, elongation capacity
greater than 27.0%, and insignificant anisotropy (below 11.0%). Moreover, among process
parameters, porosity control has been highlighted as a critical factor for achieving high-
performance ER5356 WAAM components [59]. In an experimental study, Horgar et al. [60]
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thoroughly investigated the mechanical properties of WAAM-fabricated 5183 alloys. They
reported a mean yield strength fy of 145.0 MPa and an ultimate tensile strength fu of
293.0 MPa, and the provided mechanical properties were used for the conducted numerical
investigation described below. They found that these alloys exhibit high ductility, with
elongation at fracture reaching values up to 25.0% in the horizontal direction (parallel to
the printed layers), which is in agreement with other studies [58]. In the vertical direction
(perpendicular to the printed layers), the authors note decreased ultimate strain capacity
of approximately 20.0%. However, it is expected that the relatively low yield strength of
Al-Mg alloys significantly limits their effectiveness in highly stressed structural members,
necessitating the use of larger cross-sections to satisfy safety and serviceability criteria.

Furthermore, the 2xxx series (Al-Cu) alloys offer superior mechanical strength (i.e.,
yield and fracture strength) but present significant challenges regarding printability and
isotropy. In a comprehensive review of WAAM for Al-Cu alloys, Fan et al. [61] highlighted
that although the optimization of welding parameters and alloy composition can improve
microstructure, reduce porosity, and improve performance in general, challenges remain
with anisotropy. The anisotropic mechanical properties of Al-Cu WAAM-fabricated alloys
have also been investigated by Ren et al. [62], where the authors found that for Cu contents
greater than the optimal (≈5.65%), printed components exhibit increased precipitate size
and highly anisotropic mechanical behavior. Also, brittle failure mechanisms (i.e., fracture)
were observed in the vertical direction. In an experimental study, Jin et al. [63] successfully
mitigated both the mechanical anisotropy and heterogeneity associated with Al-Cu WAAM-
fabricated components by homogenizing the printed parts through heat treatment at 510 ◦C
for 24 h. In their experimental study, Gu et al. [64], reported that although heat-treated
WAAM Al-Cu-Mg alloys offer pronounced yield strengths that exceed 390.0 MPa, these
alloys are susceptible to significant directional dependency due to the formation of coarse
columnar grains along the build direction. More specifically, the authors note that the
elongation in the vertical direction did not exceed 2.0%, thus indicating a brittle failure
mechanism that is critical for vertical load-bearing elements such as columns. This trade-off
between high strength and low vertical ductility clearly suggests a potentially critical
design pitfall in structural applications and design.

The gap between the ductile but low-strength 5xxx series and the strong but brittle 2xxx
series alloys has been recently bridged by recent advancements in nanotechnology [65–67].
As discussed earlier, while widely used in extrusion [11,12,68,69], the 6xxx (Al-Mg-Si) and
7xxx (Al-Zn-Mg) series alloys are historically difficult to process and 3D-print via WAAM,
due to high susceptibility to anisotropic mechanical properties and solidification cracking
during the cooling process [55,70]. To overcome these challenges, Chi et al. [71] investigated
the addition of titanium carbide nanoparticles during the WAAM process of 6061 alloys,
and they reported that these particles act as a grain refiner, promoting the transition from
columnar to fine equiaxed grains. Notably, this microstructural modification was found to
eliminate hot cracking and resulted in near-isotropic mechanical performance. Specifically,
a balanced profile was achieved, with the NT6061-T6 alloys exhibiting a yield strength
of approximately 300.0 MPa, an ultimate strength of approximately 350.0 MPa, and an
ultimate elongation of 11.0%.

Despite the extensive research devoted to the use of aluminium alloys for structural
applications, as well as the wire arc additive manufacturing of aluminium alloys, current
literature predominantly focuses on material-level characterization rather than system-level
performance. As of today, there is no comprehensive study that addresses simultaneously
all of the following critical aspects:

(a) Suitability of AM aluminium members for real-world, large-scale structural load-
bearing applications;
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(b) Incorporation of reinforcement strategies or novel material treatments aimed at mit-
igating inherent printing-related challenges, such as hot cracking, residual stresses,
and mechanical anisotropy;

(c) Assessment at both the cross-sectional and global structural levels, particularly re-
garding seismic behavior;

(d) Verification in accordance with the existing regulatory framework.

In this context, the innovation of this study lies in its multi-scale approach, aiming
to bridge the existing research gap by investigating the mechanical and structural perfor-
mance of additively manufactured aluminium members. Enhanced material configurations,
including conventional, high-strength, and novel nano-treated WAAM alloys, are coupled
with topology-optimized geometries. The evaluation is conducted at both cross-sectional
and building frame scales by simulating traditional moment-resisting frames. By effec-
tively addressing Eurocode-based elastic design verification and additionally applying
advanced nonlinear static pushover analysis, this research quantifies the strength–ductility
trade-offs and serviceability limitations of AM aluminium structural systems. Ultimately,
these findings provide a pioneering framework for the safe integration of 3D-printed alu-
minium alloys in seismic-resilient structural engineering. A methodological flowchart of
the multi-scale numerical investigation is shown in Figure 1, illustrating the sequential
transition from material characterization and topology selection to the macro-scale finite
element modeling and global seismic performance evaluation.

Figure 1. A methodological flowchart of the multi-scale numerical investigation.

2. Materials and Methods
2.1. Wire Arc Additive Manufacturing Parameters and Aluminium Alloy Mechanical Properties

For the purposes of this numerical investigation, all 3D-printed components are
assumed to be manufactured using WAAM. Specifically, the selected printing process is
assumed to be gas metal arc welding-pulsed (GMAW-P), a WAAM variant requiring lower
heat input, thus minimizing heat-affected zone (HAZ) formation and hot cracking [72].
This method enables the fabrication of large-scale, complex, and high-quality components
while maintaining generally manageable production costs [73]. To reasonably assume
the absence of significant printing process-induced defects (such as excessive porosity or
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detrimental residual stresses) that would critically compromise the components’ structural
integrity, optimized values are assumed for critical process parameters, in accordance with
the existing literature (Table 1) [74–77].

Table 1. Optimal assumed parameters for the WAAM GMAW-P process.

Shielding
Gas

Heat Input
(kJ/mm)

Welding
Voltage (V) Interlayer Cooling Wire Feed

Speed (cm/s)
Nozzle Travel
Speed (cm/s)

Argon (Ar) 0.3–0.5 ≈20.0 Thermoelectric cooling, air jet,
or ultrasonic peening 10.0–16.0 ≈1.0

The presence of an inert shielding gas (e.g., Argon) is required to protect the melt
pool from oxidation, whereas an optimal welding voltage (≈20.0 V) ensures adequate
strength and ductility [74]. Proper fusion is achieved by carefully controlling the heat
input (0.3–0.5 kJ/mm), while interlayer cooling (e.g., via thermoelectric cooling, air jet, or
ultrasonic peening) is applied to prevent localized thermal accumulation [74,75]. Moreover,
the wire feed speed (10.0–16.0 cm/s) and the nozzle travel speed (≈1.0 cm/s) must be
kept within specific margins to ensure stable bonding and optimal bead geometry [76,77].
By adopting these optimized printing process parameters within a highly controlled envi-
ronment, it is therefore assumed that challenges such as severe HAZ formation, residual
stresses, and hot cracking are significantly minimized. It must be noted that the present
study does not aim to optimize WAAM process parameters; instead, it focuses on the struc-
tural implications of WAAM-enabled typologies, reasonably assuming that the adopted
material mechanical properties are representative of adequately manufactured, defect-free
aluminium WAAM components (Figure 2).

Figure 2. A schematic representation of the process of the wire arc additive manufacturing.

To quantify and evaluate the impact of the intrinsic alloy material behavior on struc-
tural response and capacity, five constitutive models were defined for the numerical analy-
sis, as presented in Table 2. Two reference materials representing conventional rolling and
extrusion were included in order to establish a baseline. The selected alloys for rolling and
extrusion are widely used for structural applications. Specifically, the 5083-H111 and the
6063-T6 were considered for through-rolling and extrusion manufacturing, respectively [78].
For the WAAM models, the mechanical properties of ER5183, 2024-T6, and NT-6061-T6,
provided by the experimental studies of Horgar et al. [60], Gu et al. [64], and Chi et al. [71],
respectively, were adopted.

https://doi.org/10.3390/buildings16101876

https://doi.org/10.3390/buildings16101876


Buildings 2026, 16, 1876 7 of 32

Table 2. A summary of the mechanical properties adopted for the constitutive modeling of the
aluminium members.

Material
ID

Alloy
Designation

Fabrication
Method

Yield Stress fy
(MPa)

Tensile Strength
fu (MPa)

Ultimate Strain
εu (%)

M1 EN-AW 5083-H111 Rolling 125.0 275.0 11.0
M2 EN-AW 6063-T6 Extrusion 160.0 195.0 8.0
M3 ER5183 WAAM 145.0 293.0 20.0
M4 2024-T6 WAAM 390.0 430.0 2.0
M5 NT-6061 WAAM 300.0 350.0 11.0

2.2. Aluminium Alloys’ Constitutive Laws and Nonlinear Modeling

The numerical investigation was performed using the finite element software SAP2000
Ultimate (v26.0.0). The constitutive stress–strain relationships for each printed alloy were
explicitly defined within the software by calibrating the material models against the experi-
mental data discussed above. It is important to clarify that the numerical material models
were not calibrated by recreating the experimental coupon tests via FEA. Instead, the
macroscopic engineering stress–strain curves, derived directly from the cited experimental
literature, were utilized as the constitutive backbone relationships. Also, the fundamental
mechanical properties, such as the Young’s modulus (E ≈ 70.0 GPa) and Poisson ratio
(ν ≈ 0.30), are expected to be generally constant across different aluminium alloys and
only marginally affected by WAAM. Regarding the post-yield behavior, a multilinear
isotropic hardening rule was adopted for all printed alloys, aiming to achieve an accurate
representation. This approach allows the numerical model to continuously track the vari-
ation of the tangent hardening modulus Et from the onset of yielding up to the ultimate
tensile strength, thus matching the real material characteristics, as they were reported
in the literature. Moreover, it is worth highlighting that the numerical constitutive laws
were calibrated to be slightly more conservative than the raw experimental data, aiming to
account for inherent printing inconsistencies and to ensure a safe lower-bound estimation
of the structural capacity in general. For the two reference alloys, i.e., EN-AW 5083-H111
and EN-AW 6063-T6, standardized Eurocode stress–strain curves were used. Figure 3
illustrates the defined numerical stress–strain curves for the investigated aluminium alloys.

Furthermore, to simulate the nonlinear inelastic behavior of the structural members
with high fidelity, a distributed plasticity approach was adopted. Specifically, each cross-
section was discretized into a dense array of fiber elements capable of capturing coupled
axial-flexural yielding [79]. This modeling strategy was selected since it allows for the
direct integration of the uniaxial stress–strain response of individual fibers over the cross-
sectional area [80,81]. Therefore, it accurately captures the plasticity spread, the interaction
between axial force and bi-axial bending, and the post-yield strain hardening or softening
mechanisms. To address the anisotropic nature of the WAAM 2024-T6 alloy, material
properties were assigned directionally within the finite element model. Brittle mechanical
properties and fracture limits were assigned to the vertical components (columns), which
constitute the primary focus of this study, as presented later. This macro-scale assignment
of a strict 2.0% vertical elongation limit implicitly accounts for severe anisotropy, grain
orientation, and interlayer delamination potential inherent to the WAAM process. Here,
it must be clarified that since the structural analysis includes solely monotonic rather
than cyclic loading, the constitutive models do not incorporate the Bauschinger effect
or nonlinear kinematic hardening, which would be strictly required only for cyclic or
hysteretic loading assessments.
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(a) 

(b) 

(c) 

Figure 3. Calibrated engineering stress–strain constitutive models defined in SAP2000 for the
investigated WAAM alloys: (a) ER5183, (b) 2024-T6 (presenting both horizontal and vertical behavior),
and (c) NT6061-T6.

2.3. Cross-Sectional and Two-Story Prototype Frame Geometries

To evaluate the influence of the cross-sectional geometry and fabrication method
on the structural response, a parametric investigation was conducted involving several
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cross-sectional configurations. The primary classification criterion is the outer dimension
of the members. Specifically, all components are doubly symmetric and can be categorized
into two distinct size categories: (i) Series 120 (120.0 mm outer dimensions) and (ii) Series
160 (160.0 mm outer dimensions). These two dimensions were selected as they represent
typical column sizes for compact and robust structural applications, respectively. For
each size category, distinct cross-sectional typologies were examined. These typologies
were selected in a way that they reflect the inherent capabilities and limitations of each
manufacturing process.

Traditionally, rolling is associated with the production of aluminium alloy sheets
and plates [82,83]. In this context, the representative rolled section (material M1) was
selected as a typical circular hollow section (CHS) since this type of section is fabricated by
cold-forming a rolled sheet into a tubular shape, requiring only a single longitudinal weld
(Figure 4a,b). Given the high ductility of the 5083-H111 alloy, it is considered a reasonable
assumption that the formation of the heat-affected zone (HAZ) is localized and does not
critically compromise the member’s performance.

  
(a) CHS-120 (b) CHS-160 

   
(c) SHS-120 (d) SHS-160 

  
(e) Opt-120 (f) Opt-160 

Figure 4. Cont.
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(g) LatX-120 (h) LatX-160 

  
(i) LatD-120 (j) LatD-160 

Figure 4. Different cross-sectional geometries that were examined throughout this study.

One of the most significant advantages of aluminium as a structural material is its
extrudability [5]. In fact, extrusion allows for the production of complex cross-sectional ge-
ometries [5,6]. However, these cross-sections are constant, the process is considered energy-
intensive and is subject to constraints, such as the avoidance of sharp internal corners
and the economic unfeasibility of producing tailored sections for small batches [7,10,84,85].
Therefore, extrusion is economically prohibitive in most cases for customized, low-volume
structural components [9]. To represent this manufacturing process, a standard square hol-
low section (SHS) was selected for the extruded alloy (material M2), which is representative
of this conventional construction practice (Figure 4c,d) [86].

WAAM and 3D printing generally offer distinct advantages over conventional rolling
and extrusion as they enable the fabrication of complex, topology-optimized geometries
with high material efficiency [27,34,50]. Furthermore, WAAM allows for rapid prototyping
as it can be utilized to fabricate small batches of members, whereas the total cost is reduced
since the process is die-free and requires fewer tools when compared with extrusion. To
demonstrate the design freedom that the process offers, three WAAM-specific cross-sections
were developed for materials M3, M4, and M5. Firstly, an optimized square hollow section
(W-Opt) was derived using fundamental topology optimization principles (Figure 4e,f).
In this section, material usage is increased toward the corners of the cross-section, where
stress concentrations due to bi-axial bending and warping are highest. In contrast, material
usage is significantly reduced toward the middle of the flanges and the webs, which are
in close proximity to the local neutral axes. Since normal stresses are less significant in
these regions, a uniform thickness section would result in suboptimal material utilization.
To ensure the feasibility of the printing process, the minimum wall thickness was set to
3.0 mm, which is feasible for fabrication using the currently available WAAM technology.

Secondly, a sparse lattice square hollow section with uniform outer wall thickness
(W-LatX) was developed (Figure 4g,h). This section incorporates internal X-shaped thin
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links designed to mitigate local buckling phenomena [87,88]. Likewise, the internal links
are not thinner than 3.0 mm, aiming to ensure printability without defects.

Lastly, a uniform outer wall thickness section, which features a dense grid of sinusoidal
(wavy) internal links (W-LatD), was considered (Figure 4i,j). These sinusoidal internal
links are particularly favorable to the continuous deposition path of WAAM [89]. It is
important to emphasize that the addition of these internal lattice structures is not expected
to significantly increase the plastic moment resistance MR of the cross-section compared
to the solid counterpart. However, their structural contribution is critical in ensuring
global structural stability since they provide significant restraint against local buckling
of the cross-sectional walls and global buckling of the member, therefore improving the
post-yield stability and energy dissipation capacity of the structure [90]. Here, it should be
noted that, as this is a preliminary numerical feasibility study, these complex large-scale
components were not physically manufactured. The structural FEA evaluation utilizes these
geometric models to establish a theoretical performance baseline, with WAAM fabrication
and experimental testing representing the next critical phase of this research.

The geometric properties of each evaluated section, including cross-sectional area
Acs and elastic section moduli Wel, are summarized in Table 3, along with the area varia-
tion compared to the benchmark extruded section. It should be noted that although the
WAAM configurations result in an increased cross-sectional area compared to the reference
extruded hollow section, this additional material is strategically distributed to mitigate
local instabilities. Therefore, the expected capacity gain, namely, in strength, stiffness, and
ductility, is considered to justify the increased material usage, as will be validated in the
Results section.

Table 3. Geometric properties of the investigated cross-sections for the two size categories (Series 120
and Series 160).

Series Section ID Fabrication
Method Typology Cross-Sectional

Area Acs (mm2)
Area

Variation (%)
Elastic Modulus

Wel (cm3)

120

R-CHS120 Rolling Circular
hollow 2135.0 N/A 57.6

E-SHS120 Extrusion Square
hollow 2736.0 - 99.0

W-Opt-120 WAAM Square
optimized 3038.0 11.0 115.3

W-LatX-120 WAAM Square lattice
sparse (X) 3882.0 41.9 107.1

W-LatD-120 WAAM Square dense
wavy 4161.0 52.1 120.4

160

R-CHS160 Rolling Circular
hollow 3796.0 N/A 136.5

E-SHS160 Extrusion Square
hollow 4864.0 - 234.8

W-Opt-160 WAAM Square
optimized 5412.0 11.3 269.5

W-LatX-160 WAAM Square lattice
sparse (X) 7134.0 46.7 245.6

W-LatD-160 WAAM Square dense
wavy 8063.0 65.7 290.2

To assess the influence of the different cross-sectional geometries and aluminium
alloy material properties on the global structural performance, a numerical finite element
model of a two-story, three-bay moment-resisting frame (MRF) was developed (Figure 5).
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This frame is considered to be representative of a typical low-rise commercial or even
residential building. The prototype frame features three bays with a span length of 4.0 m
each and a uniform story height of 3.0 m. The base of each column is considered to be
fully fixed, aiming to realistically represent the column-to-foundation interaction of typical
MRFs. To isolate the effect of the column typology, the beam cross-sections remained
constant throughout the conducted analyses. A typical stiff rectangular hollow section
(RHS 140.0 × 100.0 × 10.0 mm) was adopted for the beams. The column sections were
alternated between the ten distinct typologies previously defined in Table 3 (Series 120 and
Series 160), allowing for a direct comparison of their impact on the global stiffness, strength,
and ductility of the system. Here, it is necessary to note that in order to explicitly isolate
the structural performance and failure mechanisms induced by the WAAM-fabricated
columns, all beam-to-column connections were modeled as fully rigid. Although the
intricate physical behavior of printed metallic joints is a critical aspect of structural integrity,
the assumption of rigid connections allows for a comparative assessment of the column
capacities without introducing joint-specific premature failures in the finite element models.

Figure 5. A schematic representation of the numerical finite element model for the two-story, three-
bay prototype frame, highlighting the fixed boundary conditions at the column bases. The fiber mesh
discretization of the LatX-160 cross-section is indicatively presented, alongside the allocation of 5
integration points along the length of the beam and column frame elements.

2.4. Numerical Analysis Strategy and Parameters

A multi-phase numerical approach framework was adopted using SAP2000, aiming
to comprehensively investigate the structural response from the cross-sectional to the
global scale.

At the cross-sectional level, moment–curvature (M-φ) analyses were conducted to
investigate both the bending moment resistance, MR, and the local ductility capacity of
each section. All analyses were performed under a constant compressive axial load equal
to 20.0% of the cross-section’s yield axial capacity, NR, without considering global buckling
effects. The yield axial load capacity NR is given by the following Equation (1).

NR = fyAcs (1)
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where fy is the material’s yield stress, and Acs is the gross cross-sectional area.
The selected axial load ratio is representative of typical compression levels in columns

of low-rise aluminium structures and is consistent with values that are commonly used in
parametric cross-sectional investigations [91]. In contrast, the ultimate bending moment
capacity, MR, was extracted directly from the numerical integrations. An analytical deriva-
tion of MR was considered to be impractical due to the intricate WAAM geometries and
nonlinear material hardening.

At the global structural level, the frame was analyzed under a thorough set of loading
scenarios defined in accordance with the Eurocode standards. All of the vertical load cases
were derived from EN 1991-1-1 [92]. Specifically, the defined dead loads (G) include the self-
weight of the aluminium members, which was automatically computed by SAP2000, and
an imposed dead load, which represents floor/roof finishing systems. Moreover, live loads
(Q) were defined based on typical occupancy categories for commercial buildings, whereas
snow and wind loads were calculated for the region of Thessaloniki, Greece, according to
the provisions described in EN 1991-1-3 [93] and EN 1991-1-4 [94], respectively.

Seismic action was considered through the lateral force method (equivalent static
analysis), according to EN 1998-1 [95]. To impose a severe seismic demand on the structure,
the EC8 Type 1 design response spectrum was used to derive the seismic demand. In this
context, a peak ground acceleration of 0.36 g and a soil type D were considered. Regarding
energy dissipation capacity and the value of the behavior factor q, a conservative value of
2.0 was considered. The resulting lateral loads were distributed along the frame’s height
following an inverted triangular profile, which practically corresponds to the fundamental
mode shape of the two-story prototype structure. Table 4 summarizes the load cases defined
in the finite element model. Finally, all design load combinations for the serviceability limit
state (SLS) and the ultimate limit state (ULS) were generated as per EN 1990 [96].

Table 4. Defined load cases in the numerical finite element model of the prototype frame.

Load Case Load Type Value (kN/m2) Notes

Self-weight Dead load - Generated by SAP2000
Floor finishing load Dead load 1.5 EN 1991-1-1/Aluminium panels
Roof finishing load Dead load 1.0 EN 1991-1-1/Aluminium panels

Floor occupancy load Live load 2.0 EN 1991-1-1/Floor systems
Roof occupancy load Live load 0.5 EN 1991-1-1/Category H (roofs)

Snow load Imposed load 0.8 EN 1991-1-3/Thessaloniki, GR
Wind load Live load 1.2 EN 1991-1-4/Thessaloniki, GR

Seismic action Accidental load - EN 1998-1/Design response
spectrum

Specific performance criteria were monitored to evaluate the structural efficiency of
each structural variation. To assess the lateral stiffness, the maximum lateral displacements
of the story and the roof, denoted as δ1 and δ2, respectively, were extracted for each different
structural configuration variation. Also, corresponding drift ratios, denoted as dr1 and dr2,
were also derived to verify compliance with the serviceability limits.

In terms of strength and stability, the structural adequacy of the columns was evaluated
by determining the utilization factor for these members that experience the most critical
combination of axial force and bending moment. The axial load and bending moment
utilization factors were computed in accordance with EN 1999-1-1 (Equation (2)).

n =

(
NEd

ω0Nb,Rd

)ξ

+

(
MEd

ω0MRd

)
≤ 1.0 (2)
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where NEd and MEd are the design axial force and bending moment, ω0 is taken as 1.0 (no
HAZ reduction due to T6 heat treatment), and ξ is an interaction exponent taken as 1.0.

Design bending resistance MRd was calculated according to EN 1999-1-1, through the
following Equation (3).

MRd =
Wel fy

γM1
(3)

where Wel is the elastic section modulus, and γM1 is a safety factor coefficient equal to 1.10.
It should be clarified that the above expression corresponds to the elastic design

bending resistance as per Eurocode 9. At this stage, an initial linear elastic verification
was intentionally performed to evaluate code compliance under ultimate limit state condi-
tions. Subsequently, a nonlinear distributed plasticity analysis was conducted to capture
the actual inelastic post-yield behavior and failure mechanisms of the structural system.
Design buckling resistance Nb,Rd was evaluated following the general Eurocode stability
framework for slender structural members, as expressed in the following Equation (4).

Nb,Rd =
χ fy Acs

γM1
(4)

where χ is the global buckling coefficient.
The reduction factor χ was determined based on the elastic critical buckling load Ncr,

which was calculated using Euler’s formulation, as expressed in Equation (5).

Ncr =
π2EI
Leff

2 (5)

where E is the Young’s modulus, I is the cross-sectional second moment of area about the
critical axis, Leff is the effective buckling length considering fixed boundary conditions at
the structure’s base.

Subsequently, the nondimensional slenderness parameter
–
λ was evaluated, and the

corresponding Eurocode reduction factor χ was derived. This approach is consistent and
compatible with established European structural design practices.

The cross-sectional area Acs, elastic section modulus Wel, yield stress fy, and the
reduction factor χ for each evaluated cross-sectional geometry are summarized in the
following Table 5.

Finally, to capture the post-yield behavior, the failure mechanisms were identified,
the global capacity and ductility of each structural frame variation were derived, and a
nonlinear static pushover analysis was conducted using the N2 method [97,98]. For this
analysis, the frame was subjected to a monotonically increasing lateral load following an
inverted triangular force distribution (Figure 6). This specific loading pattern was selected
because it corresponds to the fundamental (first) mode shape of the two-story prototype
structure, which is the standard assumption in European seismic design provisions (EN
1998-1) for regular low-rise buildings where the fundamental mode dominates the dynamic
response. The nonlinear static analysis was initiated from the deformed shape of the
structure under the seismic combination of gravity loads (g + 0.3q), in accordance with EN
1998-3 [99].

Given the intricate cross-sectional geometries of the optimized and lattice WAAM
sections, standardized plastic hinge properties (i.e., moment versus rotation relations from
EN 1998-3 or ASCE 41/17 [100]) cannot be applied here. To address this issue, a distributed
plasticity approach was used, and each cross-section was discretized into nonlinear fiber
elements. Through this modeling approach, superior computational accuracy in capturing
the spread of plasticity compared to lumped hinge models is ensured. Furthermore,
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geometric nonlinearities (e.g., P-Delta effects) were explicitly included in the finite element
model in order to account for second-order effects during large lateral displacements.

Table 5. Geometric and mechanical properties of each examined cross-section.

Series Material and
Section ID

Cross-Sectional
Area Acs (mm2)

Elastic Modulus
Wel (cm3)

Yield Stress
fy (MPa)

Reduction Factor
χ

120

M1-R-CHS120 2135.0 57.6 125.0 0.65
M2-E-SHS120 2736.0 99.0 160.0 0.67
M3-W-Opt120 3038.0 115.3 145.0 0.72
M3-W-LatX120 3882.0 107.1 145.0 0.61
M3-W-LatD120 4161.0 120.0 145.0 0.63
M4-W-Opt120 3038.0 115.3 380.0 0.38
M4-W-LatX120 3882.0 107.1 380.0 0.29
M4-W-LatD120 4161.0 120.0 380.0 0.30
M5-W-Opt120 3038.0 115.3 300.0 0.46
M5-W-LatX120 3882.0 107.1 300.0 0.36
M5-W-LatD120 4161.0 120.0 300.0 0.37

160

M1-R-CHS160 3796.0 136.5 125.0 0.81
M2-E-SHS160 4864.0 234.8 160.0 0.82
M3-W-Opt160 5412.0 269.5 145.0 0.84
M3-W-LatX160 7134.0 245.6 145.0 0.77
M3-W-LatD160 8063.0 290.0 145.0 0.78
M4-W-Opt160 5412.0 269.5 380.0 0.60
M4-W-LatX160 7134.0 245.6 380.0 0.45
M4-W-LatD160 8063.0 290.0 380.0 0.46
M5-W-Opt160 5412.0 269.5 300.0 0.68
M5-W-LatX160 7134.0 245.6 300.0 0.53
M5-W-LatD160 8063.0 290.0 300.0 0.55

 

Figure 6. A schematic representation of the N2 pushover analysis method adopted in this study.

The pushover analysis proceeded until structural collapse was observed, ultimately
allowing for the derivation of the global capacity curves (base shear versus roof dis-
placement). Here, it is important to note that the capacity curves were transformed into
acceleration–displacement response spectrum (ADRS) for performance point evaluation
since the primary objective of this study is a comparative preliminary assessment of the
enhanced ductility and strength provided by the different WAAM configurations, rather
than the determination of a performance point for a specific seismic hazard scenario.
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3. Results
3.1. Cross-Sectional Scale Results

The finite element moment–curvature (M-φ) curves for all investigated cross-sectional
geometries and different manufacturing methods are presented in Figure 7. The structural
performance at the cross-sectional scale is evaluated in terms of axial load capacity NR and
bending moment resistance MR. The extruded sections (M2-SHS120 and M2-SHS160) serve
as the reference benchmark.

  
(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 7. Finite element moment–curvature curves for the investigated cross-sectional geometries
and manufacturing methods.
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The results are also summarized in Table 6. Regarding Series 120, the reference
extruded section (M2-E-SHS120) yielded an axial load capacity of NR = 437.8 kN and a
moment resistance of MR = 20.0 kN-m. As an even lower bound, the conventional rolled
circular section (M1-R-CHS120) exhibited the lowest capacity values (NR = 266.87 kN,
MR = 14.74 kN-m) due to the low yield strength of the 5083-H111 alloy and the section’s
geometry, which resulted in suboptimal material distribution. Nevertheless, it should be
noted that the rolled section demonstrates superior local ductility, without sudden and
brittle degradation.

Table 6. Finite element results of the cross-sectional capacity analysis and comparison against the
reference extruded alloy sections.

Material and
Section ID

Axial Load
Capacity NR (kN)

∆NR Compared to
Ref. Extruded

Section (%)

Bending Moment
Capacity MR (kN-m)

∆MR Compared to
Ref. Extruded

Section (%)

M1-R-CHS120 266.87 N/A 14.74 N/A
M2-E-SHS120 437.76 - 20.00 -
M3-W-Opt120 440.51 0.63 32.94 64.70
M3-W-LatX120 562.89 28.58 33.72 68.60
M3-W-LatD120 603.35 37.83 34.34 71.70
M4-W-Opt120 1154.44 163.72 49.97 149.85
M4-W-LatX120 1475.16 236.98 50.87 154.35
M4-W-LatD120 1581.18 261.20 52.19 160.95
M5-W-Opt120 911.45 108.20 40.157 100.79
M5-W-LatX120 1164.65 166.04 41.35 106.75
M5-W-LatD120 1248.31 185.16 42.67 113.35

M1-R-CHS160 474.52 N/A 40.78 N/A
M2-E-SHS160 778.24 - 40.52 -
M3-W-Opt160 784.74 0.84 74.19 83.09
M3-W-LatX160 1034.43 32.92 77.98 92.45
M3-W-LatD160 1169.134 50.23 84.94 109.62
M4-W-Opt160 2056.56 164.26 112.29 177.12
M4-W-LatX160 2710.92 248.34 118.00 191.21
M4-W-LatD160 3063.94 293.70 135.24 233.76
M5-W-Opt160 1623.65 108.62 82.45 103.48
M5-W-LatX160 2140.21 175.01 90.46 123.25
M5-W-LatD160 2418.92 210.82 102.48 152.91

By examining the WAAM-fabricated counterparts, the favorable impacts of geom-
etry optimization and material yield strength enhancement are demonstrated. Specif-
ically, a critical finding is observed in the M3-W-Opt120 section, where although the
feedstock material (ER5183) possesses a lower yield strength compared to the 6063-T6 alloy
(160.0 versus 215.0 MPa), the optimized section achieved an identical axial load capacity
and, most importantly, a noteworthy 64.70% increase in bending moment resistance. More-
over, section M3-W-Opt120 demonstrates superior ductility compared to both reference
benchmarks. The efficiency of the optimization process is highlighted; by redistributing the
material away from the neutral axis and toward the corners, the geometry compensates for
the lower material strength, ultimately resulting in a superior structural element overall.

The performance gain is even more pronounced when the advanced materials (M4 and
M5) are introduced. The high-strength M4 components exhibited the highest values of axial
and moment capacity, with increases up to 163.72% and 149.85%, respectively, for section
M4-W-Opt120. Their potential for high-demand applications is confirmed; however, their
response is brittle and should be carefully managed during design. The M5 variants, which
combine balanced strength with adequate ductility, demonstrate an important capacity
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increase as the optimized section M5-W-Opt120 exhibited a 100.79% increase in moment
resistance MR.

Lattice-type sections (LatX and LatD) demonstrate a constant increase in both NR

and MR across all materials. For instance, M5-W-LatD exhibits an axial load and bending
moment capacity increase of 185.16% and 113.35%, respectively. Although a portion of
this performance gain is due to the increased cross-sectional area, the performance gain
and capacity increase are significantly greater compared to the mass addition. It is also
emphasized that the primary motivation for introducing internal lattice structures is not
solely to increase axial and bending capacity but to enhance the post-yield stability by
suppressing local buckling phenomena.

The trends observed in the smaller series are thoroughly validated in the larger Series
160 group. The reference extruded section (M2-E-SHS160) provides a baseline performance
of MR = 40.52 kN-m. Notably, the scaling effect, along with topology optimization, resulted
in even more significant performance gains. Similarly to the 120 Series, M3-W-Opt160
outperforms the reference extruded section by 83.09% in bending, despite utilizing the
softer ER5183 alloy. The highest performance gain is observed in M4-W-LatD160, where
the calculated bending moment resistance equals MR = 135.24 kN-m, which corresponds to
a significant 233.76% increase compared to the conventional SHS extruded section.

Overall, the cross-sectional scale results confirm that the combined effect of high-
performance alloys (which provide high yield strength fy) and topology-optimized design
(which maximizes the moment of inertia I) facilitates the production of WAAM components
that outperform traditional rolled or extruded sections.

3.2. Linear Structural Scale Results
3.2.1. Lateral Displacements and Drift Ratios

The global structural response under the critical seismic-dominated load combination
(G + 0.3Q ± E) was evaluated in order to compare lateral displacements (δ1 and δ2) and
the corresponding drift ratios (dr1 and dr2), across the distinct frame variations. The
finite element analysis results are summarized in Table 7. The assessment was conducted
in accordance with the provisions of EN 1999-1-1, according to which, for aluminium
structures, the maximum generalized story displacement must not exceed h/300, where
h is the respective story height. Therefore, the maximum allowable inter-story drift limit,
dr,lim, is defined by the following Equation (6).

dr,lim (%) =
δmax

h
=

h/300
h

=
1

300
= 0.33% (6)

Upon conducting the finite element numerical analysis, the maximum inter-story drift
ratio dr,i for each story i was computed utilizing the following Equation (7).

dr,i (%) =
δi − δi−1

hi
· 100 (7)

where δi is the maximum lateral displacement at the i-th floor level, δ0 = 0 at the base,
and hi = 3000.0 mm.

The numerical analysis results of the 120.0 mm profile group demonstrate that for
slender moment-resisting frames, the design is heavily governed by the provided lateral
stiffness rather than the material strength. As observed in Table 7, all structural variations
within the 120 Series failed to satisfy the maximum allowable inter-story drift of EC9.
As initially expected, the frame featuring the conventional rolled section (M1-R-CHS120)
exhibited the most flexible structural response, with drift ratios up to 1.72%. The frame
featuring the extruded counterpart (M2-E-SHS120) reduced the maximum drift ratio to
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approximately 1.08%, which is, however, still well above the allowable limit. The integration
of WAAM-fabricated sections featuring topology-optimized variable thickness (W-Opt)
and dense internal lattices (W-LatD) resulted in a notable improvement in lateral stiffness.
For instance, the M3-W-LatD120 frame achieved the lowest drift in this category (equal
to 0.66%), reflecting that the integration of the internal wavy links efficiently improves
the structure’s lateral stiffness. However, it must be noted that despite the geometric
improvement that WAAM-fabricated columns offer, all of the frames remained excessively
flexible (dr > 0.33%) and, therefore, did not satisfy Eurocode standards. This finding
validates that in linear elastic analysis, where the response is primarily governed by the
Young’s modulus E ≈ 70.0 GPa (which is generally constant across different aluminium
alloys and only marginally affected by WAAM-induced anisotropy) and the geometry,
improved material yield strength, fy, alone cannot compensate for an inherently insufficient
cross-sectional size.

Table 7. Maximum lateral displacements and inter-story drift ratios for the investigated frames under
the seismic load combination, evaluated against the EN 1999-1-1 allowable drift limit.

Material and
Section ID δ1 (mm) δ2 (mm) dr1 (%) dr2 (%) dr1,lim (%) = 0.33 dr2,lim (%) = 0.33

M1-R-CHS120 51.70 87.45 1.72 1.19 Failure Failure
M2-E-SHS120 32.45 57.75 1.08 0.84 Failure Failure
M3-W-Opt120 27.50 50.05 0.92 0.75 Failure Failure
M3-W-LatX120 29.15 53.35 0.97 0.81 Failure Failure
M3-W-LatD120 21.45 41.25 0.72 0.66 Failure Failure
M4-W-Opt120 28.60 51.70 0.95 0.77 Failure Failure
M4-W-LatX120 30.80 55.00 1.03 0.81 Failure Failure
M4-W-LatD120 22.55 42.35 0.75 0.66 Failure Failure
M5-W-Opt120 32.45 57.75 1.08 0.84 Failure Failure
M5-W-LatX120 34.65 61.60 1.16 0.90 Failure Failure
M5-W-LatD120 24.75 46.20 0.83 0.72 Failure Failure

M1-R-CHS160 24.70 46.80 0.82 0.74 Failure Failure
M2-E-SHS160 8.58 17.49 0.29 0.30 Adequacy Adequacy
M3-W-Opt160 7.54 16.51 0.25 0.30 Adequacy Adequacy
M3-W-LatX160 8.91 18.85 0.30 0.33 Adequacy Failure
M3-W-LatD160 7.41 16.32 0.25 0.30 Adequacy Adequacy
M4-W-Opt160 7.87 16.84 0.26 0.30 Adequacy Adequacy
M4-W-LatX160 8.65 19.50 0.29 0.36 Adequacy Failure
M4-W-LatD160 7.35 16.58 0.24 0.31 Adequacy Adequacy
M5-W-Opt160 9.17 18.66 0.31 0.32 Adequacy Adequacy
M5-W-LatX160 8.78 20.15 0.29 0.38 Adequacy Failure
M5-W-LatD160 8.00 17.55 0.27 0.32 Adequacy Adequacy

The utilization of the 160.0 mm profile group mitigated the excessive lateral displace-
ments as the scaling of the outer dimensions significantly increased the global lateral
stiffness, fundamentally altering the structural response. The extruded benchmark (M2-
E-SHS160) satisfied the inter-story drift limit, yielding drift ratios of 0.29% and 0.30%, for
the first and second stories, respectively. Although the WAAM-fabricated sparse lattice
configuration (W-LatX) provided sufficient lateral stiffness in the first story, all materials’
variants failed to limit the second-story drift below 0.33% (e.g., dr2 = 0.38% for M5-W-LatX),
possibly due to the fact that sparse links do not provide sufficient flexural stiffness to the
upper segments of the frame. In contrast, optimized (W-Opt) and dense lattice (W-LatD)
WAAM-fabricated sections not only satisfied the code limit but also outperformed the
reference extruded section in most cases. For instance, the M4-W-LatD160 section exhibited
the minimum drift ratios of 0.24% and 0.31%, for the first and second stories, respectively.
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The deformed shape of the prototype frame featuring M5-W-LatD160 column sections is
illustrated in the following Figure 8.

Figure 8. Lateral displacement contours of the prototype frame featuring M5-LatD-160 column
sections.

In general, these findings confirm a significant advantage of WAAM over conventional
manufacturing processes; it allows for fine-tuning of the structure’s lateral stiffness by
strategically altering the internal cross-sectional geometry, therefore achieving compliance
with Eurocode standards, without increasing the external member dimensions.

3.2.2. Bending and Axial Force Utilization Factors

The assessment of the structural adequacy of the column sections under the ultimate
limit state was conducted through the calculation of the capacity utilization factor n. The
critical ULS combination was the seismic-dominated one, which, in fact, resulted in the
maximum combined axial compression and bending moment demand (NEd and MEd). The
most stressed column of each frame was identified, and the capacity factor n was calculated
as per the interaction criterion of EN 1999-1-1 (Equation (2) of Section 2.3), utilizing the
determined design buckling resistance Nb,Rd and design bending resistance MRd. Table 8
summarizes the calculated capacities, critical design actions, and the resulting utilization
factor for all examined column cross-sectional variations, where a column is considered
structurally adequate and reliable if the utilization factor n ≤ 1.0.

By observing Table 8, both the critical role of high-performance aluminium alloys and
the geometric efficiency achieved through WAAM are highlighted. Regarding the 120 Series
group, the rolled benchmark (M1-R-CHS120) failed to satisfy the design check, exhibiting a
capacity factor of n = 1.76. The extruded reference (M2-E-SHS120) successfully satisfied the
Eurocode limit, with a n = 0.76. Nevertheless, the implementation of the WAAM-fabricated
and topology-optimized geometries further reduced the resulting capacity factors, thereby
increasing structural safety. Even the softer 5183 alloy (M3-W-Opt120) led to a capacity
factor of n = 0.84, which satisfies the Eurocode limit. The utilization of the high-strength
alloys (M4 and M5) significantly increased structural safety as the corresponding capacity
factors range between 0.34 and 0.45. However, it is deemed important to highlight that
although several 120 mm configurations satisfy the ULS strength verification (n ≤ 1.0), they
fail to satisfy the serviceability drift requirements. This finding confirms that for slender
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aluminium MRFs, serviceability limit states govern the design rather than strength criteria,
necessitating cross-sectional scaling despite adequate resistance capacity.

Table 8. Design capacities, critical ULS design actions, and utilization factors (n) for the investigated
column cross-sections.

Material and
Section ID NRd (kN) Nb,Rd (kN) MRd (kN-m) NEd (kN) MEd (kN-m) Utilization Factorn

M1-R-CHS120 266.88 158.74 6.55 10.30 30.30 1.76 (Failure)
M2-E-SHS120 437.76 266.61 14.41 10.90 29.70 0.87 (Adequacy)
M3-W-Opt120 440.51 286.34 15.20 11.20 29.50 0.84 (Adequacy)
M3-W-LatX120 562.89 312.37 14.12 11.10 29.70 0.88 (Adequacy)
M3-W-LatD120 603.35 343.44 15.82 11.50 29.90 0.81 (Adequacy)
M4-W-Opt120 1154.44 400.78 39.83 11.10 29.60 0.35 (Adequacy)
M4-W-LatX120 1475.16 388.78 37.00 11.00 29.80 0.37 (Adequacy)
M4-W-LatD120 1581.18 433.42 41.45 11.40 29.30 0.34 (Adequacy)
M5-W-Opt120 911.40 382.56 31.45 11.00 29.80 0.43 (Adequacy)
M5-W-LatX120 1164.60 377.15 29.21 10.90 30.00 0.45 (Adequacy)
M5-W-LatD120 1248.30 419.71 32.73 11.30 29.50 0.42 (Adequacy)

M1-R-CHS160 474.50 347.86 15.51 11.80 29.10 0.84 (Adequacy)
M2-E-SHS160 778.24 576.76 34.15 10.90 29.70 0.37 (Adequacy)
M3-W-Opt160 784.74 596.92 35.53 11.40 28.60 0.37 (Adequacy)
M3-W-LatX160 1034.43 719.75 32.37 13.20 28.90 0.45 (Adequacy)
M3-W-LatD160 1169.14 824.31 38.23 13.90 28.70 0.40 (Adequacy)
M4-W-Opt160 2056.56 1083.61 93.10 13.30 28.60 0.17 (Adequacy)
M4-W-LatX160 2710.92 1097.83 84.84 13.10 28.90 0.18 (Adequacy)
M4-W-LatD160 3063.94 1283.65 100.18 13.80 28.70 0.16 (Adequacy)
M5-W-Opt160 1623.60 978.13 73.50 13.10 28.80 0.21 (Adequacy)
M5-W-LatX160 2140.20 1032.66 66.98 12.90 29.00 0.22 (Adequacy)
M5-W-LatD160 2418.90 1202.62 79.09 13.60 28.80 0.20 (Adequacy)

The transition to the 160 Series group resulted in an even more pronounced trend. It
is worth reminding that since these profiles were selected to satisfy the inter-story drift
limit, their resulting capacity factors are initially expected to be remarkably low. The initial
expectations are validated as the extruded reference is structurally sufficient (n = 0.37),
whereas the WAAM-fabricated components led to significant capacity factor reductions. For
instance, the dense lattice section featuring the high-strength 2024 alloy (M4-W-LatD-160)
yielded the lowest utilization of factor of just 0.16, while the nano-treated optimized section
(M5-W-Opt160) yielded a capacity factor of n = 0.21. Notably, the minimal resulting capacity
factors suggest that the 160.0 mm WAAM columns possess significant reserve capacity.
This reserve capacity can be significantly favorable from an engineering perspective since
it could allow for the construction of additional stories, the accommodation of heavier live
loads, or the ability to withstand unexpected and more severe seismic actions. Consequently,
the robust nature of optimized 3D-printed load-bearing elements is being demonstrated.

Here, it should be noted that the structural adequacy at the macro-scale level is
evaluated in terms of global internal forces and cross-sectional capacities rather than
localized stress tensors, since all the assessments conducted in this study are in strict
accordance with Eurocode 9. However, it is considered important to underscore that due
to direct proportionality in the linear elastic regime, these utilization factors practically
represent the physical stress state of the material under ultimate loading. For instance,
a utilization factor of n = 0.21 for the high-strength M4-W-LatD160 section implies that
the maximum normal stresses developed under the ULS seismic combination reach only
16.0% of the alloy’s yield stress. Given that the 2024-T6 alloy exhibits a yield strength of
390.0 MPa, the maximum physical stress level experienced by the critical printed column
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is approximately 62.4 MPa. This physical quantification directly highlights the massive
elastic stress reserve capacity that the topology-optimized WAAM columns possess prior
to yielding.

3.3. Nonlinear Static Pushover Analysis Results

The nonlinear static (pushover) analysis was conducted, aiming to evaluate the post-
yield behavior, energy dissipation capacity, and inherent ductility of the investigated frames,
featuring different column cross-sections. The analysis was conducted up to the point of
structural collapse for both profile series. Although the 120.0 mm profile group did not
satisfy the linear elastic inter-story drift limits, their nonlinear response was evaluated
along the 160.0 mm profile group to thoroughly investigate and understand the scaling
effects and failure mechanisms of each distinct frame structural variation. The resulting
pushover curves for each different frame configuration are presented in Figure 9, where the
benchmark frames are compared to the different WAAM alternatives, for each size category.

Furthermore, to quantitatively compare the structural performance, the capacity
curves (base shear V versus roof displacement δ) were analyzed. The most critical and high-
significance performance metrics include (a) the maximum base shear V, (b) the effective
yield roof displacement δy, (c) the ultimate roof displacement δu, and (d) the global dis-
placement ductility factor µδ = δu/δy, which provides a metric regarding the deformation
capacity of each frame configuration beyond first yield. It is worth clarifying that δy was
determined from the pushover capacity curve as the point corresponding to the transition
from the initial linear elastic branch to the onset of stiffness degradation (practically the
point where the first significant deviation from linearity occurs, indicating the initiation of
distributed plasticity). Also, the ultimate roof displacement δu corresponds to the point
where either an abrupt strength loss (i.e., fracture) occurs (e.g., 2024-T6 variants) or the
base shear V degrades to 80% of the maximum base shear capacity. The results for all the
examined cross-sectional variations are summarized in Table 9.

The capacity curves reveal a wide variation in global strength, stiffness, and ductility,
all of which heavily depend on the profile size and chosen alloy. The transition from the
120 to the 160 Series results in a significantly increased maximum base shear capacity across
all the different materials evaluated. For instance, the reference extruded frame (M2-E-SHS)
exhibited an increase in base shear force V from 43.14 kN to 99.29 kN (approximately
a 130.16% increase). By observing the pushover curves, it is clear that the utilization of
advanced alloys combined with internal lattice link structures resulted in noteworthy
overstrength. The frame featuring the M4-W-LatD160 sections achieved the highest base
shear capacity of V = 192.31 kN, which is almost double that of the extruded benchmark (M2-
E-SHS160). Notably, M5 configurations also achieved significant strength enhancements
(e.g., M5-W-LatD160 reached 179.54 kN). Therefore, the importance of the dense wavy
internal links (LatD) is demonstrated, as they delay local buckling and allow the cross-
section to maximize its plastic resistance.

While the increase in strength is significant, the evaluation of the displacement duc-
tility µδ is also deemed of high necessity as it yields fundamental inferences about the
failure mechanisms of each frame variation. The standard extruded frames (M2) exhibited
moderate ductility equal to 2.00 and 2.27 for the 120 Series and 160 Series, respectively.
Although the frames featuring rolled columns exhibited lower base shear capacities, they
demonstrated higher ductility than the extruded frames (i.e., 2.34 and 3.04).

The implementation of the 5183 alloy (M3 variants) led to an impressive displacement
ductility µδ (Figure 9a,d). Specifically, M3-W-LatX160 and M3-W-Opt160 frames achieved
the highest displacement ductility ratios µδ in the study (4.21 and 4.03, respectively),
sustaining extensive plastic deformations up to a large roof displacement of approximately
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75 cm without experiencing severe load degradation. Frames featuring the particularly
ductile 5183 alloy exhibited gradual plastic hinge formation at the column bases, resulting
in a generally stable post-yield behavior.

 
(a) (b) 

  
(c) (d) 

 
(e) (f) 

Figure 9. Pushover capacity curves for each investigated prototype frame structural variation,
obtained from the finite element numerical analysis.

In sharp contrast, the high-strength 2024-T6 alloy configurations exhibited a highly
problematic post-yield response. Despite achieving the highest maximum shear forces V,
all the frames featuring M4 columns exhibited abrupt capacity drops (Figure 9b,e). For
instance, the displacement ductility of the M4-W-LatD160 frame (which possesses the
highest base shear force capacity), which fractured rapidly upon yielding, resulted in a
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remarkably low value of µδ = 1.10. The observed brittle failure mechanisms are directly
attributed to the inherent characteristics of the printed Al-Cu alloy, which, as noted in
Section 2.1 features a limited ultimate elongation in the vertical direction (approximately
2.0%), therefore significantly preventing the development of a prolonged plastic plateau.
From a seismic engineering perspective, this suggests a critical hazard as in earthquake-
prone areas, most structures rely on their plastic deformation capacity to dissipate seismic
energy. Despite the massive reserve capacity of the M4 printed columns (e.g., utilization
factors as low as n = 0.16), they are incapable of withstanding vertical elongation, resulting
in brittle catastrophic collapse under strong ground motions. Consequently, using them in
primary seismic force-resisting systems must be considered highly impractical and unsafe.

Table 9. Global structural performance metrics obtained from the conducted nonlinear static
(pushover) analyses.

Material and
Section ID

Maximum Base Shear
V(kN)

Yield Roof Displ.
δy (cm)

Ultimate Roof Displ.
δu(cm)

Displacement Ductility
µδ = δu/δy

M1-R-CHS120 19.76 17.43 40.81 2.34
M2-E-SHS120 43.14 22.67 45.29 2.00
M3-W-Opt120 47.91 19.58 70.34 3.59
M3-W-LatX120 45.12 19.12 70.93 3.71
M3-W-LatD120 83.97 25.76 70.48 2.74
M4-W-Opt120 100.57 58.39 67.15 1.15
M4-W-LatX120 96.34 58.84 67.62 1.15
M4-W-LatD120 130.89 67.21 70.57 1.05
M5-W-Opt120 84.11 50.95 73.18 1.44
M5-W-LatX120 79.57 50.33 73.74 1.47
M5-W-LatD120 121.55 66.47 72.09 1.08

M1-R-CHS160 57.48 19.88 60.52 3.04
M2-E-SHS160 99.29 20.14 45.63 2.27
M3-W-Opt160 103.78 18.69 75.27 4.03
M3-W-LatX160 101.79 18.05 75.91 4.21
M3-W-LatD160 129.63 23.72 76.44 3.22
M4-W-Opt160 162.65 52.36 64.83 1.24
M4-W-LatX160 159.35 52.91 64.2 1.21
M4-W-LatD160 192.31 64.17 70.66 1.10
M5-W-Opt160 144.13 42.58 72.31 1.70
M5-W-LatX160 141.55 42.03 72.88 1.73
M5-W-LatD160 179.54 59.64 73.55 1.23

The nano-treated 6061 (M5) variants (Figure 9c,f) successfully offer an optimal balance
between the extreme ductility (but low strength) of the M3 alloy and the high strength
(but brittleness) of the M4 alloy. The frame featuring the M5-W-Opt160 columns reached
a base shear of 144.13 kN while maintaining a ductility factor of µδ = 1.70. Therefore, an
enhanced deformation capacity compared to the M4 series is provided. The addition of
nanoparticles (titanium carbide) allows the prototype two-story frame to reach demanding
load-bearing capacities while avoiding the extreme brittleness associated with standard
high-strength Al-Cu alloys. To visually illustrate the global deformation mechanisms
discussed above, Figure 10 presents the deformed shape of the prototype frame featuring
M5-W-LatD160 at the ultimate limit state during the nonlinear static pushover analysis.
The figure captures the extensive lateral displacements characterizing the fundamental
failure mode of the frame.
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Figure 10. The deformed shape of the prototype structural frame (M5-W-LatD160 variant) at the
ultimate limit state during the nonlinear static pushover analysis.

4. Discussion
The comprehensive numerical evaluation conducted in this study highlights the

transformative potential of the wire arc additive manufacturing (WAAM) in structural alu-
minium engineering. This study exposed critical design considerations that arise when mak-
ing the transition from conventional manufacturing (e.g., rolling, extrusion) to 3D printing.

A primary and recurring observation was consistent across the conducted analyses;
the behavior of slender aluminium alloy structures is primarily governed by their global
lateral stiffness rather than the utilized material’s yield strength. Indeed, the linear elastic
analysis results of the 120.0 mm profile group demonstrate this behavior (Section 3.2).
Despite utilizing high-strength printed alloys (e.g., M4 with fy = 390.0 MPa), the resulting
prototype frames were excessively flexible, failing to satisfy Eurocode’s inter-story drift
limits. Since the Young’s modulus E remains practically constant across all the aluminium
alloys investigated, an increase in the material’s yield strength makes no contribution to the
frame’s elastic lateral stiffness. Therefore, designers are forced to increase the dimensions
of the structural components (i.e., utilize the 160 Series profile group) in order to achieve
serviceability compliance.

Within this dimensional constraint, WAAM proves its superiority over conventional
rolling and extrusion. While extrusion is capable of producing hollow sections (e.g., M2-
E-SHS), the process is strictly limited to prismatic and uniform-thickness cross-sectional
geometries. In sharp contrast, WAAM enables true topology optimization. By strategically
redistributing more material toward the corners of the cross-section (e.g., W-Opt) or intro-
ducing internal lattices (e.g., W-LatX, W-LatD), WAAM allows for a significant increase in
the section’s effective moment of inertia without altering the external dimensions of the
column. The results presented in Tables 7 and 8 validate this argument. Indeed, optimized
WAAM sections not only achieved minimal inter-story drift ratios but also demonstrated
massive excess capacities (i.e., utilization factors as low as n = 0.16), providing engineers
with unprecedented design freedom to fine-tune global structural performance.

The nonlinear static pushover analysis (Section 3.3) revealed a major challenge that
is inherent to WAAM aluminium alloys: the inverse relationship between load-bearing
capacity and post-yield ductility. For instance, frames utilizing the high-strength 2024-T6
aluminium alloy exhibited impressive maximum base shear values. In fact, their maximum
base shear was more than double that of the conventional extruded frames. However,
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high load-bearing capacity alone cannot guarantee adequate structural safety. These
frames exhibited minimal displacement ductility ratios (up to µδ = 1.24), due to the alloy’s
anisotropic microstructure. Specifically, the limited ultimate elongation capacity in the
vertical direction (≈2.0%) resulted in brittle failures upon yielding. In structural and
seismic engineering, such brittle failure mechanisms are strictly prohibited, preventing the
structure from dissipating seismic energy through plastic deformation. Contrarily, frames
featuring WAAM-fabricated 5183 columns exhibited impressive displacement ductility
ratios (µδ > 4.0), sustaining large lateral displacements without fracture. However, these
frames suffered from their inherently low yield strength and demonstrated low maximum
base shear forces. Therefore, larger cross-sections are required to support heavier gravity
loads and withstand severe seismic demands.

Ultimately, the nanoparticle (titanium carbide)-reinforced 6061-T6 alloy (M5) is iden-
tified as the optimal solution. Additionally, in this study, this alloy was combined with
optimized or lattice cross-sectional geometries, yielding even more superior results. The
addition of titanium carbide nanoparticles is necessary to mitigate printing process-related
defects, such as hot cracking, anisotropy, and residual stresses. The integration of nanopar-
ticles into the feedstock wire mitigated these phenomena and enabled the manufacturing of
a high-performance alloy that successfully bridges the gap between the extremes of M3 and
M4. Indeed, frames featuring M5 columns reached high base shear values (e.g., 144.13 kN
for the M5-W-Opt160 frame) and maintained a sufficiently prolonged plastic plateau (e.g.,
µδ = 1.70). While M5-W-LatD frames exhibited slightly lower ductility, this was primarily
due to the fact that their effective yield displacement δy occurred at a remarkably high base
shear force V. Generally, all M5 frame configurations, except M5-W-LatX160 in the second
story, successfully satisfied the serviceability drift limits, whereas all of the configurations
provided sufficient strength for ultimate limit state design. Most importantly, they exhib-
ited ductile and predictable failure mechanisms, demonstrating that nano-reinforced wire
arc additive manufacturing can serve as a viable and superior alternative to conventional
structural aluminium fabrication.

5. Conclusions
In this study, the structural performance of several aluminium alloy cross-sectional

typologies was evaluated through finite element analysis. These sections were assumed
to be manufactured via rolling, extrusion, and WAAM, and their evaluation was con-
ducted at the cross-sectional and global structural scale, utilizing them as primary vertical
load-bearing elements (columns) in MRFs. By evaluating different geometric typologies,
including topology-optimized and lattice-reinforced sections, across distinct alloy classes,
this study highlighted the significant advantages and potential limitations of 3D printing
compared to conventional rolling and extrusion. The following primary conclusions are
drawn based on the comprehensive multi-phase analysis:

- The linear elastic analysis results showcased that global lateral stiffness governs
the behavior of slender MRFs and that high material yield strength alone cannot
compensate for insufficient cross-sectional inertia. This is evidenced by the fact that
all 120.0 mm profile configurations were unable to satisfy Eurocode’s inter-story
drift limits.

- Wire arc additive manufacturing enables strategic material redistribution, without
altering the external dimensions of the profile. The utilization of topology-optimized
WAAM-fabricated sections resulted in superior structural performance at both the
cross-sectional and global scale. Indeed, they successfully minimized lateral displace-
ments, satisfying serviceability criteria while outperforming the conventional rolled
or extruded hollow sections.
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- The utilization of larger WAAM-fabricated cross-sections (i.e., 160 Series) led to sig-
nificantly low utilization factors under the ULS combination (e.g., n = 0.16 for the
M4-W-LatD160 frame). This massive reserve capacity suggests that these frames could
accommodate heavier gravity loads or additional stories without necessitating an
increase in column dimensions.

- The pushover analysis provided invaluable insight into the risks associated with
using high-strength but brittle 3D-printed aluminium alloys in seismic engineering.
Despite achieving impressive base shear capacities (up to 192.3 kN for M4-W-LatD160),
these frames exhibited abrupt and brittle failure mechanisms (µδ= 1.10 for M4-W-
LatD160) due to the alloy’s inherent anisotropic performance and its significantly
limited ultimate elongation in the vertical direction (≈2.0%). Conversely, the 5183 alloy
(M3) offered extensive ductility but limited ultimate strength.

- The implementation of the nano-treated 6061-T6 alloy (M5), combined with optimized
or lattice cross-sectional geometries, emerged as the structural configuration that
offers optimal balance between strength and ductility. Frames utilizing NT6061-
T6 WAAM-fabricated columns demonstrated serviceability compliance, sufficient
utilization factors, excellent ultimate capacity, and the ability to maintain a stable and
a prolonged plastic plateau to safely dissipate seismic energy.

Through this work, a fundamental comparative framework that strongly supports the
implementation of WAAM in future structural aluminium applications has been configured
in a reliable fashion, adopting macro-scale finite element modeling techniques and using
data from existing experimental activities regarding material properties. This way, the
primary necessary step has been taken to facilitate the subsequent research on this emerging
field, referring to the required experimental studies to complement the produced numerical
results, interpreted herein as an idealized baseline. That includes physical testing on the
cross-sectional designs and the dynamic behavior of large-scale WAAM frames, including
the seismic implications evaluation of high-strength alloys (e.g., Al-Cu series), which
exhibit particularly brittle behavior with reduced elongation capacity (~2.0%). It is also
deemed to acknowledge that assumptions were made related to the behavior of 3D-printed
beam-to-column connections, as their intricate behavior warrants advanced examination
beyond the scope of the implemented herein global frame analysis.
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The following abbreviations are used in this manuscript:

AM Additive manufacturing
WAAM Wire arc additive manufacturing
PBF Powder bed fusion
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DED Directed energy deposition
MRF Moment-resisting frame
ULS Ultimate limit state
SLS Serviceability limit state
ADRS Acceleration–displacement response spectrum
LatX Lattice configuration with cross-pattern topology
LatD Lattice configuration with diagonal-pattern topology
EN Euro norm
EC Eurocode
ASCE American Society of Civil Engineers
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