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ARTICLE INFO ABSTRACT
Keywords: Early investigations suggest that the use of Additive Manufacturing (AM) technologies for construction has the
Additive manufacturing potential to decrease labor costs, reduce material waste, and create customized complex geometries that are

Wire-and-arc

Stainless steel structures
Calibration from experiments
Eurocode 0

Partial factors

difficult to be manufactured using conventional construction techniques. Nevertheless, the full exploitation of
AM technologies requires data on the material mechanical properties so that reliable and safety design re-
quirements can be developed. Among different metal AM techniques, the so-called Wire-and-Arc Additive
Manufacturing (WAAM) results to be potentially suitable to realize large-scale structural elements of any shape
and size. However, the results of early experimental tests on WAAM-produced alloys suggest the need of ad-hoc
considerations to properly interpret the geometrical and mechanical features of the printed outcomes.

The present study analyzes the data obtained from the experimental results of tensile tests carried out on
WAAM-produced 308LSi stainless steel elements with the purpose of calibrating design values and partial safety
factors. In order to account for the anisotropic behavior proper of WAAM-produced elements, the design values
of the main mechanical parameters have been calibrated for the three main orientations of the specimens with
respect to the deposition layer. The calibrated design values and partial safety factors for the yielding and ul-
timate tensile strength are compared with recommended values for stainless steel structures as provided by
EN1993:1-4 - Eurocode 3 (EC3). Additional considerations upon the Young’s modulus values, highly influenced
by the anisotropic behavior of WAAM-produced stainless steel, are presented as well.

manufacturing solution for metallic elements is the so-called Wire-and-
Arc Additive Manufacturing (WAAM) process. This 3D printing tech-
nology uses off-the-shelf traditional welding equipment mounted on top
of either numerically-controlled robotic arms or cartesian machines,
able to realize large-scale elements. The first proof-of-concept of the
possibilities of the WAAM process in construction is represented by the
MX3D Bridge project [9], whose outcome is the first 3D-printed stainless
steel footbridge completed in 2018 which will be placed in Amsterdam
city center by 2020 (Fig. 1). The main advantage presented by WAAM
process relies on the possibility to create new shapes and forms
following the breakthrough design tools for modern architecture as
algorithm-aided design with in principle no constraints either in shape
or size of the printed outcome. At the same time, the WAAM process
ensures fast production with good quality outcome both in terms of
geometrical precision and mechanical properties. On the other hand,
two additional considerations must be addressed when dealing with
WAAM-produced elements. First, the inherent surface roughness proper
of WAAM process could influence the mechanical response. Moreover,

1. Introduction

Automation in construction industry has recently grown thanks to
the diffusion of digital fabrication processes which nowadays are
currently employed in other industries such as aerospace and automo-
tive [1-4]. Recent developments of Additive Manufacturing (AM) pro-
cess in construction have seen the application of 3D printing techniques
to realize a new generation of structures in concrete, polymers and
metals [5]. In applications for steel structures, Powder-Based Fusion
(PBF) technology has been adopted to realize ad-hoc connections
parametrically designed either for structural optimization purposes [6]
or to create free-form gridshells [7]. However, due to the intrinsic
geometrical constraints of the printer environment (enclosed in a box of
typically 250-mm side), the application of PBF process is limited to the
realization of small-size connections and structural details [8].

In order to realize real-scale structural elements without ideally any
geometrical constraints either in size or shape, the most suitable
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Nomenclature

The following symbols are used in this paper:

E Young’s modulus

Eo.1% value of Young’s modulus corresponding to 0.1%-fractile
from the best-fit Log-normal distribution

Esos value of Young’s modulus corresponding to 5%-fractile
from the best-fit Log-normal distribution

Eso9 value of Young’s modulus corresponding to 50%-fractile
from the best-fit Log-normal distribution

Eoso, value of Young’s modulus corresponding to 95%-fractile
from the best-fit Log-normal distribution

Egg9y,  value of Young’s modulus corresponding to 99.9%-fractile
from the best-fit Log-normal distribution

KS Kolmogorov-Smirnov test for best-fit statistical
distributions

Vexp standard deviation of the experimental statistical
distribution

Vi standard deviation of the best-fit Log-normal distribution

Vn standard deviation of the best-fit Normal distribution

Vw standard deviation of the best-fit Weibull distribution

Vx standard deviation of the generic variable X

X population (experimental values) of the generic
mechanical parameter

X4 design value of the generic variable (according to ECO
[361)

Xk characteristic value of the generic variable (according to
ECO [36])

f; ultimate tensile strength

fi0.1% value of ultimate tensile strength corresponding to 0.1%-
fractile from the best-fit Log-normal distribution

fi 5% value of ultimate tensile strength corresponding to 5%-
fractile from the best-fit Log-normal distribution

fra design value of ultimate tensile strength

fix characteristic value of ultimate tensile strength

fy yielding stress

fy.0.1% value of yielding stress corresponding to 0.1%-fractile from
the best-fit Log-normal distribution

fy.50 value of yielding stress corresponding to 5%-fractile from
the best-fit Log-normal distribution

fya design value of yielding stress

fo characteristic value of yielding stress

Kk, calibration coefficient to estimate characteristic values of
strength from experiments (according to Annex D of ECO
[361)

my estimation of the mean value of the Log-normal
distribution associated to X

Sy estimation of the standard deviation of the Log-normal
distribution associated to X

Ym partial safety factor related to each single material
property

Ym1 partial safety factor calibrated for the yielding stress

Ym2 partial safety factor calibrated for the ultimate tensile
strength

YMO partial safety factor for yielding (according to ECO [36])

YM2 partial safety factor for fracture (according to ECO [36])

R FORM sensitivity factor

3 reliability index

Hexp mean value of the experimental statistical distribution

B mean value of the best-fit Log-normal distribution

B mean value of the best-fit Normal distribution

Hw mean value of the best-fit Weibull distribution

Gexp standard deviation of the experimental statistical
distribution

oL, standard deviation of the best-fit Log-normal distribution

ON standard deviation of the best-fit Normal distribution

ow standard deviation of the best-fit Weibull distribution

the marked anisotropy also evidenced from the material microstructure
is to take into account when defining the main mechanical parameters.
Different process parameters result in different surface finishing and
microstructure, both affecting the mechanical response [10].

In this regard, while several research effort has been made to study
the mechanical and microstructural behavior of PBF-produced alloys

[8,11-14], current research on WAAM-produced alloys focuses mainly
on the microstructural analysis with limited information on either me-
chanical parameters or the anisotropic behavior [15-19]. Indeed, proper
mechanical characterization of WAAM steel in terms of the key material
properties for structural design (i.e. yielding stress, ultimate tensile
strength, Young’s modulus and elongation at rupture) and anisotropy is
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Fig. 1. The MX3D Bridge [9].



V. Laghi et al.

still limited to few studies [20-22]. In the work done by Gordon and co-
authors [21], Young’s modulus values are reported, indicating values
around 130 to 140 GPa, significantly lower than the one registered by
the conventional wrought material (about 200 GPa). Haden et al. [20]
registered non-negligible anisotropy for WAAM stainless steel specimens
in terms of ultimate tensile strength and elongation at rupture. Kyvelou
et al. [22] performed tensile tests on WAAM stainless steel specimens
along three directions (longitudinal, transversal and diagonal with
respect to the deposition layers), whose results confirmed marked
anisotropy with a wide range of Young’s modulus values for the different
orientations tested.

Since 2017, the authors have been studying both microstructural and
mechanical characterization of WAAM-produced stainless steel ele-
ments for structural engineering applications [23-25] as academic
partner of the MX3D Bridge project.

A first overview of the geometrical and mechanical characterization
of WAAM elements for structural engineering applications is presented
in [23,24]. From that, a more detailed study on the material properties
of WAAM 308LSi stainless steel from the mechanical and metallurgic
point of view is presented in [25].

The present work analyzes the data obtained from the mechanical
tests with the purpose of providing a first calibration of the design me-
chanical properties and partial safety factors of WAAM-produced 308LSi
stainless steel elements for structural purposes.

2. The Wire-and-Arc Additive Manufacturing process

A basic AM system consists of a combination of a motion system, heat
source and feedstock [26]. In particular, the combination of an electric
arc as heat source and wire as feedstock is referred to as Wire-and-Arc
Additive Manufacturing (WAAM), which currently uses standard off-
the-shelf welding equipment, such as welding power source, torches
and wire feeding system, while motion is provided by either robotic
systems, computer numerical-controlled gantries or cartesian machines.
WAAM’s layer height is commonly in the range of 1 to 2 mm, resulting in
an expected surface roughness of about 0.5 mm for single track deposits.
As a result, this process is not considered net shape, as machining is
required to finish the part, thus being better suited for low- to medium-
complexity and medium- to large-scale elements, as those implemented
in structural engineering [20,27-29].

When dealing with WAAM-produced structural elements it is
necessary to first codify specific issues related to: (i) the set of process
parameters; (ii) the wrought material; (iii) the printing strategy.
Furthermore, given the novelty of the process especially for structural
engineering applications, there is very limited database of experimental
results to provide sufficient information for the structural response of
WAAM-produced metallic structural elements. The present work focuses
on the particular set-up configuration of WAAM process adopted by the
Dutch company MX3D [9] to realize the first 3D-printed steel foot-
bridge. MX3D makes use of a Gas Metal Arc Welding (GMAW) process,
characterized by a continuous wire electrode which is drawn from a reel
by an automatic wire feeder. The wire is fed through the contact tip in
the welding torch. The heat is transferred from the welding arc and the
internal resistive power causes the wire to melt [30,31]. The motion
system consists of industrial multi-axis ABB robots which, theoretically,
are able to print from any angle. Two different printing strategies can be
used: a so-called continuous printing, meaning that the material is
deposited in continuous layers, and a so-called dot-by-dot printing,
meaning that the material is deposited by successive points. The effects
of these strategies on the metallurgic characteristics have been analyzed
in [32,33].

For such reason, the present work is limited to the study of WAAM-
produced 308LSi stainless steel elements realized using continuous
printing strategy. The specimens (Fig. 2) were realized by MX3D with a
fixed set of process parameters, lying within the ranges as shown in
Table 1. The welding source used is Gas Metal Arc Welding (GMAW),
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Fig. 2. Tensile specimens cut from WAAM plates: (a) as-printed and (b) after
surface milling.

Table 1
Process parameters for WAAM deposition (Courtesy of MX3D [9]).
Process parameters Details Value
Deposition power Current 100-140 A
Arc voltage 18-21V
Speed Welding speed 15-30 mm/s
Wire feed rate 4-8 m/min
Deposit rate 0.5-2 kg/h
Distance and angle Layer height 0.5-2 mm
Electrode to layer angle 90°
Wire Wire grade ER308LSi
Wire diameter 1 mm

Shield gas Shield gas type

Shield gas flow rate

98% Ar, 2%CO,
10-20 L/min

with pulse welding arc transfer. No arc correction has been adopted
during the printing process. The substrate is a printing plate of 1000 x
1000 x 30 mm, with H-type beams welded as support. No external
cooling has been used, apart from the process pauses between layers to
allow the material to cool down, until it reaches a temperature below the
interpass temperature of 150°.

3. The experimental results
3.1. Material investigation

First investigations on the material properties of WAAM-produced
stainless steel material were conducted in collaboration with the Met-
allurgic department of University of Bologna to correlate the key ma-
terial properties with the microstructural features of the printed
outcomes. The results were presented in [25].

Detailed inspection of the microstructure evidenced an oriented
grain growth on the specimens. Indeed, WAAM process produced grains
oriented perpendicular to the deposition layers, as presented in Fig. 3.
Such microstructure affects the mechanical response of specimens ori-
ented at different directions with respect to the printing layers, as
demonstrated by the tensile results presented in [22,25].

The microstructural investigations did not detect any significant
defects or porosity in the specimens tested. Further details are presented
in [25].

3.2. Mechanical properties

Since 2017 a wide experimental campaign has been carried out at the
Topography and Structural Engineering Lab of the University of
Bologna, in order to assess the main geometrical irregularities and me-
chanical properties of WAAM-produced stainless steel elements.

Experimental tests were performed on both machined and as-built
specimens (Fig. 2) to evaluate the possible influence of the surface
roughness, inherent in WAAM printing process, on the tensile response
[24].
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Fig. 3. Microstructural grain growth (yellow) vs. deposition layer (red) for
specimens oriented transversally. Black arrows indicate the loading direction.
Adapted from [25] (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article)

For the purpose of the present work, only tensile test results of
machined specimens were considered. In this way, the focus is restricted
to the variability of the mechanical properties due to the inherend ma-
terial behavior only. The effect of the geometrical irregularities proper
of the fabrication process will be considered in a further study.

The results are taken from a set of 26 tensile tests performed on
samples having different orientations with respect to the deposition
layers, as follows: (i) 6 tests on transversal (T) specimens oriented
perpendicular to the deposition layers; (ii) 8 tests on longitudinal (L)
specimens oriented along the deposition layers; (iii) 12 tests on inclined

Y
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specimens oriented at 45°, i.e. “diagonal” (D) with respect to the
deposition layers (Fig. 4a). For the sake of conciseness, the three
different orientations of the specimens with respect to the deposition
layers will be hereafter referred to as direction T, L and D. The speci-
mens, extracted along the three main directions as shown in Fig. 4a,
were shaped according to ISO 6892-1 [34] (Fig. 4b).

They were previously polished by means of mechanical milling,
reducing the final thickness to an average value of 2.5 to 3 mm, starting
from the nominal 4-mm thickness of the plates.

Fig. 5 provides an overview of the experimental results by comparing
the mean values and standard deviations of the key material properties
(0.2% proof stress, ultimate tensile strength, Young’s modulus and
elongation at rupture) along the three directions. Additional reference
values of the key material properties for traditionally-manufactured
304L stainless steel (according to EN1993:1-4 - Eurocode 3 (EC3)
[35]) are included as well. It should be noted that Eurocode 3 does not
provide reference values for elongation at rupture of 304L stainless steel.
The results are also reported in Table 2 in terms of mean values (fexp),
standard deviations (c.x,) and coefficients of variation (Veyp).

The results of the experimental tests on WAAM 308LSi stainless steel
clearly show an anisotropic behavior of the material, highly influenced
by the orientation of the specimens with respect to the deposition layers
(directions T, L and D). The mean values of 0.2% proof stress and ulti-
mate tensile strength are similar for specimens oriented along T and L
directions, while they increase of about 20% for 0.2% proof stress and
20% for ultimate tensile strength along D direction. Also the coefficients
of variation tend to increase for specimens along D direction. The
Young’s modulus shows the highest sensitivity with respect to the
specimens orientation. In particular, the mean value along L direction

Longitudinal direction

Diagonal direction

Transversal direction

/
/
y 4
L
|
X
(a)
Units: mm
V/—RS ~20 —
30~ S O
4 —
. 130 | Il
240

(b)

Fig. 4. (a) Orientation of the “dog-bone” shaped specimens cut from plates with respect to the deposition layer (grey lines); (b) geometry and dimensions (mm) of the

flat tensile specimens according to ISO 6892-1 [34].
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Fig. 5. Key mechanical parameters from the experimental results on WAAM 308LSi stainless steel: (a) 0.2% proof stress; (b) ultimate tensile strength; (c) Young’s

modulus; (d) elongation at rupture.

Table 2
Key mechanical parameters from the experimental results on WAAM 308LSi
stainless steel.

Hexp Gexp vexp
0.2% proof stress [MPa] T 352.54 18.36 0.052
L 338.94 20.05 0.059
D 412.71 39.30 0.095
Ultimate tensile strength [MPa] T 552.53 48.30 0.087
L 567.44 17.20 0.030
D 604.04 61.73 0.102
Young’s modulus [MPa] T 106.09 2.98 0.028
L 135.51 9.04 0.069
D 244.00 34.41 0.141
Elongation at rupture [%] T 23.47 7.27 0.310
L 29.66 5.78 0.195
D 22.72 5.70 0.251

increases of about 30% with respect to that along T direction, while the
mean value along D direction increases of about 120% with respect to
that along T direction. Also the coefficient of variation tends to increase
for specimens oriented along D direction. The values of elongation are
rupture are, on average, not significantly influenced by the orientation,
even though they exhibit a quite large variability due to the influence of
the microstructure on the rupture [25]. It is important to notice that
Young’s modulus values obtained along T and L directions are almost
40% less than the standard value of traditionally-manufactured stainless
steel elements [35], while those along D direction are around 20% larger
than the standard value. This anisotropic behavior is in line with the

orientation of micro-grains growing perpendicular to the deposition
layers (see Section 3.1), resulting in an orthotropic elastic model of
WAAM material [25]. Similar results are also found in [22]. Average
values of 0.2% proof stress and ultimate tensile strength do not signifi-
cantly differ from those of traditionally-manufactured stainless steel. In
order to properly assess the values of Young’s modulus during the tensile
test, different measuring systems were adopted: (i) strain gauges to
locally measure the strain of the specimen during the test; (ii) defor-
mometers for a mean measurement of the strain until first yielding oc-
curs; (iii) optical measuring system by means of Digital Image
Correlation technique to obtain information on the full field of strain
during the entire test.

In light of the considerable anisotropy evidenced by the experi-
mental results, the statistical interpretation and calibration of structural
design values of yielding (0.2% proof) stress and ultimate tensile
strength have been carried out differentiating the three main orienta-
tions of the specimens (T, L and D). Additional considerations on the
Young’s modulus are also provided.

4. Statistical interpretation of the experimental results

In this section, a statistical analysis is carried out to evaluate the
"best-fit” distributions of the experimental results assuming Normal,
Weibull and Log-normal distribution models according to the maximum
likelihood estimators. Figs. 6, 7 and 8 provide a comparison between
“experimental” (e.g. statistical distributions) and best-fit cumulative
distribution functions (CDF) and probability density functions (PDF) for
yielding (0.2% proof) stress, ultimate tensile strength and Young’s
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Fig. 6. Statistical distributions of 0.2% proof stress: (a) CDF and (b) PDF for direction T; (¢) CDF and (d) PDF for direction L; (¢) CDF and (f) PDF for direction D.

modulus, differentiating for the three main orientations of the specimens
(T, L and D).

The samples size, although small (from 6 to 12 per direction), is in
accordance with the minimum recommended dimension according to
Annex C and D of EN1990 - Eurocode 0 (ECO) [36] to perform calibra-
tion from experiments, as long as specific values of correction factors (as

reported in the provisions) are adopted. The choice of the distribution
models was made according to the indications provided in Annex C and
D of ECO for strength data [36].

The mean values and standard deviations of the best-fit distributions
are summarized in Table 3. The coefficients of variation for both
yielding (0.2% proof) stress and ultimate strength (for all three
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Fig. 7. Statistical distributions of ultimate tensile strength: (a) CDF and (b) PDF for direction T; (c) CDF and (d) PDF for direction L; (e) CDF and (f) PDF for di-

rection D.

distributions along the three directions) are within 2% and 10%, and in
line with ranges obtained for traditionally-manufactured steel elements
used in construction [37].

Table 4 provides the results of Kolmogorov-Smirnov test in terms of
coefficient KS [38] of the best-fit distributions evaluated from maximum
likelihood estimators for the experimental data. The obtained KS values
range between 0.12 and 0.29. The critical values for a = 0.05 are: 0.519

for T specimens, 0.454 for L specimens and 0.375 for D specimens.
Overall, the results provide lower values than the critical, thus sug-
gesting that all three distributions provide a good fit with the experi-
mental results. Among the three distributions, the Log-normal
distributions provide slightly smaller values of coefficient KS (the
average KS value for the Log-normal distributions is around 0.2). Thus,
in the next section the Log-normal distributions will be considered to
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calibrate the design values. This is also in accordance with the recom-
mendations provided in ECO for calibration of design values for strength.

5. Design values of yield and ultimate stress

In this section the attention is paid to the calibration of the design
values for the yielding stress (fy4), which corresponds to 0.2% proof
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Fig. 8. Statistical distributions of Young’s modulus: (a) CDF and (b) PDF for direction T; (c) CDF and (d) PDF for direction L; (e) CDF and (f) PDF for direction D.

stress for stainless steel (according to EC3 [35]), and the ultimate tensile
strength (fiq).

The calibration of the design values of yielding and ultimate stress
and corresponding partial factors is carried out considering two ap-
proaches, respectively based on the best-fit distributions (Section 5.1)
and on the procedure explained in Annex D of ECO [36] (Section 5.2).

As far as the Young’s modulus is concerned, for traditionally-
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Table 3
Mean and standard deviation values of Normal, Log-normal and Weibull best-fit statistical distributions of the mechanical properties of WAAM 308LSi stainless steel.
NORMAL WEIBULL LOGNORMAL
[N on Vn Hw ow Vw HL oL, Vi
0.2% proof stress [MPa] T 352.54 20.11 0.057 353.24 17.02 0.048 352.65 20.47 0.058
L 338.94 21.44 0.063 338.69 21.98 0.065 339.04 21.58 0.064
D 412.71 41.05 0.099 409.59 52.26 0.128 412.83 39.43 0.096
Ultimate tensile strength [MPa] T 552.53 52.91 0.096 554.49 42.77 0.077 553.07 55.33 0.100
L 564.22 19.73 0.035 563.64 22.22 0.039 564.25 19.64 0.035
D 604.04 64.48 0.107 599.66 79.58 0.133 604.24 62.77 0.104
Young’s modulus [GPa] T 106.09 3.26 0.031 106.08 3.26 0.031 106.10 3.26 0.031
L 131.51 9.66 0.073 130.71 12.49 0.096 131.55 9.29 0.071
D 244.00 35.95 0.147 244.18 35.12 0.144 244.29 37.17 0.152

Table 4
Kolmogorov-Smirnov test of the Normal, Log-normal and Weibull best fit sta-
tistical distributions.

Kolmogorov-Smirnov test

KSy [-] KSw [-] KSy, [-]

0.2% proof stress T 0.2863 0.2432 0.2923
L 0.1265 0.1329 0.1294

D 0.1951 0.2248 0.1756

Ultimate tensile strength T 0.2147 0.2265 0.2248
L 0.1838 0.1934 0.1822

D 0.2072 0.2512 0.1906

Young’s modulus T 0.1895 0.2360 0.1863
L 0.2638 0.2639 0.2595

D 0.1277 0.1285 0.1393

manufactured stainless steel this quantity is commonly considered as
deterministic, since its variability is negligible. However, the results of
the experimental tests conducted on WAAM-produced stainless steel
samples (as shown in Section 3 and in [24,25]) revealed a significant
variability in the Young’s modulus values, also highly influenced by the
orientation of the specimens with respect to the deposition layer. For
such reason, considerations upon Young’s modulus are presented in a
dedicated section (Section 6).

5.1. Calibration based on the best-fit Log-normal distributions

From best-fit Log-normal distributions as evaluated in Section 4, the
fractiles corresponding to the characteristic and design values of the key
material parameters have been computed. From their ratio, the esti-
mation of the partial factor of safety is evaluated as well.

According to the fundamental principles of reliability analysis as
described in ECO [36], the following fractiles of the random variable
associated to the strength parameters are considered:

Table 5
Results of calibration for the design values of WAAM 308LSi stainless steel.

5%-percentile of the distribution, corresponding to the characteristic
value;
0.1%-percentile of the distribution, corresponding to the design
value.

It should be noted that the material partial safety factor for yielding
stress (fy,59/fy,0.1%) is to be compared with the value of partial factor
recommended in EN1993:1-4 [35] for resistance of cross-sections to
excessive yielding realized in stainless steel, equal to yp = 1.10. Simi-
larly, the material partial safety factor of the ultimate tensile strength
(fe5%/f10.1%) should be compared to the partial factor recommended in
EN1993:1-4 [35] for resistance of cross-sections in tension to fracture
realized in stainless steel, equal to yp, = 1.25.

5.2. Calibration according to Eurocode 0

ECO [36] gives a simplified formulation to evaluate the characteristic
value of a population of samples (“design from samples”, Annex D of
ECO0). Considering a Log-normal distribution, the formulation is the
following:

X = exp(my — ky-sy) (¢}

where my and s, are respectively the estimations of mean value and
standard deviation taken from the Log-normal distribution of samples,
while kj, is a calibrated coefficient which takes into account the numbers
of samples in the population and the type of distribution considered. For

Table 6
Results of distribution of Young’s modulus for WAAM 308LSi stainless steel.

Fractiles from statistical distribution

Eo.10 Esop Eso06 Eos06 Eg9.9
Young’s modulus [MPa] T 97 101 106 112 116
L 106 117 132 148 163
D 154 190 244 314 388

5% and 0.1% fractiles from
statistical distribution

Characteristic value, design value
and safety factors according to

EC3 recommendations for partial safety factors [35]

ECO [36]
fy,s% fy,O.l% fy,s%/ f, ,0.1% fyk fyd Tm1 Tm1
0.2% proof stress [MPa] T 321 296 1.08 310 301 1.03 1.10
L 305 279 1.09 297 283 1.05
D 353 309 1.14 343 309 1.11
fisoe  froa%  fise/ froa0 fux fia Ym2 M2
Ultimate tensile strength [MPa] T 469 408 1.15 443 424  1.05 1.25
L 533 508 1.05 532 517 1.03
D 509 441 1.16 494 443 1.12
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a Log-normal distribution, the values of coefficient k, as suggested by
[36] are equal to: 2.18 for specimens T (6 samples,), 2.00 for specimens
L (8 samples) and 1.89 for specimens D (12 samples).

Annex C of ECO [36] provides also the formulation to compute the
design value of the material property considered, based on the type of
distribution and the probability of failure chosen for the design pur-
poses. In the present case, the evaluations were performed considering a
probability of non-exceedence of 1073, typically assumed when dealing
with ultimate limit states, and corresponding to a target reliability index
f equal to 3.8.

Therefore, the design value can be evaluated with the following
expression:

(2

Where pyx and Vyx are the mean and coefficient of variation of the
distribution considered, and ag is the FORM sensitivity factor, usually
taken equal to 0.8 for design resistances.

Thus, the partial safety factor of the considered material property can
be estimated as the ratio between the computed characteristic and
design values as follows:

Xa = py-exp(—ag-p-Vx)

=X, 3

Vm

5.3. Comparison of the results from calibration

Table 5 provides an overview of the results of calibration according
to Eurocode 0 [36], compared with the values of fractiles as evaluated
from statistical distribution of the experimental results, as from Section
4.

In general, the results indicate a good correspondence between the
values of 5% and 0.1% fractiles from the statistical distributions and the
characteristic and design values as obtained according to Eurocode 0. In
detail, the characteristic values calibrated according to Eurocode 0 are
overall lower than the actual 5% fractile of the best-fit Log-normal dis-
tribution. This is due to the fact that for small sample sizes, the use of
large values of k, coefficient results in a characteristic value that cor-
responds to a fractile smaller than the 5% one. Consequently, in this case
the characteristic values get closer to the design values and therefore the
corresponding partial safety factors tend to reduce.

The anisotropic behavior with respect to the specimens orientation is
also evidenced by the calibrated characteristic and design values and
corresponding partial factors. In particular, as expected, the values of
the partial safety factors (both for yielding and ultimate stress) for di-
rection D tend to be larger. In any case, the values of partial safety
factors suggested by EC3 [35] are in general, excluding the yielding
stress along direction D, larger than those obtained in this study.

6. Considerations upon Young’s modulus

Specific considerations on Young’s modulus values are necessary to
account for both the large anisotropy along the different orientations
and for the intrinsic variability of the parameter. Indeed, standard
Young’s modulus values of stainless steel material exhibit a quite
reduced variability that is commonly neglected in the design phase.

For this aim, specific fractiles (namely 0.1%, 5%, 50%, 95% and
99.9% fractiles) have been evaluated from the best-fit statistical distri-
butions considering the three orientations. The values reported in
Table 6 clearly evidence the anisotropic behavior of Young’s modulus
with respect to the different orientations of the specimen and intrinsic
variability which therefore should be taken into account during the
design phase.

7. Conclusions

This paper presents a first attempt to obtain design values for the
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main mechanical properties of 308LSi stainless steel specimens fabri-
cated by Wire-and-Arc Additive Manufacturing (WAAM) process. The
calibration accounts for the anisotropic behavior evidenced by the re-
sults of tensile tests carried out on samples oriented along the three
directions with respect to the printing layers: along the deposition layer
(longitudinal direction L), perpendicular to it (transversal direction T)
and inclined 45° with respect to the deposition layer (diagonal direction
D).

In detail, average values of 0.2% proof stress and ultimate tensile
strength are consistent with the values commonly adopted for tradi-
tionally manufactured stainless steel (e.g. 350 MPa for 0.2% proof stress
and 500 MPa for ultimate tensile strength), along the three main ori-
entations tested. Young’s modulus values present high variability based
on the orientation of the specimens: for specimens cut along directions L
and T, the Young’s modulus values are on average 40% less than the
common value adopted for traditionally-manufactured stainless steel
members (200 GPa), while for specimens along direction D the average
value is 20% higher than the reference one. This anisotropic behavior
depends on the orientation of the microstructural grain growth
perpendicular to the deposition layers. It induces an orthotropic elastic
behavior along the two main directions (L and T), which results in
higher values of elastic modulus at around 45°.

A first calibration of the design values and partial safety factors of
both yielding and ultimate tensile stresses was carried out following two
approaches. The first approach is based on the best-fit Log-normal dis-
tribution, while the second one is based on the experimental mean and
standard deviation through the procedure explained in Annex D of ECO
[36]. For the first approach, the statistical analysis of the results of
tensile tests allowed to obtain the distributions of 0.2% proof stress,
ultimate tensile strength and Young’s modulus. From the best-fit dis-
tributions, selected percentiles representative of design values have
been evaluated.

The results from the two approaches show a good agreement be-
tween the values of the 5% and 0.1% percentiles of the statistical dis-
tributions and the corresponding characteristic and design values
calibrated using the ECO procedure. In particular, the characteristic
values of 0.2% proof stress are between 300 and 350 MPa and the design
ones between 280 and 310 MPa, varying depending on the orientation
with respect to the deposition layer. The characteristic values of ulti-
mate tensile strength are between 470 and 530 MPa and the design ones
between 440 and 510 MPa, varying depending on the orientation with
respect to the deposition layer. For both material properties, the corre-
sponding partial safety factors vary from 1.03 to 1.12. The results from
both approaches are in good agreement with the values suggested for
stainless steel structures as in EC3 [35].

Additional considerations were made for the Young’s modulus, for
which specific fractiles (namely 0.1%, 5%, 50%, 95% and 99.9%) have
been evaluated from best-fit Log-normal distributions considering the
three main orientations of the specimens. Specific fractiles may be used
depending upon different design considerations, either as lower or upper
bounds.

The results presented in this work are intended as a first reference for
structural engineers and producers dealing with the design of structures
realized with WAAM members. The long term objective is to provide a
contribution to deliver guidelines for the structural design of structures
realized with WAAM-produced steel members.
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