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The application of additive manufacturing technology in the construction industry is currently a popular topic
around the world. However, the research on the structural behaviour of thick plates produced via Wire and Arc
Additive Manufacturing (WAAM) technology has been limited, despite the demand for such components in large-
scale constructions that is subjected to large actions. This paper investigated the structural behaviour and design
of WAAM single-shear bolted connections with thick plates with failure modes of net section, tilt-bearing, and
end-splitting failure. The mechanical properties of the material were first determined by means of tensile coupon
tests. An experimental programme of 32 sets of bolted connections with varying dimensions and print layer
orientations was conducted. An anisotropic behaviour of WAAM steel bolted connections with different print
layer orientations was observed, which had an influence on their failure modes and ultimate capacities. The
experimental results were analysed and compared to the predictions using existing design approaches corre-
sponding to conventional steel bolted connections. The comparison showed that these approaches were appli-
cable to WAAM steel bolted connections, but there were still some limitations in the existing design guidelines.

This research can contribute to the application of 3D printing technology in constructions.

1. Introduction

Over the past decade, additive manufacturing (AM) has undergone
significant evolution, transitioning from its origins in rapid prototyping
to encompass mass production and the construction of large-scale
structures. Among various AM techniques, Wire and Arc Additive
Manufacturing technology (WAAM) is a process that creates compo-
nents through the successive layer-by-layer deposition of material, as
shown in Fig. 1. It stands out as a cutting-edge method in the metal AM
sector, surpassing other methods such as powder bed laser fusion and
electron beam melting in terms of printing speed, cost efficiency, sus-
tainability, and the ability for large-scale production [1-4].

This unique set of attributes makes WAAM exceptionally well-suited
for application in the Civil Engineering construction field. Its efficacy
has been prominently displayed in the manufacturing of the WAAM steel
bolted connection [5], cantilever truss [6], and footbridges [7,8],
demonstrating its potential as an innovative method in construction, as
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shown in Fig. 2.

To effectively integrate the design of metal components produced
through WAAM into existing design codes, a comprehensive under-
standing of their mechanical and structural characteristics is essential.
Associated research has highlighted the notable anisotropy of WAAM
steels dependent on print layer orientations [9-15]. These studies
emphasize the need for new constitutive models tailored to WAAM
steels, facilitating numerical simulations and further practical applica-
tion [16]. Furthermore, investigations into the structural performance
and fatigue behaviour of WAAM-fabricated elements, including walls,
beams, columns, and joints, have been undertaken [5,17-27]. Addi-
tionally, several studies have combined WAAM technology with topol-
ogy optimization, utilizing the high degree of geometric freedom of
WAAM technology to fabricate optimized beams, trusses, and joints with
high material utilization [5,6,28,29]. Due to manufacturing constraints,
large-scale and complex metallic structures produced via WAAM tech-
nology need to be printed in sections and assembled using bolted
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Fig. 1. Manufacturing equipment and printed specimens of WAAM process.

connections. This has led to growing interest in the study of WAAM steel
bolted connections, as ensuring their integration into traditional pre-
fabricated structural systems remains a critical area of research.
Previously, the structural behaviours of conventionally manufac-
tured steel bolted connections have been well investigated. These ex-
plorations have identified various failure modes in the connected plates
from bolted connection tests, including net section tension, shear-out,
end-splitting, bearing, and tilt-bearing, as shown in Fig. 3. Some new
design equations have also been developed for the analysis of connec-
tions with these failure modes [30-36]. The behaviour of these bolted
connections is predominantly determined by their geometric dimensions
[37-41], including plate width, end distances, and plate thicknesses.
Subsequently, with the increased use of thick steel plates in building and
bridge construction, the examination of connections between these thick
plates is also important [42]. In the WAAM process, thick plates are
constructed by different printing strategies and parameters, leading to
potential variance in material properties when compared to thin plates.
Guo et al. [30,31] tested the structural behaviours of WAAM steel bolted
connections with both thin (3 mm) and thick (8 mm) plates, and
compared the results to the standards set for cold-formed steel. How-
ever, the differences between the two thickness categories may need
more detailed discussions. At present, there is a lack of design provisions
tailored for WAAM steel bolted connections. Current design methods
borrowed from conventional design codes, such as AS 4100 [43], AISC
360 [44], and Eurocode equations [45,46] for WAAM connections may
lead to the inferior predictions of capacities and failure modes. To
promote the development of design provisions for WAAM steel bolted
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connections, comprehensive bolted connection tests and analytical
comparisons with existing design guidelines are required.

Therefore, this study conducted tensile coupon tests on 19 specimens
and single-shear bolted connection tests on 32 specimens made from
8 mm thick carbon steel plates using WAAM technology. The geometries
of the specimens were measured using a 3D laser scanner and tested
using digital image correlation (DIC) to measure the experimental
response. The test results were analysed in terms of material anisotropic
behaviour and were compared with the predictions of current design
provisions. Additionally, the experimental responses and adaptability to
design provisions of WAAM steel bolted connections were compared to
previous research of thin plated connections. This study provides an in-
depth analysis of the material properties and structural behaviour of
WAAM thick bolted connections, promoting the implementation of 3D
printing technology in construction.

2. Available design provisions

Although design equations for 3D-printed bolted connections with
thick plates have not yet been developed, existing methods for
conventionally manufactured steel can be adapted to account for the
unique material behaviour of WAAM steel. To evaluate the design
suitability of WAAM steel bolted connections, particularly for plates
thicker than 8 mm, relevant design provisions for various failure modes
were reviewed.

2.1. AS 4100 [43]

The AS 4100 [43] was developed by Standards Australia Committee
for steel structures. For bolted connection specimens depicted in Fig. 4,
the ultimate capacity of the net section tension failure mode can be
calculated using Eq. (1a). Whilst for shear out failure and bearing failure
modes, the ultimate capacities are calculated using Eqs. (1b) and (1c).
The final capacity for a given connection is determined by the lowest
calculated value among these, with the failure mode being the one
corresponding to this minimum value.

Pns,AS = 085Anfu (la)

(d)

Fig. 2. WAAM steel structures: (a) a bolted connection [5], (b) a cantilever truss [6], (c) a small 3D printed footbridge in shell form [7], and (d) a MX3D metal 3D

printed footbridge [8].
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Fig. 3. Schematic diagrams of various failure modes: (a) net section tension, (b) shear-out, (c) end-splitting, (d) bearing, and (e) tilt-bearing failure.
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Fig. 4. The geometric characteristics of a bolted connection specimen.

d
Pyoas = (€1 _E)Lf" (1b)
Py, as = 3.2dstf, (1)

where, A, is a net sectional area of the connection plate; f,, denotes the
tensile strength of the connection plate; e; is the distance between the
centre of a standard bolt hole to the end of the connection plate; t is the
thickness of the connection plates; d is the nominal bolt hole diameter;
and df is the nominal bolt diameter.

2.2. AISC 360 [44]

The AISC 360:2020 [44] was developed by American National
Standards Institute for structural steel buildings. Similar to AS 4100
code [43], the nominal capacity of a connection is determined by the
lowest calculated capacity among the net section tension, shear out, and
bearing failure modes. The final predicted failure mode corresponds to
the failure mode associated with the lowest value, as detailed in Eqgs.
(2a), (2b) and (2c¢), respectively.

Pysnisc = Anfu (2a)
d

Pgoaisc = 1.5(e; — E)Lf" (2b)

Py asc = 3ditfy, (20)

2.3. Eurocode 3 [45,46]

The Eurocode 3 [45,46], developed by European Committee for
Standardization, covers design guidelines for steel structures. The ulti-
mate capacities of net section tension failure modes can be calculated
utilizing Eq. (3a) from EN 1993-1-1:2020 [45]. For bearing failure
mode, the ultimate capacity is calculated using Eq. (3b) proposed by EN
1993-1-8:2021 [46]. The final capacity for a specific connection was
determined as the lowest value, while the final predicted failure mode
was the corresponding failure mode of this lowest value.

Pns‘ENl = kAnfu (33)

PEN8 = abkmdftfu (Bb)

where k = 1 for plates with smooth holes fabricated by drilling or water
jet cutting; or k = 0.9 for plates with rough holes fabricated by punching
or flame cutting; ap is the minimum of e;/d, 3fu/fy, and 3; for steel
grades equal to or higher than S460, k,, = 0.9; otherwise kp, = 1.

2.4. Design equations proposed in the literature

For shear out failure mode, the design equations in various codes of
practices utilized different shear failure plane. AS/NZS 4600 [47]
adopted the gross shear length (Lg, = ;) whilst AS 4100 [43] used the
net shear length (Lyy = e3-d/2). Teh and Uz [33] proposed Eq. (4) by
defining an active shear length (L,y, = e;-d/4) based on their experi-
mental analysis and finite element research.

Py, = 1.2(e; —g)tfu 4

A modified Eq. (5) was proposed by Xing et al. [34] considering the
catenary action which has a significant effect on the shear-out capacity.

3dr, d

)p(el - _)tfu (5)

Po =120, 7

where p represents the degree of influence cause by catenary action. p =
1/10 is adopted herein for the single-shear single-bolt connections.

Based on experimental results and data analysis conducted by Teh
and Uz [36], Eq. (6) was proposed for determining the ultimate
tilt-bearing capacity, which was distinguished from the conventional
bearing failure. It was found that variations in bolt hole clearances,
material ductility, and bolt head orientation do not have noticeable ef-
fects on the ultimate tilt-bearing capacity of single-shear bolted
connections.

14
Py, = 2.65(b — d)d?t3f,, (6)
3. Experimental programme
3.1. Materials and specimens

Two types of steel plates were used in the experimental programme,
each pair of connections included a bolt, a WAAM steel plate and a high-
strength Q690 steel plate. The tested WAAM steel plates with a nominal
thickness of 8 mm were cut from oval tubes with flat sides, which were
manufactured using WAAM technology following the printing parame-
ters listed in Table 1. The used feedstock material was ER50-6 low-
carbon steel, with its chemical compositions and mechanical proper-
ties listed in Table 2 and Table 3, respectively, as provided by the
manufacturer. The tested high-strength Q690 steel plates with a nominal
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Table 1
Printing and environmental parameters of specimens with a nominal thickness of 8 mm.
Travel speed (m/min) ~ Wire feed rate (m/min) ~ Wire diameter (mm)  Welding voltage  Layer thickness =~ Bead width  Temperature =~ Humidity = Shielding
w) (mm) (mm) Q) (%RH) gas
0.55-0.6 6.5 1.2 23 2.7 7.5 12-21 35-55 97 %Ar+ 3 %
CO
Table 2
Chemical compositions (% by weight) of ER50-6 low carbon steel feedstock.
Chemical compositions C Mn Si P S Cr Ni Cu Mo \4
ER50-6 0.074 1.47 0.85 0.015 0.01 0.023 0.009 0.1 0.004 0.002
3.2. Geometric measurements
Table 3
Mechanical ies of ER50-6 1 b ] f k. .
echanical properties of ER50-6 low carbon steel feedstoc Due to the undulating surfaces of the WAAM steel plates, a 3D laser
Tensile Yield Elongation Charpy V Impact scanner, SIMSCAN from SCANTECH, was used to measure the physical
9 o c . .
?;;Z;gth ?;;Z;gth Rate (%) (TJe)St Value at 40 °C geometric dimensions of the WAAM plates and high-strength plates. The
scanning process is depicted in Fig. 6, with more detailed information
ER50-6 554 445 26 96

thickness of 8 mm were used to replace parts of WAAM steel plates in the
bolted connections, to simplify the experimental variables and to ensure
the failure occurring on the WAAM steel plates.

A total of 32 WAAM steel bolted connection specimens were tested to
investigate the influences of geometric parameters, including the
diameter of the bolt hole d, the width of the connected plate b, the
minimum distance from the centre of the bolt hole to the end of the
connected plate e; (end distance), and the thickness of the connected
plate t (as illustrated in Fig. 5). e; € [1.4d, 2.5d]ande; € [0.9d, 1.8d]
were utilized in this study, with ey denoting half of the width b. The
different geometry combinations of e;/d and ey/d of connected plates
resulted in different experimental responses. For 16 configurations of
geometry, two specimens with 6 of 0° and 90° are manufactured
respectively, where 0 represents the angle between the specimen axis
and the print layer orientations, as shown in Fig. 5. This approach was
employed to investigate the potential effects of print layer orientations
on the experimental response of the WAAM steel bolted connection
specimens.

Each WAAM single-shear connected plate is named in the form of
HS8-d-b- e; or VS8-d-b- e; with nominal dimensions. ‘H’ or ‘V’ represent
that the plate was extracted horizontally or vertically to the print layer
orientation, with @ being 0° or 90°, respectively. ‘S’ denotes the single-
shear connection type, followed by the nominal thickness t of 8 mm.
The high-strength steel plates are named following the same form of
WAAM plates, such as HSS8-26-50-39, with “HSS” denoting high-
strength steel.

Fig. 5. The basic configuration of tested specimens extracted from flat plates at
different orientations.

provided in previous studies [48,49]. The obtained geometric mea-
surement results of WAAM steel plates and high-strength steel plates are
shown in Table 4.

3.3. Test arrangements

All tested specimens were single-shear single-bolted connections,
and each specimen was composed of a WAAM plate and a matched high-
strength steel plate, connected using a finger-tightened bolt in a 2 mm
clearance hole, as shown in Fig. 7. The grade 12.9 fully threaded bolts
with nominal diameters of 24 mm and 30 mm were used to prevent bolt
shearing, ensuring that the fracture occurred in the WAAM plates.
Auxiliary plates were added at the clamping end to load the bolted
connection specimens under concentric load.

A DIC system was utilised to conduct a non-contact full-field mea-
surement, with a camera monitoring the displacements of the unfixed
plates at a frequency of 5 Hz. All specimens were painted white and
black in turn to form random speckle patterns for DIC tracking dis-
placements. An extensometer with a gauge length of 150 mm was also
set up to verify the displacements measured by the DIC system, which
extracted a length of 150 mm at the same location to calculate the
matched displacements. The results obtained from the DIC system and
the extensometer showed a negligible difference of less than 6 %. As a
result, data from the DIC system was used for subsequent data analysis.

The coupon specimens and bolted connection specimens were tested
to failure using a 250 kN Instron 8802 testing machine under displace-
ment control mode at a stroke rate of 0.8 mm/min and 1.0 mm/min,
respectively. The test setup is shown in Fig. 7. Individual specimens with
high ultimate capacities were tested to failure using a 1000 kN Instron
8805 testing machine.

Calibration board Scanner

Laser

3D laser scanning

Specimen

Digital specimen

Fig. 6. The scanning process.
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Table 4
Geometric measurement results of WAAM steel plates and high-strength steel plates.
Specimens d¢ (mm) t d b e Matched tuss dyss buss €1 uss
(mm) (mm) (mm) (mm) specimens (mm) (mm) (mm) (mm)
HS8-26-50-39 24.0 8.3 26.2 49.0 38.1 HSS-26-50-39 7.86 26.7 50.2 40.3
HS8-26-60-39 24.0 8.4 26.2 59.2 39.5 HSS-26-60-39 7.94 25.8 60.2 39.5
HS8-26-70-39 24.0 8.9 26.0 70.4 37.8 HSS-26-70-39 7.94 26.4 70.1 40.4
HS8-26-90-39 24.0 8.3 26.2 90.3 37.9 HSS-26-90-39 7.96 26.6 90.7 39.3
HS8-26-90-44 24.0 8.3 25.6 90.5 42.4 HSS-26-90-44 7.85 26.2 90.6 43.8
HS8-26-60-50 24.0 8.4 26.0 59.1 49.6 HSS-26-60-50 7.87 26.4 60.4 50.6
HS8-26-90-52 24.0 8.1 26.4 90.0 51.6 HSS-26-90-52 7.98 26.6 91.0 52.9
HS8-26-90-57 24.0 8.3 25.8 90.3 56.7 HSS-26-90-57 7.97 26.7 90.6 57.0
HS8-26-90-65 24.0 8.4 26.2 90.3 64.9 HSS-26-90-65 7.97 26.7 90.7 64.8
HS8-32-60-48 30.0 8.8 32.4 59.7 47.2 HSS-32-60-48 7.94 31.9 60.8 48.7
HS8-32-70-48 30.0 8.5 32.8 70.3 47.4 HSS-32-70-48 7.92 32.4 70.6 48.4
HS8-32-90-48 30.0 8.4 32.2 90.4 47.3 HSS-32-90-48 7.96 32.1 91.4 47.3
HS8-32-90-42 30.0 9.0 32.4 91.2 39.8 HSS-32-90-42 7.97 32.0 90.7 41.4
HS8-32-90-64 30.0 9.0 32.6 91.3 63.5 HSS-32-90-64 7.95 321 91.0 62.9
HS8-32-70-45 30.0 9.0 32.8 71.4 44.7 HSS-32-70-45 7.98 32.0 71.5 44.8
HS8-32-100-58 30.0 8.6 32.4 99.2 58.2 HSS-32-100-58 7.96 325 100.2 57.8
HS8-32-100-64 30.0 8.3 32.4 99.9 63.4 HSS-32-100-64 7.95 32.3 100.4 63.6
VS8-26-50-39 24.0 8.7 26.0 48.8 39.0 VSS-26-50-39 7.99 26.6 50.5 39.2
VS8-26-60-39 24.0 9.3 26.2 60.5 38.3 VSS-26-60-39 7.94 26.6 60.9 39.9
VS8-26-70-39 24.0 8.3 26.0 70.1 36.4 VSS-26-70-39 7.88 26.7 70.1 39.1
VS8-26-90-39 24.0 9.4 25.6 89.9 38.6 VSS-26-90-39 7.92 26.6 90.4 39.4
VS8-26-90-44 24.0 8.4 26.0 89.9 44.2 VSS-26-90-44 7.91 26.5 90.7 43.8
VS8-26-60-50 24.0 8.4 26.0 60.4 51.4 VSS-26-60-50 7.94 26.6 60.8 50.4
VS8-26-90-32 24.0 9.7 25.8 89.8 31.7 VSS-26-90-32 7.96 26.6 90.2 32.4
VS8-26-90-52 24.0 8.6 26.0 89.8 52.2 VSS-26-90-52 8.01 26.6 90.1 52.0
VS8-26-90-57 24.0 9.5 26.0 90.1 56.0 VSS-26-90-57 7.86 26.7 91.1 57.5
VS8-26-90-65 24.0 8.8 26.2 90.3 64.1 VSS-26-90-65 7.96 26.6 90.2 65.4
VS8-32-90-48 30.0 9.5 33.2 90.0 48.4 VSS-32-90-48 7.87 32.7 90.3 48.4
VS8-32-90-64 30.0 8.6 32.2 90.2 62.9 VSS-32-90-64 7.95 32.3 90.6 64.3
VS8-32-90-39 30.0 9.2 32.8 90.4 38.2 VSS-32-90-39 7.97 32.3 89.9 38.5
VS8-32-100-58 30.0 9.0 32.2 98.7 58.1 VSS-32-100-58 8.01 32.4 100.9 57.1
VS8-32-100-64 30.0 8.9 31.8 100.2 63.1 VSS-32-100-64 7.99 315 100.6 63.4
Extensometer
-

-—— e — — A e

| il —_——— = i

| Auxiliary— . - /' e Szftcel;f

WAAM auge length=150mm P

| plate

I
|High-strength
| bolt

I
| High-strength

Auxilia
| steel plate i

plate

Fig. 7. The test setup.

4. Test results

4.1. Tensile coupon tests

Centroid of
cross-section

4.1.1. Geometric properties

The process of scanning and geometric measurement of the speci-
mens were shown in Fig. 8. The geometric measurements were executed
on a series of cross-section profiles extracted from the parallel segments

RN N TCE O T

. . . . - &
of coupons. The average geometric proI:)ertles are shown 1n.F}g. 9, where Controid of coupon =
t, ey, and e, represent the average of thickness and eccentricity between
the centroid of coupon and cross-section along the Y-axis and Z-axis Fig. 8. The diagram of geometric measurements and coupons with different

shown in Fig. 8; tud, ey std, €z,std represent the standard deviation values angles to print layer orientation.
of thickness and eccentricity between the centroid of coupon and cross-
section along the Y-axis and Z-axis.

The eccentricities e, were generally slightly higher than ey, indicating
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Fig. 9. The geometric properties of tensile coupon specimens.

the presence of surface irregularities in the WAAM specimens. The tgyq,
ey std, and e, g values of the coupons with a 6 of 0° were consistently
smaller than those with a 8 of 90°. This was attributed to the uniformity
of cross-sections examined perpendicular to the direction of the depo-
sition paths.

Fig. 10 shows the comparison of geometric properties between thin
and thick tensile coupon specimens. The subscript ‘k’ and ‘n’ represent
thick and thin specimens, respectively. For the tensile coupon specimens
share the same printing orientation, the eccentricities on the Y-axis of
thin specimens were consistently larger than those of thick specimens.
Additionally, the normalized Y- and Z-eccentricities of thick specimens
were consistently smaller than those of thin specimens. This indicates
that the geometric properties of thick specimens were more uniform and
stable. However, the surface roughness of WAAM plates, as indicated by
the Y- and Z-eccentricities, has been proven independent of the plate
thickness and is instead influenced by the process parameters [12,50].

4.1.2. Material properties

The stress-strain curves of all tensile coupons are shown in Fig. 11,
including the full strain range on the left and a zoomed-in view limited
to a strain of 1 % on the right. The axial strain field of the specimen at
the peak of one stress-strain curve is also attached in Fig. 11, where the
red region represents the maximum concentrated deformation. Material
anisotropy was shown by the coupons from WAAM steel plates at angles
of 0°, 45° and 90° to the print layer orientation. It showed that the
yielding phases of the stress-strain curves were very prominent in the
specimens with a 0 of 0°, but gradually disappeared as the ¢ increased.

The average material properties, Young’s modulus E, yield stress f;
(defined as the 0.2 % proof stress), ultimate tensile stress f,, ultimate
tensile strain ¢, and fracture strain & derived from stress-strain curves
are presented in Table 5, which shows that the material properties
generally decreased with the increase of 6.

The degree of anisotropy can be calculated using Eq. (7). As shown in
Fig. 12, the stress and strain performance of the specimens were
compared to show the degree of anisotropy. The anisotropic percentages

L, 0.25
2
3
£ 0.201 ek
3 ey,
E=0R1 °
2 N o0.15 Gzk
gz —® e,
i :z 0.10 A/l
L) N 1 °
53 A ey,
>~ '_»_: ekt
£ 0031 e ultn
4
0.00

Angle 6 (°)

Fig. 10. Comparison of geometric properties between thin and thick tensile
coupon specimens.

of yield stress and ultimate stress came to 7.4 %, and 7.8 % respectively,
indicating a slight anisotropy. There was a larger difference of approx-
imately 20 % between the ultimate tensile strain and fracture strain of
the 0° and 90° specimens, showing a significant difference in the
ductility and fracture performance of the material in different print layer
orientations. The reason for the material anisotropy may be related to
the initial defects caused by the surface undulation of the WAAM
specimens.

[Py — Po—o-|

x 100%,
Py_o- :

P @

where p is the anisotropic degree; and P, represents the average prop-
erties of the specimens with an angle of 6.

Therefore, comprehensive research should be conducted to fully
evaluate the performance of the WAAM steel material and consider the
influence of anisotropy on its use in material design and practical
application. In addition, the very limited difference in the material
properties of specimens with 6 of 0° and 45° was found and it was also
the major reason for the print layer orientations selected for the single-
shear bolted connection tests.

4.1.3. Elastic parameters

For four groups of coupons, the values of elastic parameters
including Young’s modulus E of coupons with 6 of 0° (L), 45° (D) and 90°
(T), and Poisson’s ratios v of coupons with 8 of 0° (L) and 90° (T) were
determined from the DIC system, according to the method proposed in
the literature [10,51,52].

The values of Poisson’s ratio were estimated as ratios between
average transversal and longitudinal strains v = ¢;/¢; at selected cross
sections of L and T coupons, as depicted in Fig. 13. In particular, in order
to consider a possible uneven distribution of the transversal strains along
the length of the coupon, the values of ¢; were taken as a mean over three
measures taken at three different cross-sections.

Table 6 and Fig. 14 show the values of the elastic parameters for the
L, D, and T coupons, compared with those of conventionally manufac-
tured carbon steel (E = 210 GPa and v = 0.3 according to EN 1993-1-
1:2020 [45]). As shown in the previous Section 4.1.2, the mean values of
Young’s modulus along different print layer orientations show an
anisotropic behaviour, lower than the reference (210 GPa). Moreover,
Poisson’s ratio values are larger than the reference (0.3), and also
affected by the print layer orientations, with the ratio of L coupons vy,
larger than those of T coupons v;r.

Fig. 15 compares the values of Young’s modulus along one direction
with the Poisson’s ratio evaluated for the orthogonal direction, namely
Epvir and Ervyr. The equation Epvir = Ervy, appears to reasonably
match the data distribution pattern. However, further investigation is
needed to confirm whether it exhibits orthotropic material behaviour.

Table 7 collects the values of the elastic parameters, including Ey, E,,
Vxy» Vyx> Gxy, Of the orthotropic model for WAAM carbon steel calibrated
from the experimental result. E, and E, are Young’s moduli along the
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Fig. 11. The stress-strain whole curves (on the left) and zoom for strain lower than 1 % (on the right) for coupons with 6 of (a) 0°, (b) 45°, and (c) 90°.

Table 5 540 0.24
Average material properties for coupons with a nominal thickness of 8 mm. fy Ju
Nominal Actual ] E fy fu £u & 500 -0.8% &, 5_'[ 10.20
thickness ~ thickness () (GPa)  (MPa)  (MPa) +2.8% .
(mm) (mm) = il -7.8%
8 8.9 0 206 393 500 012 017 S 460 1960016 2
8.3 45 196 386 496 013 017 < 3.1% 0o =
8.6 90 182 364 461 010 0.14 2 ’ 8
£420 -19.4%70.12
»n
-1.7%
longitudinal and transverse direction to the print layer orientation,
. . oo . 380 -7.4%710.08
respectively; vy, and vy, are the calibrated Poisson’s ratios; and Gy
represents the shear modulus. These values can be expressed as follows
according to the method proposed by Laghi et al. [52]. 340 0 4‘5 9‘0 0.04
E.=E,; E,=Er (8a) Angle 8 (°)
Fig. 12. The anisotropic analysis of the mechanical properties.
X Y
Vg =——=X Wir+vm); Vye=m—- %X (Wir+v 8b
Xy E +E i +vm); Vi E+E (vir +vo) (8b)
4 1-v 1-v
Gy = (7 -~ - =271 8c
L T 80

It is worth noting that the elastic parameters of WAAM carbon steel
were evaluated from the results of the tensile tests on the as-built
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Fig. 13. Conceptual schematization of the estimation of the Poisson’s ratio.

Table 6
WAAM elastic parameters from tensile tests.
E (GPa) v

Group L D T LT TL
1 190 198 161 0.35 0.45
2 211 237 204 0.43 0.49
3 217 157 199 0.42 0.42
4 205 194 167 0.40 0.50
Mean 206 196 183 0.40 0.47
Cov 0.05 0.14 0.10 0.07 0.07

coupons. The surface undulations of the as-built coupons may cause

fluctuations in the results.

4.2. Single-shear bolted connection tests

4.2.1. Test result summary

The detailed test results of all the single-shear bolted connection
specimens using thick plates are given in Table 9. The ultimate capacity
P, was taken as the maximum load measured in tests, and Up, was the
corresponding displacement at the maximum load. The variation range
of ultimate capacity was within 97.1 kN to 268.8 kN, while the variation
range of displacement was within 7.4 mm to 28.1 mm.

4.2.2. Failure mode and experiment phenomena

The typical specimens after failure are shown in Fig. 16, grouped
with three different failure modes: net section tension, end-splitting, and
tilt-bearing. All tested specimens exhibited fractures in the WAAM plates
surrounding the bolt holes. The specimens that failed in net section
tension were obviously characterized by relatively narrow plate widths.
When the plate width was sufficiently large to prevent net section ten-
sion failure, the plate with a smaller end distance presented shear-out or
end-splitting failure.

The typical shear-out failure was not discovered in the test, replaced
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Fig. 15. Comparison of Young’s moduli and Poisson’s ratios along T and
L directions.

Table 7

Elastic parameters of the orthotropic model for WAAM carbon steels.
Group E, (Gpa) E, (Gpa) Gyy (Gpa) Vyx Vxy
1 190 161 75 0.44 0.37
2 211 204 86 0.46 0.45
3 217 199 50 0.44 0.40
4 205 167 68 0.50 0.41
Mean 206 183 70 0.46 0.41
cov 0.05 0.10 0.18 0.05 0.07

Note that the mean value of the shear modulus G, is 70 GPa, which is lower

than the reference value of 81 GPa according to EN 1993-1-1 [45]. Table 8
highlights the discrepancies between experimental and calibrated Poisson’s ra-
tios. The values exhibit significant fluctuations, demonstrating poor consistency
between experimental measurements and calibrated values, with a mean dif-
ference reaching + 15 %. This discrepancy is notably larger than the + 3 %
reported by Laghi et al. for WAAM stainless steels [52], indicating that the

orthotropic nature of WAAM carbon steel is not as pronounced.

Table 8

Discrepancy of experimental and calibrated Poisson’s ratios.

Group (Vyx =v11) /vrL (%) (Vay —vi1) /Vir (%)
1 —18.16 23.24
2 -7.76 8.84
3 —-4.19 4.19
4 —19.25 24.18
Mean —12.34 15.11
Cov —-0.53 0.58
0.7

(b) I; Vi I_I V1L
0.6
05{ — —
0.4+
031-F- 1 -- = | R - .

Carbpn pteel
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0.1+
0.0
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Fig. 14. Histograms of (a) Young’s modulus and (b) Poisson’s ratio values for WAAM stainless steels.
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Table 9

Test results.
No. Specimen Failure mode P, (KN) Up, (mm) No. Specimen Failure mode P, (KN) Up, (mm)
1 HS8-26—-50—-39 NS 97.1 9.3 14 VS8-26—50—-39 NS 102.1 7.4
2 HS8-26-60-39 NS 145.3 12.6 15 VS8-26-60-39 NS 135.6 10.8
3 HS8-26—-70-39 NS 162.1 16.3 16 VS8-26-70-39 NS 152.9 17.4
4 HS8-26—-90—-39 ES 169.0 19.1 17 VS8—-26—90—-39 TB 211.1 26.2
5 HS8-26-90—-44 ES 170.8 18.1 18 VS8-26-90—-44 TB 214.5 17.7
6 HS8—-26—-60—-50 NS 137.4 9.4 19 VS8-26—-60—-50 NS 134.4 10.1
7 HS8-26—-90—-52 TB 216.1 20.6 20 VS8—-26—90-52 TB 207.4 17.5
8 HS8-26—-90-57 TB 189.6 13.3 21 VS8-26—90-57 TB 227.0 14.9
9 HS8-26-90-65 TB 195.9 13.4 22 VS8-26—-90—-65 TB 222.0 23.7
10 HS8-32-90-48" ES 210.4 24.9 23 VS8-32-90-48" TB 250.2 21.8
11 HS8-32-90-64" NS 221.5 16.6 24 VS8-32-90—-64" TB 217.3 23.3
12 HS8-32-100-58" TB 252.6 26.6 25 VS8-32-100-58" TB 264.4 17.5
13 HS8-32-100—-64" TB 249.4 20.8 26 VS8-32-100—64" TB 268.8 17.5
27 HS8-32-60—48 NS 124.7 8.4 30 HS8-32-70-45 NS 150.7 10.6
28 HS8-32-70—-48 NS 162.8 10.4 31 VS8—-26—90-32 TB 182.0 28.1
29 HS8-32-90—-42 ES 161.5 14.6 32 VS8-32-90-39 ES 161.6 18.2

Note: NS = net section tension failure; ES = end-splitting failure; TB = tilt-bearing failure.
@ Specimens were tested to failure using a 1000 kN Instron 8805 testing machine.

Fracture

VS8-26-50-39

(a) (b)

Fig. 16. Typical failure modes: (a) net section tension, (b) end-splitting, and (c) tilt-bearing failure.

by the end-splitting failure. The fracture was generated from the plate
end and gradually spread towards the bolt hole. When the plate featured
a larger end distance, it tended to curl, and the bolt punched through,
causing fractures around the bolt hole that ultimately resulted in a tilt-
bearing failure. For the single-shear bolted connection, it is generally
assumed that thick plates exhibit less susceptibility to tilting in com-
parison to thin plates [42]. However, in our tests, the tested thick plates
which failed in tilt-bearing were observed to experience varying degrees
of tilting.

Fig. 17 shows the typical load-displacement curves of specimens with
the three failure modes. As shown in Fig. 17(a), the load-displacement
curves of specimens with different widths that failed in net section
tension displayed an increase in ultimate capacities with increasing
widths. In addition, the stiffnesses of the specimens, which were re-
flected by the slopes of the load-displacement curves, also increased
with increasing widths. The axial strain &y fields at different displace-
ments obtained by the DIC system for specimen VS8-26-60-50 are dis-
played in Fig. 18. It can be observed that the deformation was mainly
concentrated in the net section on the right side. As the displacement
increased, the specimen underwent necking across the width and
thickness of the plates until fracture.

The load-displacement curves of all the five specimens that failed in
end-splitting are illustrated in Fig. 17(b). For specimen HS8-26-90-44,
the transverse strain e, fields visualised by the DIC system are displayed
in Fig. 19. As the bolt compressed, the material in front of it was
squeezed out and a significant rotation at the net cross-section was

observed. This resulted in the development of high transverse tensile
stresses along the width direction until a fracture originated from the
plate end.

Fig. 17(c) shows the typical load-displacement curves of the bolted
connections corresponding to tilt-bearing failure mode. For specimen
HS-22-60-40, the axial strain ey, fields at different displacements ob-
tained by the DIC system are displayed in Fig. 20. The compressive strain
on the downstream of the bolt hole and the tensile strain on the side of
the bolt hole gradually increased as the stress increased. Corresponding
to the rapid intensification of plate curling, a decrease in the load-
displacement curve was observed.

4.2.3. Analysis of anisotropy behaviours

For the 13 pairs of specimens with similar geometric parameters but
different print layer orientations, anisotropic behaviours were observed.
Among them, four pairs of specimens exhibited different failure modes,
as shown in Fig. 21. The locations of the fractures were marked with red
lines. From visual observation of the failure phenomenon, both HS8-32-
90-64 and VS8-32-90-48 exhibited a combined failure of net section
tension and tilt-bearing. However, upon further analysis of their ulti-
mate capacity and fracture development status, it was determined that
the two specimens failed due to net section tension and tilt-bearing,
respectively.

The divergence in general trends was the propensity of HS specimens
to fail in end-splitting, whereas VS specimens tended to fail in tilt-
bearing. VS specimens had higher transverse resistance due to their
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Fig. 17. Typical load-displacement curves of specimens with different failure modes: (a) net section tension, (b) end-splitting and (c) tilt-bearing failure.
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Fig. 18. Strain fields at different displacements for specimen VS8-26-60-50.
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Fig. 19. Strain fields at different displacements for specimen HS8-26-90-44.

print layers being parallel to the stress direction, resulting in the mate-
rial in front of the bolt hole curling under the compression of the bolt.
Contrarily, fractures in HS specimens developed from the plate end due
to their relatively weaker transverse resistance. Owing to a deviation in
the position of the bolt hole in HS8-32-90-64, the net section on its right
side was reduced, resulting in a net section tension failure.

The normalised ultimate capacities ratios Py g °/tfy,eff,00 © and Py -/
tfu,efr,0 ° of the VS and HS specimens are compared in Fig. 22. The mean
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Fig. 20. Strain fields at different displacements for specimen VS8-26-90-39.

of normalised ultimate capacities ratios reached 1.11, exceeding the
anisotropic degree of WAAM material in terms of ultimate stress. For
specimens exhibiting net section tension failure, the difference in ulti-
mate capacity between VS and HS specimens remained within 10 %.
This difference was more pronounced for specimens exhibiting tilt-
bearing failure, with the ratio of Py 9o </tfyefr,00 © and Py o /tfy,efr,0 > dis-
playing an overall trend greater than unity. In addition, an examination
of pairs of specimens exhibiting inconsistent failure modes revealed that
the normalized ultimate capacities of VS specimens with tilt-bearing
failure were higher. However, the differences in displacements did not
show any potential trends. Overall, the specimens with similar geo-
metric parameters but different print layer orientations exhibited slight
anisotropy in terms of failure modes and ultimate capacities.

4.2.4. Analysis of the thickness influence

Our previous experiments focused on the WAAM steel bolted con-
nections composed of thin plates (nominal thickness = 3 mm) [35]. For
bolted connections composed of thick and thin plates whose plate di-
mensions had the same e;/d and ey/d, it was found that the ultimate
capacities of bolted connection specimens were influenced by plate
thickness. The normalised ultimate capacities P /Af, of WAAM steel
bolted connections composed of thick and thin plates (nominal thickness
= 3 mm) are compared in Fig. 23.
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Fig. 21. Four pairs of specimens with different failure modes.
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Fig. 22. Comparison of ultimate capacities and displacements on different print
layer orientations.

The normalised ultimate capacities P,/Af, of bolted connections
composed of thick plates were usually higher than those of thin plates
under different e;/d and ey/d. Although in some cases, such as ep/
d = 1.2, the normalised ultimate capacities of thin plates were higher,
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the difference was slight. It indicates that the bolted connections
composed of thick plates can better utilize the cross-sectional strength of
the material and provide more reliable performance. However, the bolt
connections with e;/d = 1.4 showed significant and unusual difference.
The reason may be that the bolted connections with thick plates mainly
exhibited end-splitting failure, while the bolted connections with thin
plates mainly exhibited net section tension failure. By comparison, the
response of specimens failing in net section tension failure was more
stable.

5. Comparison of design predictions
5.1. General

In this section, the failure modes and ultimate loads of the tested
specimens were compared against predictions of the design equations
previously summarized in Section 2, to evaluate the suitability of
available design methods for WAAM steel bolted connections. The
comparisons of tested ultimate loads and predicted ultimate capacities
are summarized in Fig. 24.

For application to all specimens, AISC 360 [44] demonstrated a best
average test-to-predicted capacity ratio of 1.00 but an unsatisfactory
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Fig. 23. Comparison of ultimate capacities and displacements on different print layer orientations.
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Fig. 24. Comparison of tested ultimate loads and predicted ultimate capacities.

coefficient of variation (COV) of 0.15. The results were also reflected in
the left scatter plot. Except for a few red dots that fell on the diagonal
with k =1, other red dots were evenly distributed in the upper and
lower parts of the diagonal, resulting in an average ratio close to 1.00
and a large COV. It reflected the predictive instability of AISC 360 [44].
A similar prediction performance occurred in Eurocode [45,46], but it
showed an underestimation of 6 % of the tested ultimate loads.
Although the design equations of AS 4100 [43] and Eurocode [45,46]
obtained an overall average conservatism, AS 4100 [43] was more
conservative than Eurocode [45,46], also with more instability. It can be
clearly observed that almost all the yellow squares (AS 4100 [43]) were
distributed in the lower half of Fig. 24, indicating an overall
underestimation.

Compared with the three specifications, the prediction results of Eq.
(4) [33] and Eq. (5) [34] specific to shear-out failure and Eq. (6) [36]
specific to tilt-bearing failure were usually both accurate and stable. One
possible factor contributing to this phenomenon may be that the three
specifications misjudged the failure modes during prediction, resulting
in unsatisfactory results. It will be discussed in detail below for each
failure mode.

5.2. Net section tension failure

The test-to-predicted capacity ratios of individual specimens failing
by net section tension are summarized in Table 10. Occasionally, the
specimens were incorrectly predicted as a shear-out failure, resulting in
low accuracy in predicting failure modes. The failure mode prediction
accuracy of AS 4100 [43] did not even exceed 0.5, corresponding with a
lower average test-to-predicted capacity ratio of 1.28.

AISC 360 [44] and Eurocode [45] shared the same equation for net
section tension failure with the same correction factors of 1. They agreed
with the test data with reasonable accuracy, reaching an average ratio of

Table 10

Assessments of design codes for net section tension failure.
Specimen AS 4100 AISC 360 Eurocode 3

FM Py/Pas M Py/Paisc M Py/Pens

HS8-26-50—-39 NS 1.20 NS 1.02 NS 1.02
HS8-26—-60—39 (SO) 1.31 NS 1.04 NS 1.04
HS8-26—-70-39 (SO) 1.47 (SO) 0.98 (SO) 1.05
HS8-26—-60-50 NS 1.17 NS 0.99 NS 0.99
HS8-32—-60—48 NS 1.23 NS 1.04 NS 1.04
HS8-32-70-48 (SO) 1.24 NS 1.02 NS 1.02
HS8-32-90-64 (SO) 1.04 NS 0.84 (SO) 0.84
HS8-32-70—-45 (SO) 1.18 NS 0.87 NS 0.87
VS8—-26—50—-39 NS 1.32 NS 1.12 NS 1.12
VS8-26—-60—-39 (SO) 1.26 NS 0.92 NS 0.92
VS8—-26—70—-39 (SO) 1.72 (SO) 1.14 (SO) 1.20
VS8—-26—60—50 NS 1.18 NS 1.00 NS 1.00
FMPA 0.42 0.83 0.75
Mean 1.28 1.00 1.01
Cov 0.13 0.09 0.09

Note: FMPA =failure mode prediction accuracy; failure mode in brackets means
it was different from the test result.
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less than 1.01 and a COV of less than 0.09. Some specimens, such as
HS8-26-70-39 and VS8-26-70-39, were mistakenly identified as
shear-out failure, and the different design codes for shear-out failure
between the two specifications resulted in slight differences of predic-
tion. Considering these results, for WAAM steel bolted connections
composed of thick plates failing in net section tension, the correction
factor meant for reduction is unnecessary.

5.3. End-splitting failure

The lack of a specific design equation for end-splitting failure could
be attributed to the fact that current specifications did not clearly
distinguish between shear-out and end-splitting failure. Therefore, due
to the similar mechanical behaviours between the two failure modes, the
ultimate capacities of specimens failing by end-splitting were predicted
using the equations for shear-out failure in many studies [53,54].

In Table 11, the assessments of design equations for end-splitting
failure using shear-out equations are presented. It is evident that
except for AS 4100 [43], other design equations exhibited satisfying
predictive performance. Eq. (4) [33] proposed a new active shear plane,
which had the highest accuracy with an underestimation of 2 % and a
COV of 0.06. Eq. (5) [34] added a factor account for the contribution of
the catenary action on the basis of Eq. (4) [33], but it led to a 5 % slight
overestimation. On the contrary, AISC 360 [44] led to a 5%
underestimation.

Overall, the COVs of these five design codes were relatively small,
which were less than 0.08, indicating their stable prediction perfor-
mance. It was mainly because the failure modes were correctly predicted
to be shear-out failure.

5.4. Tilt-bearing failure

The failure mode of tilt-bearing has not been integrated into current
design standards. As a result, it is typically predicted as a net section
tension or shear-out failure, with the corresponding ultimate capacity
being derived accordingly, as shown in Table 12. AS 4100 [43] caused a
significant underestimation reaching 1.42, due to the conservatism of
the shear-out design provisions. Although AISC 360 [44] and Eurocode
equations [46] provided a relatively satisfactory test-to-predict ratio,
their COVs were rather larger. This could be attributed to a significant
difference between the design codes used and the mechanical mecha-
nism of tilt-bearing failure.

After discovering that the plate width, plate thickness, and bolt
diameter had meaningful influences on the ultimate capacities of tilt-
bearing specimens, Eq. (6) [36] was proposed for tilt-bearing failure
in thin plates (t < 3 mm). The ultimate capacities were accurately pre-
dicted by Eq. (6) [36], with an overestimation within 4 % and an
appropriate COV of 0.09. It indicated that the design equation was also
suitable for WAAM steel bolted connections composed of thick plates.

5.5. Comparison with bolted connections composed of thin plates

Our previous experiments have compared the design prediction of
WAAM steel bolted connections composed of thin plates with experi-
mental results [36]. It was found that existing design provision for
conventionally manufactured steel had certain applicability for WAAM
steel bolted connections. Fig. 25 compared the prediction performance
comparison of WAAM bolted connections composed of thin and thick
plates. In terms of average test-to-predict ratio of each design provision,
the overall values of bolted connection composed of thick plates were
smaller than those of thin plates, which were closer to the experimental
ultimate loads. The difference was that Eq. (5) [34] and Eq. (6) [36]
overestimated the ultimate capacity of bolted connection composed of
thick plates but underestimated the ultimate capacity of bolted
connection composed of thin plates. In addition, the COVs of thick plates
were smaller than these of thin plates.



Y. Liu et dl Structures 70 (2024) 107573
Table 11
Assessments of design codes for end-splitting failure using shear-out equations.
Specimen AS 4100 AISC 360 Eurocode 3 Eq. (4) Eq. (5)
FM Py /Pas FM Py /Paisc FM Py /Pen3 Py /Pgq (4 Py /Pgqy 5
HS8-26-90-39 SO 1.64 SO 1.09 so 1.17 1.08 1.01
HS8-26-90-44 SO 1.39 SO 0.93 SO 1.04 0.96 0.91
HS8-32-90-48 SO 1.60 SO 1.07 SO 1.13 1.06 0.99
HS8-32-90-42 SO 1.53 SO 1.02 SO 0.98 0.95 0.87
VS8-32-90-39 S0 1.75 SO 1.17 SO 1.09 1.06 0.97
Mean 1.58 1.05 1.08 1.02 0.95
cov 0.08 0.08 0.06 0.06 0.06
bl 7.8 % respectively, indicating a slight anisotropy, while the mean of
Za el12 NP des for tilt-bearing fal normalised ultimate capacities difference of WAAM steel bolted con-
ssessments oI design codes 1or tilt-bearing iailure. . . . .
8 J nections reached 11 %, which was higher than that of WAAM material.
Specimen AS4100 AISC 360 Eurocode 3 Eq. (6) 2) The existing design provisions for conventionally manufactured
Py /Pas Py /Pasc Py /Pens Py/Prq6) steel bolted connections were used to evaluate the ultimate capacities of
HS8—26-90_52 0 139 So 092 so 114 1.02 WAAM single-shear l{olFed connection spe(:lmen.s. For d1ffer.en.t failure
HS8—26-90—57 SO 104 NS 071 SO 087 087 modes, the best predictions for net section tension, end-splitting, and
HS8-26-90—-65 SO 09 NS 073 SO 079  0.89 tilt-bearing failure were obtained by AISC 360 [44], Eq. (4) [33], and Eq.
HS8-32-100-58 SO 1.40 SO 0.93 SO 1.09 0.98 (6) [36], respectively. The analysis showed that the design provisions
HS8-32-100-64 SO 127 NS 08 SO 102 L0l were suitable for WAAM bolted connections.
VS8-26-90—39 SO 19 SO 126 SO 135  0.89 th 1 bol . £ thi
VS8—26-00—44 o 1.78 SO 118 so 1.36 1.05 3) Corflpared with WAAM steel bolted connectlc.)n composed of thin
VS8-26-90-52 SO 1.34 SO 0.89 SO 1.09 0.99 plates, thick plates had more stable response during tests and better
VS8-26-90-57 SO 120 NS 081 SO 1.00 094 applicability to existing design provisions.
zzzgg*gg*ig :g 1-(7)3 gg (1)-2(6) 28 (1)-2‘1‘ (1)-(9)2 4) Despite their usefulness, existing design codes have limitations on
VS8-32-90_64 6 117 NS 095 NS 095 094 the identification of failure mode.s.and adistinct s.pec1ﬁcz.:1t10n for WAAM
VS8-32-100-58 SO 151 SO 1.0l SO 117  1.04 steel should be developed. Additional research is required to promote
VS8-32-100-64 SO 140 NS 096 SO 111 1.09 the implementation of 3D printing technology in real-world engineering
VS8-2-90-32 SO 216 SO 144 SO 138 073 projects.
Mean 1.42 0.98 110 0.96
cov 0.24 0.20 016  0.09 . . o
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Fig. 25. Prediction performance comparison of bolted connections composed
of thin and thick plates.

Overall, it could be assumed that thickness of connected plates of
WAAM bolted connections had a certain influence on the prediction
results, and various design provisions performed more accurately and
stably on bolted connections composed of thick plates.

6. Conclusions

The material properties of WAAM steels and the structural behav-
iours of WAAM steel bolted connections have been investigated in this
paper. The fundamental material properties of WAAM steels exhibited
slight anisotropy in stress and significant differences in ductility and
fracture performance. For this reason, bolted connection specimens with
different print layer orientations were studied, and anisotropy behav-
iours in terms of failure modes and ultimate capacities were also
observed. Based on the results, the following conclusions were drawn:

1) The yield stress and ultimate stress difference came to 7.4 %, and
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