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The integration of additive manufacturing technology into the construction sector has attracted considerable
interest in recent years. However, despite the increasing demand for large-scale constructions subjected to large
forces, the research on the structural behaviour of thick plates fabricated via Wire and Arc Additive
Manufacturing (WAAM) technology has been limited. This paper investigated the structural behaviour and
design of WAAM carbon steel double-shear bolted connections with thick plates. The experiment examined 30
bolted connections with varying geometric dimensions and print layer orientations, discovering failure modes
including net section tension, shear-out, end-splitting, and bearing failure. The research revealed anisotropic
behaviours in WAAM steel bolted connections, with different print layer orientations affecting their failure
modes and ultimate capacities. It is consistent with the inherent anisotropy observed in WAAM steel materials.
Furthermore, the experimental results were analysed and compared with predictions made by existing design
approaches for conventional steel bolted connections. While the existing guidelines were found to be applicable

to WAAM steel bolted connections, certain limitations were identified.

1. Introduction

In recent years, additive manufacturing has gained prominence
within the manufacturing industry, providing new possibilities that
complement traditional manufacturing processes. This cutting-edge
technology, commonly known as 3D printing, enables the production
of intricate geometries that traditional methods find challenging or
unfeasible. Among various additive manufacturing techniques, Wire Arc
Additive Manufacturing (WAAM) stands out for its efficiency, cost-
effectiveness, and sustainability in fabricating large-scale and complex
steel structures [1-8]. This has gained significant interest, particularly in
the field of Civil Engineering. WAAM employs an electric arc to melt the
wire feedstock, which is then deposited layer by layer to create the
desired structure on the substrate plate, as depicted in Fig. 1. Early
notable applications of WAAM technology, illustrated in Fig. 2, include
the construction of topology-optimized cantilever trusses, hooks, bolted
connections, and WAAM steel footbridges, highlighting its potential as a
transformative manufacturing process.
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As the application of WAAM technology in construction continues to
gain traction, acquiring a comprehensive understanding of the material
properties of plates produced via WAAM has become increasingly
important. Extensive studies have been conducted on the material
properties of WAAM steel across various types, including stainless steels
and carbon steels [12-25]. Based on these experiments, the research has
also emerged on establishing the constitutive models for WAAM steels
[26]. Not only limited to the material properties, the structural behav-
iours of WAAM structures among beams, columns, connections, and
other structural elements [10,27-35] have also been studied. Particu-
larly, the structural behaviours of bolted connections in WAAM steel
structures have warranted an in-depth investigation, especially con-
cerning the limitations inherent to the WAAM process.

Due to manufacturing limitations and dimensional constraints, large-
scale metallic structures produced via WAAM technology need to be
printed in parts and assembled using bolted connections. Extensive
research has investigated the structural behaviours of bolted connec-
tions in conventionally produced steels [36-40], revealing that
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Fig. 1. Manufacturing equipment and the printed structure of WAAM process.

geometric features such as plate width, end distance, and plate thickness
significantly affect their ultimate capacities and failure modes. Design
provisions have been established for bolted connections in conventional
steel with various failure modes [41-47]. However, studies on WAAM
steel bolted connections remain limited. The structural behaviours of
WAAM carbon steel bolted connections [18,19,48,49] and stainless steel
bolted connections [50,51] were investigated. The design guidelines of
conventionally manufactured steel bolted connections [52-56] were
utilized to evaluate the ultimate capacities of WAAM steel bolted con-
nections, despite of the inherent differences in material properties. The
increasing demand for thicker steel plates in structures, such as build-
ings and bridges, has contributed to highly attention on connections
between these plates. For thick plates produced via WAAM, different
printing strategies and parameters have been employed, potentially
leading to varied responses and adaptation challenges to existing design
provisions compared to thin plates. To further promote the development
of design guidelines for WAAM steel bolted connections with thick
plates, more tests and analyses are needed.

This study conducted an experimental investigation to examine the
mechanical properties and structural behaviours of WAAM carbon steel
plates and double-shear WAAM steel bolted connections under mono-
tonic loading. Thirty double-shear bolted connection specimens, con-
sisting of thick plates with a nominal thickness of 8 mm and varying
print layer orientations and geometric dimensions, were tested. The
geometric dimensions of these specimens were obtained using a 3D laser
scanner, while Digital Image Correlation (DIC) was employed to monitor
the displacements during testing. The study analysed the effects of print
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layer orientations on the ultimate capacities and failure modes of bolted
connections. Test results were compared with predictions based on
existing design provisions for conventional steel structures to assess
their applicability to WAAM steel. This research enhances understand-
ing of the material properties and structural behaviours of WAAM steel
bolted connections, thereby advancing the integration of 3D printing
technology in construction.

2. Existing design equations for bolted connections

While design provisions for 3D-printed bolted connections have yet
to be established, existing provisions for conventionally manufactured
steel can be adapted to accommodate the unique material properties of
WAAM steel. In particular, for connections with a nominal plate thick-
ness exceeding 8 mm, the relevant design provisions are reviewed and
assessed for applicability.

2.1. AS 4100 [52]

The AS 4100 [52] standard, developed by Standards Australia
Committee for steel structures, provides guidelines for calculating the
ultimate capacities of bolted connections. For specimens with varying
geometric features shown in Fig. 3, the ultimate capacities of net section
tension failure mode can be calculated using Eq. (1a). Whilst for shear-
out failure and bearing failure, the ultimate capacities are calculated
using Egs. (1b) and (1c), respectively. The final capacity for a specific
connection is taken as the lowest value among these calculated
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Fig. 3. A bolted connection specimen and corresponding failure modes: (a) the
geometric features, (b) net section tension, (c) shear-out, (d) end-splitting, and
(e) bearing failure.

Fig. 2. WAAM steel structures: (a) the topology-optimized cantilever trusses [2,9], (b) the topology-optimized hook and bolted connection [10], (c¢) a WAAM

footbridge in shell form [11], and (d) a MX3D WAAM footbridge [6].
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Table 1
Printing and environmental parameters of specimens with a nominal thickness of 8 mm.
Travel speed (m/ Wire feed rate Wire diameter Welding voltage  Layer thickness Bead width Temperature Humidity (% Shielding gas
min) (m/min) (mm) W) (mm) (mm) (@] RH)
0, 0,
0.55-0.6 6.5 1.2 23 2.7 7.5 12-21 35-55 97 %A + 3%
CO,
capacities.
Table 3
Fpsas = 0.85A,f, (1a) Mechanical properties of ER50-6 low carbon steel feedstock.
d Tensile Yield Elongation Charpy V Impact
F. = (e —= 1b Strength Strength Rate (%) Test Value at 40 °C
50,AS ( 1 2) tfu (1b) (MPa) (MPa) (@)
ER50-6 554 445 26 96
Fb,AS = 32dflfu (1C)
where A, is the 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 [55]

The AISC 360:2020 [55], developed by the American National
Standards Institute for structural steel buildings, provides a similar
approach to the AS 4100 code [52] for determining the nominal ca-
pacities of a connection. The nominal capacity is determined as the
lowest value for the net section tension, shear-out, and bearing failure
modes, which are shown in Egs. (2a), (2b) and (2¢), respectively.

Fosaisc = Anfy (2a)
d

Fsonisc = 1.5 (el - E) tfu (2b)

Fy aisc = 3dgtfy (20)

2.3. Eurocode 3 [53,54]

Eurocode 3 [53,54] is developed by the British Standards Institution
for steel structures. The ultimate capacity of net section tension failure
mode can be calculated using Eq. (3a) proposed by EN 1993-1-1:2020
[53]. For bearing failure, the ultimate capacity is calculated using Eq.
(3b) proposed by EN 1993-1-8:2021 [54]. The final capacity for a spe-
cific connection is the lowest value among the two capacities.

Fns,ENl = kArqu (33)
Feng = apkmdsthy (3b)

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/fu, 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, different design codes employ various
shear failure planes. The AS/NZS 4600 [56] standard adopts the gross
shear length (Lgy = e1), whereas AS 4100 [52] uses the net shear length

2
e
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Fig. 4. Examples of (a) tensile coupons and (b) bolted connection specimens
with different angles ¢ to the print layer orientation.

(Lyy = e1-d/2). Teh and Uz [44] proposed Eq. (4), defining an active
shear length (L,y = e;-d/4) based on their experimental and numerical
analyses. Based on the proposed active shear length, Eq. (5) was pro-
posed by Xing et al. [45], considering the catenary action which has a
significant effect on the shear-out capacity.

Fo=12 (e1 - %) tfa (€]

L (3d\P/ d
Fso - 12 (z) (el _Z> tfu (5)

Similar to the shear-out failure mode, the design equations for
bearing failure mode in various codes employ different bearing co-
efficients. AS 4100 [52] adopts a coefficient of 3.2, while AISC 360 [55]
uses a coefficient of 3. Based on the analysis of experimental data, Teh
and Uz [38] proposed a higher bearing coefficient of 3.5, which is
incorporated into Eq. (6).

F, = 3.5dtf, (6)
3. Experimental programme
3.1. Materials and specimens

In the experiment, two types of steel plates with a nominal thickness
of 8 mm were utilized: WAAM steel plates and high-strength Q690 steel

plates. The test WAAM steel plate was manufactured using WAAM
technology, following the printing parameters listed in Table 1. The

Table 2
Chemical compositions (% by weight) of ER50-6 low carbon steel feedstock.
Chemical compositions C Mn Si P S Cr Ni Cu Mo A
ER50-6 0.074 1.47 0.85 0.015 0.01 0.023 0.009 0.1 0.004 0.002
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Fig. 5. The stress-strain curves of coupons with 6 of (a) 0°, (b) 45°, and (c) 90°.
Table 4
Average material properties for coupons with a nominal thickness of 8 mm.
Nominal thickness (mm) Actual thickness (mm) o) E (GPa) fy (MPa) fu (MPa) €4 & fyo fuo fuo &
fyo-0° fue-o° Eu0=0° 00>
8.9 0 206 393 500 0.12 0.17 1.00 1.00 1.00 1.00
8 8.3 45 196 386 496 0.13 0.17 0.98 0.99 1.03 1.03
8.6 90 182 364 461 0.10 0.14 0.93 0.92 0.81 0.80
feedstock used was ER50-6 low-carbon steel, whose chemical compo-
Scanner

sition and mechanical properties, as provided by the manufacturer, are
listed in Tables 2 and 3, respectively. The test high-strength Q690 steel
plates with a measured yield strength f; uss= 793 MPa and a measured
tensile strength f, uss= 854 MPa were used.

Tensile coupon tests were undertaken to obtain the basic material
properties of the WAAM steel bolted connections. A total of 19 as-built
coupons were tested, including 4 coupons with a 6 of 0°, 4 coupons with
adof 45°, and 11 coupons with a  of 90°. These tests were conducted on
a 250 kN Instron 8802 testing machine using displacement control mode
at a stroke rate of 0.8 mm/min. Tensile coupons with three print layer
orientations, as shown in Fig. 4(a), were tested to investigate the in-
fluence of print layer orientations on the mechanical properties of
WAAM steel.

The stress-strain curves and material properties of tensile coupons
are shown in Fig. 5 and Table 4, respectively. It is evident that WAAM
steel exhibited a degree of anisotropy, characterized by the gradual
disappearance of yielding plateaus in the stress-strain curves with
increasing 6, and a general decrease in material properties with higher ¢
values. The yield and ultimate stress of coupons at 0° and 90° specimens
showed differences of 7 % and 8 %, respectively. Moreover, a larger
disparity of approximately 20 % was observed between the ultimate
tensile strain and fracture strain of the 0° and 90° specimens, indicating
significant differences in ductility and fracture performance based on
the print layer orientation.

A total of 30 WAAM steel bolted connection specimens with varying
geometric dimensions and two different print layer orientations were
designed, as shown in Fig. 4(b). For each group of specimens with spe-
cific geometric dimensions, two specimens with 6 angles of 0° and 90°
were manufactured to study potential anisotropy.
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Fig. 6. The process of scanning, post processing, and measurement.

The actual geometric dimensions of WAAM steel bolted connection
specimens were measured using a 3D laser scanner, SIMSCAN from
SCANTECH, due to the undulating surfaces of the WAAM steel plates.
Fig. 6 illustrates the whole process of scanning, post-processing, and
measurement. The point cloud model was obtained by scanning the test
specimen, which underwent post-processing to eliminate errors and
repair imperfections, forming the 3D digital model. Contouring of each
digital model was performed at regular intervals (dx = 0.1 mm [18])
along the X-axis to determine the geometric dimensions at each cross-
sectional cut and derive the final geometric dimensions of the tested
specimen. More detailed measurement process was described by Liu
etal. [19].

The measurement results are shown in Table 5. The high-strength
steel plates were measured in the same way, and their measurement
results are also listed in Table 5. Each steel plate was named using the
form of HD8-d-b-e;, VD8-d-b-e1, or HSS-d-b-e; with nominal dimensions.
The letter ‘H' or ‘V' indicates that the plate was extracted horizontally or
vertically relative to the print layer orientation, with 6 being 0° or 90°,
respectively. The letter ‘D' denotes the double-shear connection type,
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Table 5
Geometric dimensions of WAAM and high-strength steel connected plates.
Specimens ds t (mm) d (mm) b (mm) e Predictive failure Matched tiss dyss buss €1 Hss
(mm) (mm) modes* specimens (mm) (mm) (mm) (mm)

o703  st0 82 ms 67 3 % HESB26703 U0 00 J00 e
HD8-26-90-39  24.0 8.1 260  90.3 39.2 s0 195269039 7.9 26.6 90.2 39.2
VD8-26-90-39  24.0 8.5 22 898 385 $0 8.0 26.6 90.2 38.6
fDSZE 100 aa0 8.8 262 1000 515 $0 582610053 7.9 265 1005 481
VDB 240 80 262 1004 515 S0 8.0 26.0 100.4 521
HDS'ZS;OO' 24.0 8.5 26.0 99.6 56.8 SO 55526 100.58 8.0 26.3 100.9 57.0
VDB aa0 8.2 258 1002 57.1 $0 8.0 25.8 1008 58.0
FpEZE 10 240 84 260 1004 724 B s 26 10078 7.9 26.4 1006 73.8
VDS’Z;?OO' 24.0 8.4 258 1001 727 B 7.9 26.0 100.6 727
D826 10 240 85 260 1107 770 B s 26 11078 8.0 26.5 111.0 77.7
VDS’zggHO' 24.0 8.2 260 1101 77.7 B 8.3 26.3 110.2 78.4
DS 240 86 262 1102 825 B s 26 11008 8.0 26.6 1104 83.5
VDS'Z;HO' 24.0 8.9 25.8 110.0 83.3 B 7.9 26.4 1106 83.7
Vssa7ods 0 85 28 2 a7 Ns HSSA27048 70 0 gr e
wssoos 00 81 :0 s ise N HSE29048 S0 50 sag  aso
HDS’?’:(’)I 20- 30.0 8.4 32.4 120.9 89.0 SO 5583212090 8.0 32.2 1203 90.6
VPEIRI2 500 8.7 322 120 909 S0 7.9 320 1201 90.4
HDS'?’;;BO' 30.0 8.3 32.0 130.3 95.8 NS sS85 130.96 8.0 32.4 1308 96.0
VD8’3§;130' 30.0 7.9 318 1305 939 NS 8.0 321 1311 95.7
FDSSTI00 500 84 322 997 773 B s 93 10080 8.0 329 100.4 80.9
VD8'3§;100' 30.0 9.2 32,0 99.2 79.8 B 8.0 3L.6 1004 79.6
S 1) 88 322 1113 793 NS s 93 11000 7.9 315 1113 80.6
VPSR 500 8.0 320 1100 79.0 NS 7.9 317 1106 80.1
HD8’3§;1 20- 30.0 8.2 32.0 1205 76.6 NS sS85 12077 7.9 324 1202 774
VDB 500 93 324 1204 766 NS 7.9 322 1206 77.1
HDS’?’;I 30- 30.0 8.7 324 1311 86.4 NS 55632 130.67 8.0 322 130.1 87.0
VPEIZII 500 87 320 1302 860 NS 8.1 32,0 131.2 86.8

Note: NS = net section tension failure; SO = shear-out; ES = end-splitting failure; B = bearing failure.

" Predictive failure modes were predicted by AISC 360 [55] as an example.

followed by the nominal thickness t of 8 mm. “HSS” stands for high-
strength steel.

3.2. Test arrangements

The experiments were performed with a 1000 kN Instron 8805
testing machine operating in displacement control mode at a stroke rate
of 1.0 mm/min. The test setup is depicted in Fig. 7. The specimens tested
were single-bolt double-shear connections, each composed of a WAAM
steel plate and a pair of corresponding high-strength steel plates. These
components were bolted together in a 2 mm clearance hole using bolts
tightened by hand. Bolts of grade 12.9, with nominal diameters of 24
mm and 30 mm, were employed. To ensure the application of concentric
loads, auxiliary plates were attached at the clamping end of the
specimens.

The displacement of the bolted connection specimen was measured
by tracking the displacement of the unfixed plate using a Digital Image
Correlation (DIC) system, complemented by an extensometer with a
gauge length of 150 mm. This DIC system provided non-contact, full-
field measurements at a frequency of 5 Hz. To facilitate displacement
tracking, each specimen was painted with an alternating white and
black pattern, generating a random speckle design. The displacement
fields at different displacements obtained by the DIC system for are
displayed in Fig. 8.

4. Double-shear connection tests
4.1. Test result

The detailed test results for all double-shear bolted connection



Y. Liu et al.

WAAM
plate

High-strength

L=150 mm ol
High-strength
steel plate
DIC camera Auxiliary
plate
Fig. 7. The test setup.
Experimental
230 image
200 A
150 A
)
2
2100 - o 2
=
§ 16
50 / (5: By
0 ¥ : ; ; . . AN
0 5 10 15 20 25 30 T H 4
Displacement (mm) 0

Fig. 8. Displacement fields at different displacements.

specimens are summarized in Table 6. This table systematically arranges
each pair of specimens with identical nominal dimensions but different
print layer orientations in the same row. The ultimate capacity F, was
taken as the maximum load measured in tests. The F,, values ranged from
152.1 kN to 385.2 kN, leading to different failure modes, including net
section tension, shear-out, end-splitting, and bearing failure. Fig. 9
presents the photos of the four failure modes observed in the tests.
Specimens that failed due to net section tension typically exhibited
necking across the width and thickness of the plates, as shown in Fig. 9
(a). In contrast, specimens failing due to shear-out showed hole elon-
gation, longitudinal tears (i.e., aligned with the direction force of
application), and material accumulation, as depicted in Fig. 9(b).

Journal of Constructional Steel Research 224 (2025) 109069

Specimens failing due to end-splitting experienced high transverse stress
and showed fractures originating from the plate end, progressively
extending towards the bolt hole, as demonstrated in Fig. 9(c). Unlike the
thin specimens that displayed bearing failure, the material in front of the
bolt hole in the thick plates was difficult to pile up under the compres-
sion of the bolt, resulting in material being forced outward and extruded
from the plate end, as shown in Fig. 9(d).

The experimental observations revealed that certain HD specimens
exhibited a hybrid failure mode of shear-out and end-splitting. This
mode was characterized by a tensile fracture at the specimen's tip and a
shear fracture along the elongated region, as depicted in Fig. 10. The
hybrid failure mode can be attributed to the simultaneous presence of
high transverse and axial stresses within the specimens.

Fig. 11 shows the load-displacement curves of test specimens
grouped by different failure modes. The load-displacement curves for
specimens with varying widths that failed in net section tension indicate
that both the ultimate bearing capacity and displacement increase with
the width, as shown in Fig. 11(a). However, VD8-32-120-90 and
VD8-26-110-84 exhibited anomalous displacement behaviour. The
failure patterns of these two specimens suggested that fractures occurred
between the print layers, as shown in Fig. 12. These specimens were
expected to experience bearing failure, but they underwent premature
net section tension failure, resulting in larger displacements compared
to the typical net section tension failure. This anomaly could be attrib-
uted to the undulating surfaces of WAAM specimens, which caused
defects leading to a shift in the failure mode. For the ten specimens that
have undergone the hybrid failure of shear-out and end-splitting, ulti-
mate capacities and displacements were generally positively correlated
with the end distances, as shown in Fig. 11(b). In contrast, for the ten
bearing failure specimens, the ultimate capacities and displacements did
not vary significantly with different widths and end distances, as
demonstrated in Fig. 11(c).

4.2. Analysis of anisotropy behaviours

For the 15 pairs of specimens with the identical nominal dimensions
but different print layer orientations, anisotropic behaviours were
observed. The normalized ultimate capacity ratios Fygo:/tfy,90c and
Fy,0°/tfyu,0c of the VD and HD specimens are compared in Fig. 13, cate-
gorized by failure modes.

Overall, the normalized ultimate capacity ratios ranged between 1.0
and 1.2, indicating that the ultimate capacities of VD specimens were
generally higher than those of HS specimens of the same dimensions,
which suggests a clear anisotropic behaviour. This anisotropy was
further evidenced by the inconsistency in failure modes between spec-
imen pairs. In the case of specimen pairs No. 1-4, a notable deviation in
the general failure modes trends was observed. VD specimens tended to
exhibit end-splitting failure, while HD specimens were more likely to

Table 6
Test results for double-shear bolted connection specimens.
No. Specimen Failure mode Fyo- (KN) Specimen Failure mode Fyo0- (KN) Fy.90° /Fuo
1 HD8-26-70-39 SO/ES 166.7 VD8-26-70-39 SO 160.9 0.97
2 HD8-26-90-39 SO/ES 152.7 VD8-26-90-39 SO 160.8 1.05
3 HD8-26-100-52 SO/ES 226.5 VD8-26-100-52 SO 215.2 0.95
4 HD8-26-100-58 ES 250.3 VD8-26-100-58 SO 241.4 0.96
5 HD8-26-100-73 B 296.4 VD8-26-100-73 NS 290.4 0.98
6 HD8-26-110-78 B 328.5 VD8-26-110-78 B 321.2 0.98
7 HD8-26-110-84 B 356.6 VD8-26-110-84 NS 374.2 1.05
8 HD8-32-70-48 NS 159.7 VD8-32-70-48 NS 152.1 0.95
9 HD8-32-90-48 SO/ES 202.3 VD8-32-90-48 NS 202.5 1.00
10 HD8-32-100-80 NS 278.9 VD8-32-100-80 NS 318.0 1.14
11 HD8-32-110-80 NS 319.3 VD8-32-110-80 NS 311.3 0.97
12 HD8-32-120-77 B 315.9 VD8-32-120-77 B 385.2 1.22
13 HD8-32-120-90 B 363.2 VD8-32-120-90 NS 372.2 1.02
14 HD8-32-130-87 SO/ES 364.3 VD8-32-130-87 B 361.3 0.99
15 HD8-32-130-96 B 378.7 VD8-32-130-96 B 377.0 1.00
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(©) (d)

Fig. 9. Examples of failure modes: (a) net section tension, (b) shear-out, (c) end-splitting, (d) bearing.

i i Tensile fracture
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Fig. 10. Specimens exhibited a combination of shear-out and end-
splitting failure.

experience shear-out failure. The print layers of VD specimens, aligned
parallel to the direction of stress, conferred greater transverse resistance,
leading to material accumulation in front of the bolt hole under bolt
compression. In contrast, HD specimens, with their relatively lower
transverse resistance, experienced fractures initiating from the plate
end. This behaviour was also evident in specimen pairs No. 9 and 15.

For specimen pairs No. 5, 7, and 10, VD specimens tended to be more
susceptible to net section tension failure, while HD specimens typically
exhibited a greater likelihood of bearing failure. The underlying causes
of this behaviour are discussed in detail in Section 4.1, which notes that
the defects arising from the undulating surfaces of WAAM specimens
induced the occurrence of net section tension failure.

Overall, the specimens with the same nominal dimensions but
different print layer orientations exhibited clear anisotropy in terms of
failure modes and ultimate capacities.

4.3. Analysis of thickness influence

To investigate the influence of the thickness of connected plates on
the structural behaviours of WAAM steel bolted connections, a
comparative analysis was conducted between the thin plates formed by
single-layer feedstock wire in a previous study [19] and the thick plates
formed by multi-layer feedstock wires in this study.

No interlayer slip between multiple feedstock wires was found in the
cross-section of the WAAM steel specimen, which was consistent with
the conventionally produced steel. However, the difference in ultimate
capacity still needed to be analysed. Due to the lack of thin and thick
WAAM steel connected plates with identical nominal geometric di-
mensions, the experimental results of specimens with the same e;/d or
eo/d were compared. The normalized ultimate capacities F,/Af, repre-
sented the state in which the bolted connection structure exerted the
cross-sectional strength of the connected plates. In Table 7, for bolted
connections composed of thin and thick plates respectively, no general

principle was found regarding the difference in normalized ultimate
capacities between them. This may due to the small number of speci-
mens with both the same e;/d and e»/d ratios.

When the e;/d ratio of connected plates was the same, it was found
that the average normalized ultimate capacities of bolted connections
with thin plates were generally lower than those with thick plates,
regardless of the end distance. The observed difference fluctuated be-
tween 0.01 and 0.12, as shown in Fig. 14(a). A similar trend was evident
when comparing plates with the same ey/d ratio, as shown in Fig. 14(b),
with the exception of ep/d = 1.1. These results suggest that bolted
connections with thick plates more effectively utilize the cross-sectional
strength of the material, providing more reliable performance.

4.4. Analysis of shear plane number influence

To examine the effect of the shear plane number on WAAM steel
bolted connections, the structural behaviours of single-shear bolted
connections and double-shear bolted connections were compared. Dif-
ferences were observed in six pairs of single-shear and double-shear
bolted connection specimens with the same nominal geometric di-
mensions, as shown in Table 8.

Bolted connection specimens with different shear plane numbers
sometimes exhibited different failure modes. For example, specimen
VD8-26-70-39 experienced shear-out failure, while specimen
VS8-26-70-39 exhibited net section tension failure. The occurrence of
this difference may be coincidental, as the theoretical ultimate capac-
ities of these two failure modes (i.e., calculated based on their geometric
dimensions of the connected plates) were similar, making both failure
modes possible. Specimens HD8-26-70-39 and HS8-26-70-39 demon-
strated a similar situation. In addition, specimens VS8-26-90-39 and
VS8-32-90-48 showed different tilting-bearing failure modes compared
to the corresponding double-shear bolted connection specimens. This
discrepancy was due to the inability of single-shear bolted connections
to prevent end plate curling, which ultimately led to tilt-bearing failure.

Despite these differences, the variations in the ultimate capacities
were generally minor. The normalized ultimate capacities differences

Fup/tfup
Fus/ths

observed in specimens VD8-26-90-39 and VS8-26-90-39, where the
ratio was significantly lower at 0.84.

remained within 10 %. However, notable exceptions were

5. Comparisons of design predictions
5.1. General

This section evaluates the applicability of existing design equations
outlined in Section 2. The evaluation involved comparing the observed
failure modes and ultimate loads with the predictions from the design
equations. The accuracy of the final failure modes predicted by three
different standards was quantified by the failure mode prediction
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Fig. 11. The load-displacement curves of WAAM bolted connection specimens
failed at different failure modes: (a) net section tension; (b) shear-out;
(c) bearing.

accuracy (FMPA). In addition, the mean and coefficient of variation
(COV) of the test-to-predicted capacity ratios for all design equations
were also analysed and summarized in Fig. 15.

For the considered three standards, their FMPA varied from 0.40 to
0.73. AISC 360 [55] demonstrated the highest FMPA value of 0.73,
while AS 4100 [52] recorded the lowest at 0.40. In terms of ultimate
capacity prediction, AISC 360 [55] again excelled, with an average test-
to-predicted capacity ratio of 1.03 and a COV of 0.09, underscoring its
suitability for WAAM steel bolted connections. The performance pre-
dicted by the Eurocodes [53,54] was not far behind. Conversely, AS
4100 [52] not only struggled with failure mode prediction but also
showed poor performance in predicting ultimate capacity.
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Fig. 12. Anomalous specimens: (a) VD8-32-120-90 and (b) VD8-26-110-84.
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Fig. 13. Comparison of normalized ultimate capacities on different print layer
orientations.

Table 7
Comparison of the experimental results of specimens with the same e;/d and e5/
d.

ey/d ey/d Fy/Afy Specimen Failure mode
15 17 0.42 HD8-26-90-39 SO/ES
0.42 HD3-18-60-27 ES
15 11 0.53 VD8-32-70-48 NS
0.56 VD3-18-40-27 NS
25 15 0.76 VD8-32-100-80 NS
0.69 VD3-26-80-65 NS

Note: the edge distances e, was half the width b.

5.2. Ultimate capacities prediction for each failure mode

5.2.1. Net section tension failure

Given the potential influence of stress concentration effects, the full
exertion of ultimate tensile strength at the critical net section may not be
achievable. This consideration has led to the adoption of varying co-
efficients in different design provisions, with AS 4100 [52], AISC 360
[55], and Eurocode Eq. [53] employing coefficients of 0.85, 1, and 1
respectively.

The test-to-predicted capacity ratios of individual specimens failing
by net section tension are summarized in Table 9. Occasionally, the
specimens were incorrectly predicted to fail by shear-out or bearing
failure, reducing the precision of failure mode predictions. Specifically,
the accuracy of AS 4100 [52] did not surpass 50 %, which aligns with an
average test-to-predicted capacity ratio of 1.28.

AISC 360 [55] and Eurocode [53] shared the same coefficient for net
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Comparison on experimental results of single- and double-shear bolted
connection specimens.

Specimen (double- Failure Specimen (single- Failure Fup/tfup
shear) mode shear) mode Fus/tfus
HD8-26-70-39 SO/ES HS8-26-70-39 NS 1.08
HD8-26-90-39 SO/ES HS8-26-90-39 ES 0.92
HD8-32-90-48 SO/ES HS8-32-90-48 ES 0.97
VD8-26-70-39 SO VS8-26-70-39 NS 1.05
VD8-26-90-39 SO VS8-26-90-39 TB 0.84
VD8-32-90-48 NS VS8-32-90-48 TB 0.95
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Fig. 15. Comparison between test results and predictions from existing

design equations.

Table 9
Assessments of design codes for net section tension failure.
Specimen FM AS 4100 AISC 360 Eurocode 3
FM Fy/Fps  FM Fy/Faisc FM Fu/Fens
HD8-32-70-48 NS (SO) 1.19 NS 0.98 NS 0.98
HD8-32-100-80 NS NS 1.16 NS 0.98 NS 0.98
HD8-32-110-80 NS (SO) 1.14 NS 0.91 (SO) 0.98
VD8-26-100-73 NS (SO) 1.25 (B) 1.04 (SO) 1.11
VD8-26-110-84 NS (SO) 1.29 (B) 1.27 (B) 1.27
VD8-32-70-48 NS (SO) 1.20 NS 1.00 NS 1.00
VD8-32-90-48 NS (SO) 1.67 (SO) 1.11 (SO) 1.19
VD8-32-120-90 NS NS 1.24 NS 1.06 (SO) 1.10
VD8-32-100-80 NS NS 1.31 NS 1.12 NS 1.12
VD8-32-110-80 NS (SO) 1.33 NS 1.08 (SO) 1.13
FMPA 0.30 0.70 0.40
Mean 1.28 1.06 1.09
Ccov 0.11 0.09 0.09

Note: failure mode in brackets means it was different from the test result.

section tension failure, yet the final predictions differed. For instance,
HD8-32-110-80 was predicted to be a shear-out failure mode by
Eurocode [53], because its theoretical ultimate capacity for net section
tension failure was higher than that for shear-out failure. This discrep-
ancy commonly occurred on specimens with a width exceeding 100 mm.
In comparison, AISC 360 [55] provided more accurate predictions for
both failure mode and ultimate capacity, achieving the highest FMPA of
0.70 and an average test-to-predicted capacity ratio of 1.06.

5.2.2. Shear-out/end-splitting failure

The absence of a distinct design equation for end-splitting failure
may stem from current specifications' inability to make a clear distinc-
tion between shear-out and end-splitting failure. In the experiments,
these two failure modes often occurred simultaneously in HD specimens.
Given the similar mechanical behaviours exhibited by these two failure
modes, many studies have used the design equations for shear-out fail-
ure to predict the ultimate capacities of end-splitting failure.

In Table 10, the ultimate capacities of all specimens subjected to end-
splitting or shear-out failure were evaluated using the shear-out
equation.

The superior predictive performance of AISC 360 [55] and Eq. (4)
[44] was obvious, with their predictions being the most accurate ratio of
1.0. AISC 360 [55] overestimated the ultimate capacity by 1.0 %, while
Eq. (4) [44] underestimated the ultimate capacity by 1.0 %. In practical
applications, a conservative prediction for design code is generally
preferred, therefore, Eq. (4) [44] is recommended.

5.2.3. Bearing failure

For AS 4100 [52], due to the utilization of a smaller shear coefficient
in the design equation of shear-out failure, the calculated ultimate ca-
pacities were relatively small and the predicted failure modes were
shear-out, as shown in Table 11. It caused an extremely low FMPA of AS
4100 [52] with a poor average test-to-predicted capacity ratio of 1.26.
The Eurocode Eq. [54] also led to a similar situation. Differently, AISC
360 [55] provided the most accurate predictions with an FMPA of 0.7
and an average test-to-predicted capacity ratio of 1.04.

For the proposed Eq. (6) [38] in recent literature, the average ulti-
mate capacity prediction resulted in an overestimation of 16 %, indi-
cating that the adopted bearing coefficient of 3.5 was still too high for
WAAM steel bolted connection.

5.3. Comparison with other bolted connections

Previous research [19] found that existing design provisions for
conventionally manufactured steel had certain applicability for WAAM
steel bolted connections composed of thin plates. Fig. 16 compares the
prediction performance of WAAM bolted connections composed of thin
and thick plates.
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Table 10
Assessments of design codes for shear-out/end-splitting failure.
Specimen FM AS 4100 AISC 360 Eurocode 3 Eq. (4) Eq. (5)
FM Fy/Fas M Fy/Fnisc FM Fy/Fens Fy/Fq.(4) Fy/Fgq(5)
HD8-26-70-39 SO/ES SO 1.52 SO 1.02 SO 1.10 1.02 0.96
HD8-26-90-39 SO/ES SO 1.43 SO 0.96 SO 1.04 0.96 0.90
HD8-26-100-52 SO/ES SO 1.34 SO 0.89 SO 1.09 0.96 0.92
HD8-26-100-58 ES (S0) 1.34 (S0) 0.89 (S0) 1.12 0.97 0.95
HD8-32-90-48 SO/ES SO 1.52 SO 1.02 SO 1.08 1.01 0.95
HD8-32-130-87 SO/ES SO 1.19 (B) 0.93 SO 1.05 0.89 0.89
VD8-26-70-39 SO SO 1.64 SO 1.10 SO 1.18 1.10 1.03
VD8-26-90-39 SO SO 1.62 SO 1.08 SO 1.17 1.08 1.01
VD8-26-100-52 SO o) 1.51 SO 1.01 SO 1.23 1.08 1.04
VD8-26-100-58 SO SO 1.45 SO 0.97 SO 1.21 1.06 1.03
FMPA 0.90 0.80 0.90
Mean 1.46 0.99 1.13 1.01 0.97
cov 0.09 0.07 0.06 0.06 0.06
Table 11
Assessments of design codes for bearing failure.
Specimen FM AS 4100 AISC 360 Eurocode 3 Eq. (6)
FM FM Fy/Fas FM Fy/Fuisc FM Fu/Feq )
HD8-26-100-73 B (S0) 1.19 B 0.98 (SO) 1.06 0.84
HD8-26-110-78 B (S0) 1.21 B 1.07 (S0) 1.09 0.92
HD8-26-110-84 B (SO) 1.19 B 1.15 B 1.15 0.98
HD8-32-120-90 B (SO) 1.18 (NS) 0.97 (SO) 1.04 0.82
HD8-32-130-96 B (S0) 1.14 B 1.01 (S0) 1.02 0.87
HD8-32-120-77 B (S0) 1.27 (NS) 0.87 (S0) 1.08 0.74
VD8-26-110-78 B (S0) 1.32 B 1.17 (SO) 1.19 1.01
VD8-32-130-96 B (S0) 1.33 B 1.15 (S0) 1.17 0.99
VD8-32-120-77 B (S0) 1.48 (NS) 1.02 (S0) 1.26 0.85
VD8-32-130-87 B (SO) 1.28 B 1.00 (SO) 1.11 0.86
FMPA 0.00 0.70 0.10
Mean 1.26 1.04 1.12 0.89
cov 0.08 0.09 0.06 0.09
predicted ratios in both studies are quite similar, with results presented
L mm Thick average Thin average 030 in the current paper demonstrating slightly better predictive perfor-
o —&—Thick COV = & =Thin COV - mance. However, in predicting the ultimate capacities of bolted
£ 024 g connection specimens with net section tension failure, Guo et al. [49]
2 g shows better stability, as reflected in generally lower COV values. For
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Fig. 16. Prediction performance comparison of bolted connections composed
of thin and thick plates.

In terms of the average test-to-predicted ratio of each design provi-
sion, there was no clear pattern indicating differences in the applica-
bility of WAAM steel bolted connections composed of thick and thin
plates. AISC 360 showed the smallest variation, showing the least in-
fluence from plate thickness. In addition, the COVs of thick plates were
generally smaller than those of thin plates.

Overall, it could be assumed that the thickness of connected plates of
WAAM bolted connections had a slight influence on the prediction re-
sults, and the prediction on thick plates was more stable.

A prediction performance comparison was also conducted between
the presented experimental study and the results by Guo et al. [49] to
assess whether significant differences exist in similar components prin-
ted in different regions by various researchers. The results of this com-
parison are shown in Fig. 17. Overall, the average and COV of the test-to-

This study tested 30 WAAM double-shear bolted connection speci-
mens, each with distinct print layer orientations and geometric di-
mensions. The research thoroughly analysed and discussed the influence
of print layer orientations on the performance of WAAM steel bolted
connections. Based on the experimental results, an evaluation of existing
design provisions for conventionally manufactured steel bolted con-
nections was conducted based on the experimental results. The research
led to the following key conclusions:

1) The experiment found that the material properties of WAAM steel
generally decreased with increasing printing orientation . However,
in the tests of WAAM steel bolted connections, VD specimens (0 =
90°) generally exhibited higher ultimate capacities compared to HD
specimens (6§ = 0°).

Four distinct failure modes were observed in the WAAM double-
shear bolted connection specimens: net section tension, shear-out,
end-splitting, and bearing failure. The print layer orientation
significantly influenced both the failure modes and the ultimate

2
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Fig. 17. Comparison of prediction performance for bolted connections in this
research and the results presented by Guo et al. [49] across different failure
modes: (a) overall, (b) net section tension, (c) shear-out/end-splitting.

capacities. Specifically, HD specimens were more prone to end-
splitting, while VD specimens were more likely to experience net
section tension failure.

3) Existing design provisions for conventionally manufactured steel
bolted connections were used to evaluate the ultimate capacities of
the tested WAAM specimens. AISC 360 [55] excelled with the
highest failure mode prediction accuracy of 0.73, an average test-to-
predicted capacity ratio of 1.03 and a coefficient of variation (COV)
of 0.09. AISC 360 [55] also provided the most accurate ultimate load
predictions for all four failure modes, indicating its suitability for
WAAM steel bolted connections.

4) Bolted connections composed of thick plates better utilized the cross-
sectional strength of the material and provided more reliable per-
formance. Compared with connections composed of WAAM thin
plates, those of thick plates exhibited greater stability during tests
and showed better compatibility with existing design provisions.

5) While the existing design provisions provide valuable guidance, they
fall short of accurately identifying the end-splitting failure mode,
highlighting the need for a design provision tailored to WAAM steel.
Moreover, further scholarly investigation is essential to advance the
practical application of 3D printing technology in engineering
projects.
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