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A B S T R A C T

Wire-and-Arc Additive Manufacturing (WAAM) is a metal 3D printing technology suitable to realize large-scale
elements of complex form. The deposition strategy of metal can be either layer-by-layer, used for shells and solid
parts, or dot-by-dot, resulting in bars and lattice structures. This latter has in particular the potential to realize
new resource-efficient lightweight structural elements with reduced material use. The mechanical properties of
dot-by-dot WAAM-produced stainless steel bars have been previously investigated under tensile and bending
loading. The present work reports the results from experimental tests on the same bars with different lengths
under compression loading to predict the buckling behavior of WAAM-produced slender elements. The different
response of the specimens is governed by both the geometrical irregularities proper of the printing process and
the different slenderness ratios of the tested specimens. The results are then interpreted according to the
Eurocode approach, adapting the buckling curves proposed by the European structural design codes to WAAM
stainless steel material properties. Finally, a new method to calibrate the overall imperfection factor proper of
WAAM slender elements is proposed.

1. Introduction

Over the last few years, metal additive manufacturing (AM) has
gained increased attention in various industries, from aerospace to
automation, from biomedical to construction. Wire-Arc Additive
Manufacturing (WAAM) is an arc-based Directed Energy Deposition
(DED) technology that allows to reach high build rates at relatively low
cost compared to other metal AM-based technologies, thus becoming
suitable for large-scale applications [1,2]. With the few geometrical
limitations of this manufacturing technique, its application can poten-
tially produce more efficient, optimized structural elements with the
same performances but at reduced weight and environmental impact
[3–6]. Current drawbacks that limit the use of such technology in con-
struction are: the lack of standard structural design code, the limited
investigation on the repeatability of the mechanical performances of the
printed parts, the wide range of experimental dataset on the mechanical
properties of the printed parts differentiating the adopted wire and set of
printing process parameters. Several researchers investigated different
aspects of WAAM-produced alloys with specific focus on, among others:
(i) the different mechanical properties of the printed parts vs the

conventional parts [7–9]; (ii) the influence of the build size and printing
parameters on the performances of the printed parts [10,11]; (iii) opti-
mized shapes for more efficient structural parts [4,12–14]; (iv) hybrid
manufacturing techniques to combine WAAM with other materials and
conventional manufacturing [15–19]. To promote the adoption of spe-
cific structural design guidelines for WAAM, the research group at Im-
perial College London proposed a series of calibrated constitutive
models for WAAM carbon steel and high-strength steel considering the
anisotropic features of the printed parts [20], as previously proposed by
Laghi et al. for stainless steel plates (see e.g. [21]).

With reference to the specific dot-by-dot deposition strategy, suc-
cessive drops of molten metal are deposited one over the other, creating
bars and lattice-like structures. Recent efforts focused on the charac-
terization of bars printed with such deposition strategy, either in carbon
steel [22,23] or stainless steel [24–26]. In detail, the work by Silvestru
et al. [22] addressed the structural behavior of carbon steel slender bars
produced with dot-by-dot (or point-by-point) WAAM strategy. The bars
were printed with 8-mm diameter and various levels of slenderness.
Experimental analyses were carried out to evaluate the level of global
imperfection of the bars, accounting for a buckling curve type “c” from
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Eurocode 3 [27]. When comparing the load-displacement curves ob-
tained from simulations to those from experiments, it was noticed that
the curves valid for the simulations displayed a much steeper initial
increase in the pre-buckling phase. This was attributed to undesired
deformability in the experimental setup, mostly at the supports.

With the aim of proposing specific structural design rules for the
buckling behavior of WAAM dot-by-dot stainless steel bars, this paper
presents the results of an experimental investigation carried out on
different groups of bars at various levels of slenderness. First, the
problem formulation is introduced in Section 2, in terms of description
of the specific geometrical irregularities of the printed bars and of three
different design approaches to deal with the variation of both geomet-
rical and mechanical parameters. Section 3 reports a summary of pre-
vious research work carried out on the same types of bars under tensile
and bending loading. The main results of the geometrical characteriza-
tion and compression tests are reported in Section 4, while Section 5
focuses on their interpretation with the purpose of proposing a method
for deriving experimentally-calibrated buckling curves specifically
tailored for WAAM slender elements. The results are finally compared
with European standard design code rules [28] as well as with novel
buckling models based on the Perry-Robertson formulation [29,30].

2. Problem formulation and objective of the work

2.1. The context

This research is aimed at providing insights on the structural
behavior of WAAM elements. The overarching goal is to exploit the
potential structural performances of a new generation of resource-
efficient WAAM-produced lattice-based metal structural elements. The
first proof of concept of such disruptive application is represented by the
WAAM diagrid column fabricated in 2019 at MX3D [31] and designed
by the research group of University of Bologna [26] (Fig. 1a). The basic
structural unit of the proposed diagrid structure is the diamond-shaped
cell (Fig. 1b), composed by four inclined bars (Fig. 1c). Hence, the first
experimental investigations were aimed at estimating the mechanical
properties of single straight bars printed at different build angles under
various loading conditions (see e.g. [24]).

Lattice-based structural elements such as columns and trusses are
likely to be subjected to high compression loading. Thus, both global
and local buckling could potentially govern the behavior of such ele-
ments. Given that the unitary cells of lattice-based structural elements
are composed by straight bars, it is recommended that the single bars
have a limitation in the maximum free length in order to avoid their
buckling failure, thus detrimentally affecting the compression resistance

of the whole lattice-based element. For this reason, buckling-proof bars
are recommended to be adopted in those elements more likely to be
subjected to compression loading (Fig. 2c).

Dot-by-dot WAAM bars are characterized by a highly irregular ge-
ometry due to the deposition of successive drops that form a rough bar
which lacks of straightness (Fig. 2a). In order to model the buckling
behavior of real WAAM bars, an equivalent idealized bar of uniform
along-the-length diameter and equivalent initial bow imperfection v0
can be considered (see Fig. 2b). The value of v0 should be conveniently
calibrated to match the real buckling curves as obtained from either the
results of compression tests or numerical simulations.

Fig. 2c represents the Euler critical buckling curve (dashed curve) of
the ideal straight bar (e.g. the ideal elastic bar with no imperfections)
together with the qualitative buckling curve of the real bar (e.g. the bar
with the actual non-linear constitutive behavior and the geometrical
irregularities resulting from the WAAM manufacturing process). Npl
indicates the plastic resistance of the bar. Lcr,E indicates the Euler critical
buckling length, i.e. the length of the bar for which the theoretical Euler
critical buckling load Ncr,E equals the plastic resistance Npl. Lcr,E iden-
tifies the limit between stocky and slender bars according to the Euler
theory. The Euler critical buckling length is associated to the critical
geometrical slenderness λcr = π

̅̅̅̅̅̅̅̅̅
E/fy

√
. Lcr,real corresponds, instead, to

the transition buckling length of the real bar, i.e. the length of the real
bar (considering imperfections and nonlinearities) leading to a
compression resistance Nc equal to Npl. Thus, the length Lcr,real identifies
the maximum length of a buckling-proof bar. Instead, the buckling
length L0 is related to the nominal bar length L and the buckling restraint
coefficient K (L0 = K× L), while the geometrical slenderness λ is defined
as the ratio between the buckling length and the radius of gyration i of
the cross-section (λ = L0/i). The ratio between the geometrical slen-
derness and the critical geometrical slenderness, referred to as normal-
ized slenderness λ = λ/λcr, allows to easily distinguish Euler stocky bars
(λ<1.0) from Euler slender bars (λ>1.0). In this regard, the normalized
slenderness of the buckling-proof bar is less than 1.0. The normalized
slenderness value corresponding to the transition buckling length is
instead referred to as buckling-proof normalized slenderness λ0.

2.2. Modelling approaches to characterize WAAM dot-by-dot bars

In order to study the buckling behavior of WAAM slender elements,
the interpretation of the experimental tests was carried out following
three modelling approaches to simplify the possible sources of un-
certainties related to the non-uniform geometry and non-linear me-
chanical behavior of WAAM stainless steel bars. The same modelling
approaches were previously adopted for the interpretation of the flex-
ural behavior of WAAM stainless steel bars [25].

As previously stated, real dot-by-dot WAAM stainless steel bars are
characterized by non-uniform geometry and non-uniform mechanical
properties along their lengths. With specific focus on their buckling
behavior, this latter is governed by the Young’s modulus of the bars’
material and the moment of inertia of the bars’ cross-section. Due to the
irregular nature of real WAAM bars, the moment of inertia should be in
general considered non-uniform along the length z of the bars (i.e. J=J
(z)), while the concept of effective Young’s modulus Eeff should be
considered to obtain an average value along the whole bar length in case
the part is not machined (see e.g. [23–25]).

For structural design purposes, dot-by-dot WAAM stainless steel bars
might be studied considering three different modelling approaches
(Fig. 3), as proposed in [25], with the purpose of evaluating their flex-
ural rigidity (EfJ) based on the integration between the results of
geometrical and mechanical characterization together with analytical or
finite element models.

– Approach 1: a nominal cylindrical bar is used to model the bar ge-
ometry. The cross-sectional moment of inertia is calculated from the

Fig. 1. From (a) WAAM diagrid column [26] to (b) the unit diamond cell to (c)
the single straight bar.
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initial nominal diameter of the printed bar (dn) and kept constant
along the length of the bar (J=Jn). From this, a nominal flexural
Young’s modulus is obtained (Ef=Ef,n).

– Approach 2: an effective cylindrical bar is used to model the bar
geometry. The cross-sectional moment of inertia is calculated from
volume equivalency and kept constant along the length of the bar
(J=Jeff). In detail, the cross-section is assumed circular, and from
volume measures the corresponding effective cross-sectional area is
taken, from which the effective moment of inertia is calculated (see
e.g. [25]). From this, an effective Young’s modulus is obtained
(Ef=Ef,eff).

– Approach 3: the real geometry of the bar is used to model the bar
geometry. The real geometry is extracted from discrete sections (at 1-
mm distance) of a 3D-scanned model of the real bar

(J=Jreal=Jreal(z)). From this, a calibrated Young’s modulus is ob-
tained from finite element analysis considering a uniform material
model (E = Ef,FE).

Further details can be found in [25].
Considering that the flexural rigidity is one of the main parameters

governing the buckling behavior of slender elements, these three
modelling approaches are used in the paper to interpret the experi-
mental results of dot-by-dot WAAM stainless steel bars subjected to
compression loading. Hence, the slenderness values adopted to interpret
the experimental results (Sections 4 and 5) are calculated following the
three approaches as follows.

The nominal geometrical slenderness values λn and corresponding
normalized slenderness λn are calculated from nominal values of both

Fig. 2. (a) Real WAAM bar vs (b) equivalent idealized bar; (c) buckling-proof vs buckling-prone bars.

Fig. 3. (a) Real WAAM bar : (b) modelling approach 1, considering nominal parameters ; (c) modelling approach 2, considering effective parameters; (d) modelling
approach 3, considering FE-calibrated parameters.
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the geometry and the mechanical parameters according to Approach 1:

λn =
L0
in

=
KL
̅̅̅̅̅̅̅̅̅̅̅̅
Jn/An

√ (1)

λn =
λn

λcr,n
=

λn

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef ,n
/
fy

√ (2)

An, in and Jn correspond to the nominal cross-sectional area, radius of
gyration and moment of inertia respectively.

Similarly, the effective slenderness values λeff and corresponding
normalized slenderness λeff are calculated from effective values of both
the geometry and the mechanical parameters according to Approach 2:

λeff =
L0
ieff

=
KL

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Jeff
/
Aeff

√ (3)

λeff =
λeff

λcr,eff
=

λeff

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef ,eff
/
fy

√ (4)

Aeff, ieff and Jeff correspond to the effective cross-sectional area, radius of
gyration and moment of inertia respectively.

Lastly, the real slenderness values λreal and corresponding normalized
slenderness λreal are calculated from the real values of the geometry
(taken as mean values from scanned 3D acquisitions) and the calibrated
mechanical parameters according to Approach 3:

λreal =
L0
ireal,m

=
KL

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Jreal,m
/
Areal,m

√ (5)

λreal =
λreal

λcr,real
=

λreal

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef ,FE
/
fy

√ (6)

Areal,m, ireal,m and Jreal,m correspond to the mean values of the real cross-
sectional area, radius of gyration andmoment of inertia respectively (i.e.
taken from 3D scan acquisition).

2.3. Objective and methodology

The main objective of the present work is to interpret the results of
the compression tests from the geometrical and mechanical points of
view, providing calibrated imperfection factors for dot-by-dot WAAM
stainless steel bars. In this regard, various approaches and methods
could be adopted to assess the global imperfection factor α of a slender
bar.

The Perry-Robertson formulation for the buckling imperfection fac-
tor [29] allows to express α in terms of the bow imperfection coefficient
v0 as follows:

αv0 =
v0
L
× 2λcr,real (7)

The αv0 imperfection factor is based on the assumption that all main
sources of imperfection of a slender bar are concentrated in the value of
the initial bow imperfection, considering a sinusoidal initial bow
imperfection (with maximum value v0 at mid-span) proportional to the
length.

Consequently, the current design buckling curves assume constant
values of the imperfection factor, which therefore is independent from
the slenderness of the bar. Such assumption was motivated by the typical
geometrical irregularities observed in conventionally-manufactured
steel profiles (ECCS report [32]) and condensed in the bow imperfec-
tion v0 values leading to values of the imperfection factor ranging from
0.13 (representative of small imperfections) to 0.76 (large

imperfections).
However, such strong assumption could not be verified by steel bars

produced with novel manufacturing processes, such as WAAM, whose
sources of imperfections could be related to both geometrical (lack of
straightness and cross-section irregularities) and mechanical (material
inhomogeneity, anisotropy, heat-induced internal stresses)
irregularities.

Hence, an alternative approach to quantify the imperfection factors
of WAAM slender bars is based on the best-fit calibration of the overall
imperfection factors α (referred to as αFIT in Section 5) assuming the
Perry-Robertson buckling formulation, using the results of the
compression experimental tests.

3. Dot-by-dot WAAM process and previous experimental tests

3.1. The experimental investigation on dot-by-dot WAAM bars

An extensive experimental investigation was planned at University of
Bologna to assess the geometrical, microstructural and mechanical fea-
tures of dot-by-dot WAAM-produced stainless steel bars.

The first experimental work was carried out on a batch of 29 WAAM-
produced stainless steel single bars. The bars were first 3D scanned to
characterize their geometrical features, then tested when subjected to
tensile loading, considering 3 different build angles. The build angle
refers to the angle between the longitudinal axis of the WAAM bar and
the vertical axis (perpendicular to the base platform). After the tensile
tests, the microstructural features of WAAM bars were investigated
through metallographic analyses, based on the use of optical and scan-
ning electron microscopy. Further details can be found in [24].

A second experimental work was carried out on a batch of 10WAAM-
produced single bars considering a fixed build angle of 0◦. The bars were
3D scanned to characterize their geometrical features, then tested first in
bending (three-point bending set-up) within the elastic range, and then
in compression. The results of the geometrical characterization and
three-point bending tests were presented in [25], while the present work
focuses on the presentation of the main results (Section 4) and first
interpretation (Section 5) of the compression tests.

3.2. Dot-by-dot WAAM process to produce the tested bars

All the bars characterized during the first and second set of experi-
mental tests were fabricated by MX3D [31] adopting the so-called
dot-by-dot printing strategy. It consists in the successive deposition of
metal droplets along the longitudinal axis of the bar resulting in a
nominal diameter directly related to the drop of liquid metal, with one
main growing direction. All bars were manufactured using the same set
of process parameters to allow for comparison on the different tests
performed. It is worth noticing that the process parameters were not
specifically optimized to achieve selected mechanical performances of
the bar, rather they represented the current know-how of the
manufacturer.

In detail, the welding source used was Gas Metal Arc Welding
(GMAW) with the process parameters falling within the following
ranges: current of 100–140 A, arc voltage of 18–21 V, welding speed of
15–30 mm/s, wire feed rate of 4–8 m/min and deposition rate of
0.5–2 kg/h. It should be noted that the values of the process parameters
provided above are reported with their typical ranges as given by the
manufacturer, while for more specific information the interested reader
could refer directly to the manufacturer [31]. The average layer height
was set to 1 mm. A commercially available standard stainless steel
welding wire grade ER308LSi (1 mm diameter) supplied by Oerlikon
[33] was used. The used substrate was a printing plate of 1000 × 1000 x
30 mm, with H-type beams welded as support.
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3.3. Summary of tensile tests results

In order to assess the plastic behavior of WAAM stainless steel bars, a
first batch of 29 single bars produced at different build angles was tested
considering tensile loading. In detail, the following sets of bars were
tested: 10 bars with 0◦ build angle, 10 bars with 10◦ build angle, 9 bars
with 45◦ build angle. The experimental results were presented in detail
in [24].

The following key effective (i.e. based on the effective geometrical
parameters as introduced in Section 2) mechanical parameters were
estimated from the experimental results: tensile Young’s modulus (Et),
yield strength, corresponding to the 0.2% proof strength (fy), ultimate
tensile strength (fu), and elongation at rupture (A%). Table 1 summarizes
the main results (mean values and standard deviations) obtained from
the tests. Most of the key effective parameters show decreasing average
values for increasing build angles. However, they also present co-
efficients of variation with values up to 12% for ultimate tensile strength
and 28% for Young’s modulus. The values of yield and ultimate tensile
strengths are comparable with those of traditionally manufactured
304 L stainless steel, whereas Young’s modulus values (around
100–130 GPa) are much lower, as already observed when considering
dog-bone specimens (either with the as-built or machined surface)
extracted from WAAM-produced stainless steel walls manufactured
using layer-by-layer printing strategy [9,34]. The results of the study
highlighted that WAAM austenitic stainless steel exhibits, in general, a
strong crystalline texture. Hence, in order to interpret the macroscopic
elastic performance of this textured material, knowledge of the single
crystal elastic moduli is required [35]. The Young’s modulus of a single
crystal in a specific direction depends on the number and strength of its
interatomic bonds, providing the values of the monocrystal elastic
stiffness constants. Such values were provided in a study made by Led-
better [36] and were found to be consistent with the macroscopic ma-
terial Young’s modulus values, as measured from dog-bones extracted
with different orientations with respect to the printing layers (from 0◦ to
90◦). The values showed by the specimens oriented at 0◦ and 90◦ ranged
around 110–140 GPa (close to those observed ones for the WAAM bars),
while much higher values were evidenced by specimens oriented at 45◦
(values higher than 200 GPa).

The microstructural analysis conducted on dot-by-dot WAAM stain-
less steel bars evidenced a texture formed from epitaxial grain growth, as
evidenced by microstructural analyses performed on bars (as detailed in
[24]), similar to the one also observed in WAAM walls (see e.g. [7]). On
the contrary, both the material and the effective Young’s modulus values
as measured from as-built and machined carbon steel WAAM bars did
not show a significant difference from the typical value of convention-
ally manufactured carbon steel (200 GPa). In that case, the relative
difference between the material and effective Young’s modulus values
was less than 5% (see e.g. [23]).

In this work, the mean value of yield strength resulting from the
tensile tests on stainless steel bars produced at 0◦ build angle (243 MPa)
is adopted to interpret the results of the compression tests (see Section
5).

3.4. Summary of three-point bending tests

In order to assess the flexural buckling behavior of WAAM stainless
steel bars, a second batch of 10 single bars produced with 0◦ build angle

was first tested considering a three-point bending set-up, then consid-
ering compression loading. The results from the three-point bending
tests are collected in [25], while the results from the compression
loading are presented in this paper (Section 4).

The flexural rigidity (EfJ) was calculated from the experimental tests
considering the three modelling approaches discussed in Section 2 based
on the nominal, effective and 3D-scanned geometry of the bars. The
results, as summarized also in Table 2 in terms of moments of inertia and
elastic modulus, indicate that the values of the flexural Young’s modulus
resulting from the three approaches are, on average, almost identical.
Based on this important result, it was suggested that the use of the
nominal geometry would lead to reasonable estimations of the flexural
stiffness, while significantly reducing the effort required for its assess-
ment. Moreover, the average flexural Young’s modulus Ef (e.g.,
113–114 GPa) is equal to 0.85Et as obtained from the tensile tests on
0◦ build angle bars (e.g., 133 GPa). Further details are provided in [25].
It is worth noticing that the values of the Ef,FE reported in Table 2 are
used in this work to interpret the results of the compression tests.

4. Experimental tests on dot-by-dot WAAM bars subjected to
compression loading

4.1. The tested specimens and the experimental set-up

A total of 17 specimens with different lengths were extracted from
the specimens previously tested when subjected to three-point bending
(see Section 3). The scope of the experimental investigation is to use the
flexural stiffness previously calibrated (see e.g. [25]) to interpret the
results obtained from the compression tests and assess the buckling
behavior of dot-by-dot WAAM stainless steel bars.

The bars of the original batch from three-point bending tests (Section
3.2), also referred to as parents specimens, were produced with fixed
process parameters andWAAM set-up. The same process parameters and
WAAM set-up were also adopted to fabricate the bars printed with
0◦ build angle and tested considering tensile loading (Section 3.1). All
parents specimens had a total nominal length of Ln= 250 mm and a
nominal diameter of dn= 6 mm. From these, four different groups of
specimens at different lengths tested when subjected to compression
were obtained as follows:

– C01 group is formed by dot-1, dot-2 and dot-3 bars previously tested
considering three-point bending and taken with their full length (the
specimen IDs for compression tests correspond to C01–1, C01–2,
C01–3 respectively). The nominal length of the bars is therefore
equal to Ln= 240 mm (hereafter also referred to as “very slender”
specimens).

– C02 group is formed by dot-4 and dot-5 bars previously tested
considering three-point bending and cut in half (the specimen IDs for
compression tests correspond to C02–1, C02–2, C02–3, C02–4
respectively). The nominal length of the bars is therefore equal to
Ln= 120 mm (hereafter also referred to as “moderately slender”
specimens).

– C03 group is formed by dot-6 and dot-7 bars previously tested
considering three-point bending and cut in three equal parts (the
specimen IDs for compression tests correspond to C03–1, C03–2,
C03–3, C03–4, C03–5, C03–6 respectively). The nominal length of
the bars is therefore equal to Ln= 80 mm (hereafter also referred to
as “moderately stocky” specimens).

– C04 group is formed by dot-8 bar previously tested considering
three-point bending and cut in four equal parts (the specimen IDs for
compression tests correspond to C04–1, C04–2, C04–3, C04–4
respectively). The nominal length of the bars is therefore equal to
Ln= 60 mm (hereafter also referred to as “very stocky” specimens).

Fig. 4 represents the relationship between the parent specimens (i.e.
the bars tested in bending) and the child specimens (i.e. the specimens

Table 1
Summary of key effective tensile mechanical parameters of dot-by-dot WAAM
stainless steel bars [24].

Build angle Et [GPa] fy [MPa] fu [MPa] A% [%]

0◦ 133 ± 27 243 ± 20 524 ± 56 35 ± 14
10◦ 108 ± 19 245 ± 21 536 ± 49 34 ± 9
45◦ 98 ± 28 208 ± 20 419 ± 29 24 ± 6
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tested in compression).
The specimens were characterized in terms of geometrical and me-

chanical parameters as follows. First, the real geometry of each bar was
scanned with a structured-light projection Artec Spider 3D scanner [37].
The 3D model of the scanned bar consisted of around 40 million trian-
gular elements, with a medium-points spacing of about 0.10 mm. From
each 3D model, a total of 240 cross-sections (equally spaced at 1 mm)
along the length of each specimen were extracted, from which detailed
information regarding the local cross-sectional dimensions and eccen-
tricity were derived.

The specimens were then tested under compression loading (Fig. 5).
The compression tests were carried out at the Structural and Geotech-
nical Engineering Laboratory (LISG) from University of Bologna. The
testing machine is a Universal testing machine with 200 kN compression
capacity, together with a QuantumX data acquisition system and soft-
ware. The axial deformation of the dot-by-dot WAAM specimens was
recorded by a linear variable differential transformer (LVDT).

The set-up consisted of two connection devices simulating a hinge

constraint and positioned both at the top and at the bottom of the tested
bars. The connection devices were composed by a semi-spherical steel
block capable of sliding, and therefore rotating, on the fixed concave
part. The two parts were held in contact by springs. A small hole of few
mm depth was drilled in the flat side of the semi-spherical steel block to
accommodate the ends of the specimens. Before the execution of the
compression tests on the WAAM specimens, a total of 6 very slender
conventional smooth steel bars (with nominal length equal to 500 mm
and nominal diameter equal to 6 mm) were tested under compression
loading. The mechanical properties of the conventional steel bars were
taken by the manufacturer (Young’s modulus E = 210 GPa, yield
strength fy=275 MPa). The bars’ nominal length was set to 500 mm, to
ensure that failure would occur for buckling only, with very small in-
fluence of the geometrical irregularities, so that the experimental
compression resistance could reach a value practically equal to the Euler
buckling load. In this way, the experimental set-up as of Fig. 5a was
adopted in order to verify the actual restraining effect provided by the
real hinges and then calibrate the buckling restraint coefficient K. The
calibrated K allowed then to compute the corresponding clear buckling
length Lc,0 of each bar. The clear buckling length is associated to the
clear bar length Lc, obtained by subtracting the two portions of the bar
embedded in the holes, c, from the bar length L (Fig. 5a). Since the
compression resistance values of the all 6 slender smooth conventional
steel bars were higher than the theoretical Euler buckling load, a K value
smaller than 1.0 was necessary to model more accurately the overall
effect of the set-up on the experimental compression resistance. In
detail, an average K value was calibrated by equalizing the average
experimental compression resistance and the theoretical Euler buckling
load of a bar having a buckling restraint coefficient equal to K. As a
consequence, the restraint coefficient adopted for the dot-by-dot WAAM
specimens characterized by the largest slenderness (i.e. those belonging
to group C01) was set equal to 0.8, while a K value equal to 0.9 was
assigned to the groups of specimens with lower slenderness (i.e. those
belonging to groups C02, C03 and C04) accounting for their higher
flexural stiffness.

The target normalized slenderness, as calculated according to Eq. 2,
varied between 1.90 and 0.52, while the specific slenderness values are
reported in Table 3, together with the other relevant geometrical
quantities, namely: the nominal length L, the clear buckling length Lc,0,
the effective and real diameters (deff, dreal,m). It is worth noticing that the
slenderness values reported in Table 3 were calculated considering all
three approaches as described in Section 2, i.e. taking into account the
nominal, effective and real geometrical parameters, respectively. The
slenderness values and their normalized versions are computed ac-
cording to Eqs.1–6.

4.2. Characterization of the initial geometrical imperfection

Before testing, all specimens were 3D scanned to acquire the full
information on their real geometry along with the imperfections proper

Table 2
Summary of key geometrical and flexural mechanical parameters of WAAM dot-by-dot stainless steel bars [25].

Specimen ID Jn [mm4] Jeff [mm4] Jreal,m [mm4] Ef,n [GPa] Ef,eff [GPa] Ef,FE [GPa] (Ef J)real [N mm2]× 106

dot− 1 63.62 64.90 59.44 100.13 98.13 113.80 6.76
dot− 2 63.62 64.04 64.90 116.16 115.39 102.64 6.66
dot− 3 63.62 63.62 63.24 121.82 121.77 119.58 7.56
dot− 4 63.62 64.04 62.01 118.05 116.54 124.19 7.70
dot− 5 63.62 63.19 62.72 114.28 115.05 113.50 7.12
dot− 6 63.62 64.90 66.28 114.28 112.00 107.05 7.10
dot− 7 63.62 62.77 60.49 116.16 117.78 124.44 7.53
dot− 8 63.62 64.47 63.10 104.37 102.92 102.14 6.45
dot− 9 63.62 66.64 64.38 123.39 117.75 105.63 6.80
dot− 10 63.62 62.77 63.27 113.96 114.65 121.46 7.68
mean 63.62 64.13 62.98 114.26 113.20 113.44 7.14
COV - 2% 3% 6% 6% 7% 6%

Jreal,m refers to the mean value of the cross-sectional moments of inertia taken from 3D scanning acquisition along the length of the entire bar.

Fig. 4. Samples for compression tests extracted from bars previously tested for
bending (see [25]).
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of the printing process. In detail, the geometrical models taken from the
scan acquisition were cut in sections at 1 mm of distance to derive the
real diameter dreal as well as the value of the eccentricity e (calculated

from the x-y coordinates of the center of mass as e =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C2x + C2y

√
, being Cx

and Cy the coordinates of the center of mass). Table 4 summarizes the
results in terms of eccentricities extracted from the 3D scan. Further
details on the 3D scan acquisition and the variation of cross-sectional
diameters can be found in [25]. The maximum value of eccentricity
emax along the specimen’s length is assumed equal to the bow imper-
fection (v0) and corresponds to the initial value of imperfection taken

from the theoretical estimations as the horizontal distance of the
mid-point from the vertical axis (see Fig. 2). For sake of visual com-
parisons, the mean (emean) and standard deviation values of eccentricity
are represented in the bar chart of Fig. 6 (grey bars), together with the
values of v0 (red dots). The mean values of each group are also reported
in dotted lines (black lines refer to themean of emean, while red lines refer
to the mean of v0). It can be noted that there is no clear relationship
between the specimens lengths and the magnitude of eccentricity.
Overall, the average measured v0 value resulted equal to 0.77 mm. This
important result will be further used in Section 5.2 to calibrate the

Fig. 5. Compression test set-up: (a) Graphical representation of the experimental set-up; (b) Compression tests on conventional smooth bars to calibrate the buckling
restraint coefficient; (c) WAAM specimen before testing; and (d) WAAM specimen after testing.

Table 3
Overview of the specimens tested for compression.

Parent specimen ID Specimen ID L [mm] Lc,0 [mm] deff [mm] dreal,m [mm] λn [-] λeff [-] λreal [-] λnom [-] λeff [-] λreal [-]

dot− 1 C01–1 240 192 6.03 5.88 128 127 131 2.01 2.02 1.92
dot− 2 C01–2 241 193 6.01 6.01 129 128 128 1.87 1.87 1.99
dot− 3 C01–3 241 193 6.00 5.98 129 129 129 1.83 1.83 1.85
Mean - C01 241 193 6.01 5.96 128 128 129 1.90 1.91 1.92
COV - C01 0.2% 0.2% 0.2% 1% 0.2% 0.5% 1% 5% 5% 4%
dot− 4 C02–1 118 106 6.01 5.95 71 71 71 1.02 1.03 1.01
dot− 4 C02–2 120 108 6.01 5.95 72 72 73 1.04 1.04 1.02
dot− 5 C02–3 119 107 5.99 5.96 71 72 72 1.05 1.05 1.06
dot− 5 C02–4 121 109 5.99 5.96 73 73 73 1.06 1.06 1.08
Mean - C02 120 108 6.00 5.96 72 72 72 1.04 1.05 1.04
COV - C02 1% 1% 0.2% 0.1% 1% 1% 1% 1% 1% 3%
dot− 6 C03–1 79 71 6.03 6.03 47 47 47 0.70 0.70 0.72
dot− 6 C03–2 79 71 6.03 6.03 47 47 47 0.70 0.70 0.72
dot− 6 C03–3 77 69 6.03 6.03 46 46 46 0.68 0.68 0.70
dot− 7 C03–4 79 71 5.98 5.90 47 48 48 0.69 0.69 0.68
dot− 7 C03–5 81 73 5.98 5.90 49 49 49 0.71 0.71 0.70
dot− 7 C03–6 78 70 5.98 5.90 47 47 48 0.68 0.68 0.67
Mean - C03 79 71 6.01 5.97 47 47 48 0.69 0.69 0.70
COV - C03 2% 2% 0.4% 1% 2% 2% 2% 1% 1% 2%
dot− 8 C04–1 63 57 6.02 5.97 38 38 38 0.58 0.58 0.59
dot− 8 C04–2 57 51 6.02 5.97 34 34 34 0.53 0.53 0.53
dot− 8 C04–3 57 51 6.02 5.97 34 34 34 0.53 0.53 0.53
dot− 8 C04–4 59 52 6.02 5.97 35 35 36 0.55 0.55 0.55
Mean - C04 59 53 6.02 5.97 35 35 36 0.54 0.55 0.55
COV - C04 4% 4% - - 4% 4% 4% 4% 4% 4%

dreal,m refers to the mean value of the cross-sectional moments of inertia taken from 3D scanning acquisition along the length of the entire bar.
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values of αv0 .
The mean value of emean across all samples was, on average, esti-

mated around 0.37 mm, while the maximum values emax=v0 for all
specimens (on average of 0.77 mm) corresponds to an initial imperfec-
tion of 3

1000 L, with a maximum value of 1.52 mm, corresponding to 6
1000 L

(considering a nominal length Ln= 240 mm). It should be noted that for
conventionally manufactured steel members the conventional initial
imperfection is taken as 1

1000 L [32,38].
Fig. 7 compares the values of normalized bow imperfection v0/L for

the four batches of specimens tested in compression (i.e. C01, C02, C03,
C04). Given that the bow imperfection values v0 have no clear depen-
dence on the bar length L, the values of the normalized bow imperfection
v0/L show a clear decreasing trend with the increase of the bar slen-
derness. Hence, it is expected that the geometrical imperfections due to
the manufacturing process would have a relatively higher detrimental
effect on the buckling resistance of stocky specimens.

The COV values of both emean and v0/L are very large (of the order of
16–43%), thus it is expected to find a large scatter in the experimental
compression resistance Nc,exp values obtained from compression tests as
well.

4.3. Results of compression tests

The vertical compression load (Nexp) vs. vertical displacement (u)
curves are reported in Fig. 8 for the four groups of specimens (C01, C02,
C03, C04). As expected, the shape of the curves are sharper for slender
elements (C01 and C02), since their behavior is mainly governed by
buckling, while they become smoother for the stocky elements (C03 and
C04) since their compression behavior is mainly governed by plasticity.
The red dots indicate the values of the compression resistance Nc,exp.

Table 5 collects all results from the 17 specimens tested for
compression. In detail, the results are reported in terms of the speci-
mens’ buckling lengths Lc,0 and relative slenderness λ according to the
three modelling approaches described in Section 2 (i.e. nominal, effec-
tive, real). Similarly, the Euler buckling load was computed according to
the same three approaches as follows.

The nominal Euler buckling load was computed as:

NcrE,n =
π2Ef ,nJn
L2c,0

(8)

The effective Euler buckling load was computed as:

NcrE,eff =
π2Ef ,eff Jeff

L2c,0
(9)

The real (calibrated) Euler buckling load was computed as:

NcrE,real =
π2Ef ,FEJreal.m

L2c,0
(10)

Overall, the difference between the various approaches of estimating
the Euler buckling load is, on average, within 5%, with peaks of 12%.
Hence, for a preliminary evaluation of the buckling behavior of slender
elements in dot-by-dot WAAM stainless steel, the designer could account
for the nominal geometrical values to estimate the buckling load.

Additionally, the compression resistance was also computed
following the Merchant-Rankine formulation [39]:

NcMR,real =

(
1

NcrE,real
+

1
Ny,real

)− 1

(11)

It can be noted that, on average, the Merchant-Rankine formulation

Table 4
Values of eccentricities for the specimens tested for compression.

Specimen ID emean [mm] v0 [mm] v0/emean [-] v0/L [-]

C01–1 0.216 0.775 3.59 0.32%
C01–2 0.250 0.682 2.73 0.28%
C01–3 0.317 1.044 3.30 0.43%
Mean - C01 0.261 0.834 3.20 0.35%
COV - C01 20% 23% 14% 23%
C02–1 0.260 0.644 2.48 0.55%
C02–2 0.279 0.573 2.06 0.48%
C02–3 0.409 0.749 1.83 0.63%
C02–4 0.314 0.899 2.86 0.74%
Mean - C02 0.315 0.716 2.31 0.60%
COV - C02 21% 17% 17% 17%
C03–1 0.395 0.631 1.60 0.80%
C03–2 0.522 0.744 1.42 0.94%
C03–3 0.717 1.523 2.12 1.98%
C03–4 0.310 0.625 2.01 0.79%
C03–5 0.341 0.553 1.62 0.68%
C03–6 0.439 0.692 1.58 0.89%
Mean - C03 0.454 0.794 1.73 1.01%
COV - C03 33% 42% 15% 43%
C04–1 0.267 0.581 2.17 0.92%
C04–2 0.246 0.419 1.70 0.73%
C04–3 0.375 0.716 1.91 1.26%
C04–4 0.533 1.164 2.18 1.97%
Mean - C04 0.355 0.720 1.99 1.22%
COV - C04 37% 39% 10% 39%
Mean (batch) 0.368 0.815 2.19 -
COV (batch) 33% 36% 27% -

Fig. 6. Mean eccentricity values (grey bars) and bow imperfections (red dots)
for the four groups of specimens tested for compression.

Fig. 7. Normalized bow imperfection vs normalized slenderness for the four
groups of specimens tested for compression.
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provides conservative estimation of the experimental compression
resistance. On the other hand, the estimated compression resistance
according to the Merchant-Rankine formulation is characterized by a
quite smaller dispersion with respect to that of the experimental values.
The consequences of the large dispersion of the experimental compres-
sion resistance is investigated more in depth in Section 5.

Fig. 9 compares the experimental values of the compression resis-
tance Nc,exp with the theoretical ideal strength estimated as the mini-
mum value between the Euler buckling load NcrE,real calculated using
Approach 3 (real geometry from 3D scan, real calibrated mechanical
features from FEA) and the yield tensile resistance, corresponding to
Ny,real = fy • Areal,m, where fy is the yield tensile strength (i.e. 0.2 % proof
strength estimated from tensile tests, see Section 3) and Areal,m is the
mean value of the real cross-sectional areas as measured from 3D scan.
The results from group C01, corresponding to the very slender speci-
mens, registered values of compression resistance close to the Euler
critical buckling load, hence confirming that their behavior is governed
by buckling. Similarly, the results from group C04, corresponding to the
very stocky specimens, registered values of compression resistance close
to the yield tensile resistance, confirming that their behavior is mainly

governed by yield strength. This latter result indicates that the nominal
length of group C04 (80 mm) could be considered as the maximum
length of buckling-proof bars (e.g. the transition buckling length) of 6-
mm nominal diameter produced with the investigated dot-by-dot
WAAM process. This finding suggests that the normalized buckling-
proof slenderness λ0,real for the tested bars could be set equal to 0.5.
This important result will be conveniently considered in the novel
formulation of the buckling curves for dot-by-dot WAAM bars intro-
duced in Section 5.3.

The results from groups C02 and C03, corresponding to moderately
slender and moderately stocky specimens, registered significant re-
ductions of the compression resistance with respect to the corresponding
governing theoretical strengths. Moreover, the experimental compres-
sion resistance experienced by groups C02 and C03 evidence a large
variability, confirming the higher sensitivity to both geometrical and
mechanical irregularities.

Fig. 10 reports the relationship between the maximum normalized
compression resistance vs normalized bow imperfection of the tested
specimens. The resistance is normalized over the ideal theoretical
resistance (e.g. the minimum value between the yield tensile strength

Fig. 8. Vertical compression load-vertical displacement curves for the groups tested for compression: (a) group C01; (b) group C02; (c) group C03; (d) group C04.
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and the Euler buckling load). The graph allows to better appreciate the
variability of the compression resistance of the different batches and the
influence of the global geometrical irregularity in terms of the normal-
ized bow imperfection. Overall, there seems to be no clear trend relating
the normalized compression resistance with the lack of straightness.

5. Interpretation of the results with design curves

The results of compression tests are here further investigated with
the aim of proposing novel buckling curves for dot-by-dot WAAM
stainless steel bars.

First, Section 5.1 compares the obtained results with the predictions
of the ECCS buckling curves [32] as adopted by the structural design
codes (EC3) based on the overall imperfection factor α, adopting the
analytical Perry-Robertson formulation from [30,32,39]:

Nreal =
1+ α[(λreal − λ0) + λreal

2
]

2λreal
2 −

1
2λreal

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
1+ α

(
λreal − λcr,real

)
+ λreal

2]2
− 4λreal

2
√

(12)

In the current EC3 buckling curves the α values were calibrated
considering the typical geometrical and mechanical imperfections of
conventionally manufactured steel members, while the coefficient λ0
accounts for the beneficial effects of material strain hardening.

In the next sections (Section 5.2 and Section 5.3) different methods
of calibrating the imperfection factor α for dot-by-dot WAAM stainless
steel bars are examined in order to introduce a new class of buckling
curves accounting for the higher levels of geometrical imperfections and
material strain hardening proper of the investigated manufacturing
process.

Table 5
Overview of the results from the compression tests.

Specimen ID Nc,exp [kN] Ny,real [kN] NcrE,n [kN] NcrE,eff [kN] NcrE,real [kN] NcMR,real [kN] Nc,exp/ NcMR,real NcrE,n/ NcrE,real NcrE,eff/ NcrE,real

C01–1 1.37 6.60 1.71 1.71 1.79 1.41 0.98 0.95 0.95
C01–2 1.62 6.89 1.96 1.96 1.75 1.39 1.16 1.12 1.12
C01–3 1.86 6.82 2.06 2.06 1.99 1.54 1.21 1.03 1.03
Mean - C01 1.62 6.77 1.91 1.91 1.84 1.45 1.11 1.04 1.04
COV - C01 12% 2% 10% 10% 7% 6% 11% 8% 8%
C02–1 4.46 6.76 6.57 6.53 6.69 3.36 1.33 0.98 0.98
C02–2 3.66 6.76 6.35 6.32 6.47 3.30 1.11 0.98 0.98
C02–3 3.17 6.78 6.26 6.26 6.05 3.20 0.99 1.03 1.03
C02–4 5.15 6.78 6.05 6.05 5.85 3.14 1.64 1.03 1.03
Mean - C02 4.11 6.77 6.31 6.29 6.26 3.25 1.27 1.01 1.01
COV - C02 18% 0.1% 3% 3% 5% 3% 20% 3% 3%
C03–1 5.80 6.94 14.19 14.19 13.56 4.59 1.26 1.05 1.05
C03–2 5.68 6.94 14.19 14.19 13.56 4.59 1.24 1.05 1.05
C03–3 4.32 6.94 14.94 14.94 14.28 4.67 0.93 1.05 1.05
C03–4 5.71 6.64 14.43 14.43 14.45 4.55 1.25 1.00 1.00
C03–5 3.43 6.64 13.73 13.73 13.75 4.48 0.77 1.00 1.00
C03–6 5.46 6.64 14.81 14.81 14.82 4.59 1.19 1.00 1.00
Mean - C03 5.07 6.79 14.38 14.38 14.07 4.58 1.11 1.02 1.02
COV - C03 18% 2% 3% 3% 3% 1% 17% 2% 2%
C04–1 5.26 6.80 20.37 20.37 19.55 5.05 1.04 1.04 1.04
C04–2 7.17 6.80 24.88 24.88 23.88 5.29 1.35 1.04 1.04
C04–3 6.82 6.80 24.88 24.88 23.88 5.29 1.29 1.04 1.04
C04–4 7.04 6.80 23.23 23.23 22.29 5.21 1.35 1.04 1.04
Mean - C04 6.57 6.80 23.36 23.34 22.40 5.21 1.26 1.04 1.04
COV - C04 12% - 8% 8% 8% 2% 10% - -

Fig. 9. Maximum experimental compression load vs theoretical resistance. Fig. 10. Maximum normalized compression load vs normalized bow
imperfection.
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5.1. Comparison with the ECCS buckling curves

The results from compression tests on the four groups of printed bars
(C01, C02, C03, C04) are first compared with the buckling design
resistance as predicted by the buckling curves (from a0 to d) according to
Eurocode 3 (EC3) for steel alloys [27]. An additional buckling curve
suggested for stainless steel and proposed in EC3:1–4 [28] is also
considered for comparison purposes. Fig. 11 reports the normalized
compression resistance vs slenderness values for the four groups taking
both the mean values (big square marker) and the characteristic values
(big diamond marker), corresponding to the mean minus two standard
deviations. The latter was indeed taken as a reference by the ECCS
committee when calibrating the curves from experimental results and
Montecarlo simulations of conventional steel members subjected to
compression [32]. The compression resistance is normalized with
respect to the real yield tensile resistance, taken as: Ny,real = fy • Areal,m
(see Section 4.3) leading to the normalized compression resistance
Nreal = Nc/Ny,real. It should be noted that in EC3 this value corresponds
to the buckling factor χ. As already visible from Fig. 11, by taking the
characteristic values of the tested batches, none of the ECCS buckling
curves fit the experimental tests. This is due to the much larger
geometrical larger geome irregularities proper of the printing process (i.
e. lack of straightness and cross-sectional variation).

The more pronounced hardening behavior of dot-by-dot WAAM
stainless steel bars, as clearly evidenced by the results of the tensile tests
(see e.g. [24]), leads to consider a value of λ0 higher than 0.2, corre-
sponding to the value adopted by the current EC3 buckling curves for
conventional steel members (see e.g. [32]).

5.2. Calibration of the imperfection factor based on the geometrical and
mechanical properties of the tested bars

This sections compares two different methods to calibrate proper
values of the imperfection factor α for dot-by-dot WAAM slender bars:
one method is based on the measured geometrical imperfections only,
while the second one is based on all sources of imperfections (both
geometrical and mechanical) as indirectly evaluated from the experi-
mental values of the compression resistance. In detail, the first method is
based on the Perry-Robertson formulation (Eq. 7) purely based on the
geometrical characterization of the slender bar in terms of the maximum
value of initial bow imperfection v0. The second method is, instead,
based on the calibration of the imperfection factor from the mechanical
response. The values are computed by fitting the experimental values of

Nreal according to the formulation of Eq. 12 and assuming λ0 = 0.5. This
ensures that the calibrated values of imperfection factor (αFIT) include all
the sources of geometrical and mechanical imperfections. Table 6
summarizes the results obtained according to these two methods.

Overall, the COV values of the imperfection factors exhibit a large
variability, since they range between 0.12 and 2.69. Moreover, the COV
values tend to decrease as the bar slenderness increase. This is due to the
specific nature of the geometrical irregularities leading to an almost
constant value of v0, independently from the bar slenderness. Moreover,
on average, most of the α values are much larger than the ones currently
proposed by current structural design codes for steel structures consid-
ering conventional manufacturing techniques (between 0.13 and 0.76).
Considering the specific geometrical imperfection of WAAM-produced
parts, the ECCS buckling curves should not be taken as safe reference
for structural design of printed parts, since they are based on constant
values of α for the whole range of slenderness.

In detail, the imperfection factors calibrated only from the maximum
value of initial bow imperfection (αv0) have values ranging, on average,
from 0.47 to 0.90 for slender specimens (e.g., groups C01 and C02), and
from 1.00 to 1.83 for stocky specimens (e.g. groups C03 and C04). Thus,
as expected from the results of the geometrical characterization dis-
cussed in Section 4.2, their values considerably increase as the slen-
derness decreases. The COV values also tend to increase as the
slenderness decreases.

The values of the best-fit imperfection factor αFIT range on average
from 0.32 for slender specimens (e.g. group C01) to 1.36 for moderately
stocky specimens (e.g. group C03). They also tend to increase as the
slenderness decreases. Moreover, they exhibit extremely large COV
values (even higher than 100 %), especially for slender and moderately
stocky specimens. The very large COV values of the αFIT are due to the
propagation of the variance of the experimental compression resistance
through the Perry-Robertson analytical buckling formulation of Eq. 12.
These specimens also registered higher variability of the experimental
compression resistance (COV values of around 18%). It should be noted
that αFIT was not calculated for group C04 (very stocky specimens) as
their length is at the critical limit of buckling-proof bars, hence their
behaviour when subjected to compression loading is governed by plas-
ticity rather than buckling.

Fig. 12 reports all results of the imperfection factors following the
two aforementioned methods and subdivided for the four groups of

Fig. 11. normalized compression resistances compared with the ECCS buck-
ling curves.

Table 6
Calibrated imperfection factors.

Specimen ID v0/L [%] αv0 [-] αFIT [-]

C01–1 0.32 0.44 0.71
C01–2 0.28 0.38 0.12
C01–3 0.43 0.59 0.12
Mean - C01 0.35 0.47 0.32
COV - C01 18% 18% 108%
C02–1 0.55 0.74 0.34
C02–2 0.48 0.65 0.72
C02–3 0.63 0.85 0.97
C02–4 0.74 1.01 -
Mean - C02 0.60 0.81 0.68
COV - C02 17% 17% 47%
C03–1 0.80 1.08 0.43
C03–2 0.94 1.27 0.50
C03–3 1.98 2.67 1.97
C03–4 0.79 1.07 0.64
C03–5 0.68 0.92 2.69
C03–6 0.89 1.20 0.92
Mean - C03 1.01 1.37 1.36
COV - C03 43% 43% 94%
C04–1 0.92 1.25 -
C04–2 0.73 0.99 -
C04–3 1.26 1.70 -
C04–4 1.97 2.67 -
Mean - C04 1.22 1.65 -
COV - C04 39% 39% -
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tested specimens. The α values are displayed as a function of the
normalized slenderness. In general terms, both αv0 and αFIT values show
an hyperbolic-like trend. This is due to the nature of the geometrical
imperfection (v0) which remained almost constant independently from
the bar slenderness (as observed in Section 4.2).

Fig. 12 reports also αv0 and αFIT curves vs the normalized slenderness
λreal with values representative of the average v0 value (0.76 mm) and of
the average compression resistance, respectively. In detail, an analytical
expression of αv0 vs λreal can be easily derived by inverting Eq. 11, as
specialized for circular cross-sections, and considering the average
measured v0 (0.76 mm) according to the following expression:

αv0 =
8v0
dreal

λreal
(− 1) (13)

Where dreal is the bar’s cross-sectional diameter. It is worth noticing that
the coefficient 8v0dreal has the same meaning of the imperfection parameter η
of the current European buckling curves.

The αFIT curve was, instead, calibrated assuming the following
polynomial functional form:

αFIT = aλreal
(b) (14)

where the coefficients a and bwere calibrated to match the experimental
values of compression resistance. The calibration of coefficients a and b
was implemented through a Matlab script using the linear squared curve
fitting function in the Curve Fitting Toolbox, leading to am= 0.544 and
bm= -1.845 (the suffixm refers to the mean compression resistance). It is
worth noticing that the comparison between the two sets of coefficients
provided by Eqs. 13 and 14 (e.g. a vs 8v0

dreal and b vs − 1) allow to make an
indirect comparison between the effects of the global geometrical im-
perfections on the buckling curves and the overall effects due to all
sources of irregularities.

As expected, the αFIT curve is below the αv0 curve since it includes all
sources of irregularities, while αv0 only accounts for the geometrical lack
of straightness through the bow imperfection factor v0.

5.3. Proposed design buckling curves for dot-by-dot WAAM stainless steel
bars

The two proposed formulations of the imperfection factors based
either on the bow imperfection values, leading to αv0 imperfection fac-
tor, or on the experimental compression resistance values, leading to
αFIT , can be conveniently adopted to formulate new design buckling
curves following the Perry-Robertson approach (Eq. 12).

In particular, a family of design buckling curves based on αv0 can be

derived by substituting Eq. 13 in Eq. 12 considering different v0/d values
(where d indicates the bar’s diameter), while a specific design buckling
curve based on αFIT can be derived by substituting Eq. 14 in Eq. 12 and
calibrating the coefficients a and b in order to fit the characteristic
experimental compression resistance (corresponding to mean minus two
standard deviation of resistance values), resulting in ak= 2.65 and bk= -
1.44 (the suffix k refers to the characteristic compression resistance).

The obtained family of design buckling curves based on αv0 is shown
in Fig. 13 together with the specific buckling curve based on αFIT and
calibrated in order to fit the characteristic compression resistance. It can
be noted that, as expected, for the specific dot-by-dot WAAM process
investigated in the present work, the buckling curve based on αFIT fits
well the experimental characteristic values within the investigated
ranges of slenderness. Moreover, the buckling curve based on αFITis close
to the buckling curves based on based on αv0 with v0/d equal to 1/3.
Therefore, the normalized bow imperfection factor v0/d = 1/3 can be
considered as the equivalent global geometrical imperfection which is
representative of the characteristic compression resistance of the studied
dot-by-dot WAAM bars, accounting for all sources of imperfections.

6. Conclusions

The present paper provides insights into the results of compression
tests on stainless steel bars produced with Wire-Arc Additive
Manufacturing (WAAM) technology and adopting the so-called dot-by-
dot (or point-by-point) printing strategy. These elements could consti-
tute the basic components of lattice-based elements (see e.g. [26]).

The results are interpreted considering the flexural response of the
printed bars as well as their inherent geometrical imperfections due to
the printing process. Three modeling approaches were adopted to ac-
count for both the geometrical and mechanical non linearities, i.e. a
nominal, an effective and a real (FE-calibrated) approach, while
considering the main results from the previous tensile and bending tests.
These previous tests revealed that dot-by-dot WAAM stainless steel bars
have relatively low Young’s modulus in tension (of around 133 GPa) and
even lower in bending (of around 113 GPa) due to their inherent
anisotropic behavior induced by the microstructural features proper of
dot-by-dot WAAM stainless steel.

The main results of this study are summarized hereafter.

– Regarding the geometrical characterization of WAAM bars, the
values of eccentricity were extracted from 3D-scanned models. The
results revealed that the maximum eccentricity or initial bow
imperfection (referred to as v0) is almost independent on the bar’s

Fig. 12. Comparison of calibrated imperfection factors.

Fig. 13. Proposed design buckling curves based on αv0 and on αFIT .
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slenderness, as it is mainly related to the specific printing process
parameters adopted to fabricate the specimens. Hence, the normal-
ized bow imperfection (v0/L) resulted to be strictly dependent on the
bar’s slenderness, with an almost hyperbolic trend. This is not true
for conventionally-manufactured steel members, for which the
maximum normalized bow imperfection v0/L is set constant and
equal to 1/1000 by the standard structural design code.

– The results of compression tests were first interpreted following the
current EC3 approach based on constant values of the imperfection
factor α. However, the results revealed that the imperfection factor
for dot-by-dot WAAM stainless steel bars cannot be assumed as a
constant value, while it appears inversely proportional to the bar’s
slenderness. From the measured values of v0, specific imperfection
factors were calculated considering the Perry-Robertson formula-
tion. The obtained results did not match the values of imperfection
factor adopted by the current EC3 buckling curves. For this reason,
two new equations for the imperfection factor α were proposed: one
considering the hyperbolic relationship between the imperfection
factor and the slenderness leading to the imperfection factor αv0
(hence considering an almost constant bow imperfection v0), the
other one fitting the experimental results of the compression tests
with a second-order polynomial function, thus encompassing all
sources of irregularities, leading to the imperfection factor αFIT .

These new formulations for the imperfection factors α were adopted
to derive two new classes of buckling curves, one based on αv0 while the
other based on αFIT , to predict the buckling behavior of dot-by-dot
WAAM-produced bars considering both the geometrical and the me-
chanical non-linearities.

The first class of buckling curves based on αv0 is suitable to be used
for a generic dot-by-dot WAAM process, assuming constant values of the
bow imperfection v0 independently on the bars length. On the contrary,
the numerical value of the αFIT coefficient and corresponding buckling
curve can be adopted when considering the specific set of printing
process parameters adopted to fabricate the tested bars. Further tests are
thus recommended to extend the results to other printing process pa-
rameters and validate the proposed method also for other batches of
printed bars and slender elements.
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