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ABSTRACT
The present study examines the static response and evaluates the accuracy of design standards and selected literature-based 
design criteria in estimating the load capacity of the inner plates of double-lap shear bolted connections in single- and double-
bolt configurations. The analysis is based on 70 experiments previously reported by the authors, including conventional and 
additively manufactured inner plates produced by wire arc additive manufacturing and selective laser melting. While addi-
tively manufactured plates exhibited load capacities comparable to conventional plates, they generally showed reduced ductility. 
Experimental load capacities are compared against the European standards EC3-1-8 and EC3-1-4 and the American standard 
AISC 370. Although originally developed for carbon steel, EC3-1-8 provided the most accurate estimations, whereas EC3-1-4 and 
AISC 370 consistently overestimated the load capacity. Literature-based equations showed the closest agreement, highlighting 
limitations in current standards for additively manufactured bolted plates.

1   |   Introduction

Additive manufacturing (AM) is redefining structural engineer-
ing by enabling the production of complex, optimized geome-
tries through layer-by-layer fabrication guided by digital design 
models [1]. The feasibility of this technology was demonstrated 
by the successful construction of the first full-scale AM foot-
bridge, fabricated using grade 308LSi austenitic stainless steel 
wire via wire arc additive manufacturing (WAAM). The bridge 
underwent extensive material, component, and structural test-
ing and was validated under serviceability design loads, show-
casing the potential of AM for large-scale structural applications 
[2]. As the technology is rapidly advancing, especially in the use 
of metals such as steels and stainless steels, a growing body of 
research is focusing on reduced-scale specimens to address open 
questions related to mechanical performance, surface quality, 
and structural integrity [3].

Several experimental studies have examined the mechanical 
performance of WAAM plates integrated as a component in 
bolted connections in both single- and double-lap shear testing 
arrangements, covering metals including carbon steel, duplex 
stainless steel, and austenitic stainless steel [4–10]. These inves-
tigations have identified a range of failure modes such as shear-
out, net-section tension, bearing, out-of-plane curling, and an 
unexpected failure of end-splitting. These studies also show that 
the structural response is influenced by WAAM characteristics 
including material anisotropy, extraction direction, and surface 
conditions.

Among the studies investigating WAAM-produced bolted con-
nections, four have specifically focused on double-lap shear ar-
rangements and evaluated the accuracy of various established 
design specifications. WAAM carbon steel connections were 
examined in [5], covering several geometrical combinations 
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and two distinct nominal plate thicknesses. The study in [5] 
assessed several design provisions; among these, the previous 
edition of Eurocode BS EN 1993-1-8 for steel joints [11] yielded 
a mean experimental-to-estimated resistance ratio of 1.11 with 
a coefficient of variation (COV) of 0.073 [5], where the COV, 
defined as the standard deviation divided by the mean, indi-
cates good agreement with the test results. A slightly higher 
mean ratio of 1.15 with greater variability (COV = 0.13) using 
the same previous edition of Eurocode BS EN 1993-1-8 provi-
sion was observed in [6], which also studied WAAM carbon 
steel. Although the average resistance was estimated reason-
ably well, the higher COV indicates reduced reliability. The 
work in [7] extended this research by testing thick WAAM car-
bon steel plates (7.9–9.3 mm in thickness) and employed the 
updated Eurocode BS EN 1993-1-8 provision for steel joints 
[12], reporting a mean ratio of 1.11 and a lower COV of 0.07, 
which is comparable to the results reported in [5], despite the 
use of an updated Eurocode provision. Meanwhile, experi-
ments on WAAM-produced 316L stainless steel connections 
were conducted in [8], demonstrating that the American stan-
dard ANSI/AISC 370 [13] yielded a higher mean ratio of 1.45 
but with relatively low variability (COV = 0.088). Collectively, 
these studies illustrate the varying degrees of conservatism 
and precision when applying traditional steel design codes to 
WAAM-manufactured steel connections.

While both WAAM and selective laser melting (SLM) have 
been widely studied in the context of 316L stainless steel, most 
research on SLM-produced 316L has focused on microstruc-
tural characteristics and basic material properties such as an-
isotropy, porosity, and plain material mechanical behavior 
[14–17]. However, a recent study has examined its structural 
performance in bolted connections, and it focused on conditions 
following fire exposure [18]. As a result, there remains limited 
data on how SLM 316L stainless steel behaves in structural ap-
plications or whether its performance aligns with established 
design estimations. This presents an opportunity to assess the 
connection-level capacity of SLM plates against existing de-
sign codes.

Despite growing interest in the structural use of additive man-
ufacturing, the design of WAAM stainless steel bolted con-
nections remains underexplored. As mentioned above, only a 
limited number of studies have investigated both single- and 
double-lap WAAM and SLM 316L stainless steel bolted con-
nections, while most existing research has focused on carbon 
steels. Therefore, the existing research is insufficient to assess 
the reliability of design standards and literature-based equations 

for such additively manufactured plates. The present study pro-
vides new insight by experimentally evaluating both single- and 
double-bolted configurations produced using SLM and WAAM, 
considering variations in geometry, print direction, and surface 
condition. Their performance is then compared against estab-
lished design standards and proposed bearing strength equa-
tions from recent literature.

2   |   Reference Experiments

The 316L stainless steel specimens examined in this study in-
clude conventionally manufactured reference plates, as well 
as plates produced using two additive manufacturing meth-
ods: SLM and WAAM. The fabrication procedures are de-
scribed in a previous study from the authors [19], where the 
same specimens were used to investigate failure modes. In the 
present work, the focus is on examining the load–displace-
ment response and evaluating both codified design provisions 
and equations developed in the literature for estimating the 
failure mechanism of the bolted connections. WAAM plates 
were produced using a robotic welding system with 316L wire 
under argon shielding, extracted from tubular builds via wire 
electrical discharge machining (EDM). SLM plates were fab-
ricated using a laser-based powder bed system in an inert gas 
atmosphere and printed directly to the final dimensions. The 
mechanical properties of the parent materials, summarized in 
Table 1, were also reported in the previous study [19], where 
the strength properties of these materials were obtained from 
coupon testing.

Experimental testing employed a double-lap shear setup 
(Figure 1), conducted on a Shimadzu universal testing machine 
equipped with a 300-kN load cell. Displacement-controlled load-
ing was applied at a constant rate of 1 mm/min until failure. The 

Summary

•	 Hybrid AM plates show reduced ductility versus con-
ventional plates in shear-bolted joints.

•	 Diagonally extracted WAAM plates exhibit improved 
deformation response.

•	 EC3-1-8 predicts load capacity more accurately than 
stainless-steel-specific standards.

•	 Literature-based equations give the closest match to 
experimental failure loads.

TABLE 1    |    Mechanical properties of CON and AM 316L stainless 
steel coupons [19].

Designation

Modulus of 
elasticity, 
E (GPa)

Offset yield 
stress, fy,0.2 

(MPa)

Ultimate 
stress, fu 
(MPa)

CON 184 488 667

WAAM-M-0◦ 143 288 521

WAAM-M-45◦ 185 324 552

WAAM-M-60◦ 160 297 530

WAAM-M-90◦ 103 281 562

WAAM-AB-0◦ 124 278 493

WAAM-AB-45◦ 119 282 544

WAAM-AB-60◦ 139 323 566

WAAM-AB-90◦ 91 273 493

SLM-AB-0◦ 160 520 627

SLM-AB-45◦ 126 422 562

SLM-AB-90◦ 120 419 554
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3Fatigue & Fracture of Engineering Materials & Structures, 2026

setup was configured to promote failure in the thinner inner 
plates, while the thicker outer plates were designed to remain 
elastic and reduce secondary bending effects. Two primary 
configurations were investigated, comprising inner plates with 
either single or double bolt holes. Within each configuration, 
variations in geometrical variables presented in Figure  1, in-
cluding end distance, e1, edge distance, e2, and pitch distance, p, 
were used to promote different failure modes, namely shear-out 
(SO), edge bearing (EB), net-section tension (NST), and block 
tearing (BT), the latter occurring in double-bolt configurations. 
Due to the ductile behavior of 316L stainless steel, stress con-
centrations associated with bolt-hole interaction and the result-
ing large plastic deformation led most inner plates to exhibit a 
combination of failure modes, typically involving precursor EB 
failure followed by a governing partial or complete SO, NST, or 
BT, with only the final governing mode reported here, as shown 
in Figure 2 [19].

The AM plates varied in build orientation: for SLM, this referred 
to the direction of printing, whereas for WAAM, it denoted the 
extraction direction. Specifically, the angle printing direction, �, 
is here defined as the angle between the extraction/printing di-
rection and the direction of applied load. The tested inner plates 
included: conventionally manufactured plates (CON); SLM-
produced plates tested in the as-built (SLM-AB) and machined 
(SLM-M) conditions; and WAAM-produced plates tested in the 
machined (WAAM-M) and as-built (WAAM-AB) conditions. 
All CON, SLM-M, SLM-AB, and WAAM-M plates had a uni-
form thickness, t  of 2 mm. In the case of WAAM-M plates, the 
term M indicates that the plates were machined down to 2 mm 
to remove surface undulations. For SLM-M, M denotes only 
the removal of the rough surface, as the as-built thickness was 
already close to 2 mm. WAAM-AB plates were fabricated with 
an average t = 5.3 mm due to printing constraints. As reported 
in [19], no variation in failure modes was expected compared 

FIGURE 1    |    Test setup for double-lap shear bolted connections.

FIGURE 2    |    Representative governing failure modes observed in double-bolted configuration plates: (a) and (b) correspond to WAAM machined 
plates exhibiting SO and BT failures, respectively; (c) shows a WAAM as-built plate with NST failure [19].
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4 Fatigue & Fracture of Engineering Materials & Structures, 2026

TABLE 2    |    Tested specimens—single-bolt configuration [19].

Designation
Bolt 
type

Bolt 
grade

Hole 
diameter, do

Thickness, 
t (mm)

End 
distance, 
e1 (mm)

Edge 
distance, 
e2 (mm)

Breadth, 
b (mm)

IP1-1-CON M6 10.9 6.6 2 14 15 30

IP1-2-CON M6 10.9 6.6 2 13 15 30

IP1-3-CON M6 10.9 6.6 2 11 15 30

IP1-4-CON M6 10.9 6.6 2 8 15 30

IP1-5-CON M6 10.9 6.6 2 15 8 16

IP1-1-WAAM-M-0◦ M6 10.9 6.6 2 14 15 30

IP1-1-WAAM-M-45◦ M6 10.9 6.6 2 14 15 30

IP1-1-WAAM-M-60◦ M6 10.9 6.6 2 14 15 30

IP1-1-WAAM-M-90◦ M6 10.9 6.6 2 14 15 30

IP1-2-WAAM-M-0◦ M6 10.9 6.6 2 14 15 30

IP1-2-WAAM-M-45◦ M6 10.9 6.6 2 14 15 30

IP1-2-WAAM-M-60◦ M6 10.9 6.6 2 14 15 30

IP1-2-WAAM-M-90◦ M6 10.9 6.6 2 14 15 30

IP1-3-WAAM-M-0◦ M6 10.9 6.6 2 11 15 30

IP1-4-WAAM-M-0◦ M6 10.9 6.6 2 8 15 30

IP1-1-WAAM-AB-0◦ M8 12.9 8.4 5.4 14 15 30

IP1-2-WAAM-AB-0◦ M8 12.9 8.4 5.4 13 15 30

IP1-2-WAAM-AB-45◦ M8 12.9 8.4 5.3 13 15 30

IP1-2-WAAM-AB-60◦ M8 12.9 8.4 5.2 13 15 30

IP1-2-WAAM-AB-90◦ M8 12.9 8.4 5.2 13 15 30

IP1-3-WAAM-AB-0◦ M8 12.9 8.4 5.3 11 15 30

IP1-4-WAAM-AB-0◦ M8 12.9 8.4 5.4 8 15 30

IP1-5-WAAM-AB-0◦ M8 12.9 8.4 5.2 15 8 16

IP1-5-WAAM-AB-45◦ M8 12.9 8.4 5.4 15 8 16

IP1-5-WAAM-AB-60◦ M8 12.9 8.4 5.3 15 8 16

IP1-5-WAAM-AB-90◦ M8 12.9 8.4 5.3 15 8 16

IP1-1-SLM-M-0◦ M6 10.9 6.6 2 14 15 30

IP1-1-SLM-AB-0◦ M6 10.9 6.6 2 14 15 30

IP1-2-SLM-AB-0◦ M6 10.9 6.6 2 13 15 30

IP1-2-SLM-AB-45◦ M6 10.9 6.6 2 13 15 30

IP1-2-SLM-AB-90◦ M6 10.9 6.6 2 13 15 30

IP1-5-SLM-AB-0◦ M6 10.9 6.6 2 15 8 16

IP1-5-SLM-AB-45◦ M6 10.9 6.6 2 15 8 16

IP1-5-SLM-AB-90◦ M6 10.9 6.6 2 15 8 16
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TABLE 3    |    Tested specimens—double-bolt configurations [19].

Designation
Bolt 
type

Bolt 
grade

Hole 
diameter, 

do

Thickness, 
t (mm)

End 
distance, 
e1 (mm)

Edge 
distance, 
e2 (mm)

Pitch 
distance, 
p (mm)

Breadth, 
b (mm)

IP2-1-CON M6 10.9 6.6 2 12 12 16 40

IP2-2-CON M6 10.9 6.6 2 11 12 16 40

IP2-3-CON M6 10.9 6.6 2 8.2 12 16 40

IP2-4-CON M6 10.9 6.6 2 8 12 16 40

IP2-5-CON M6 10.9 6.6 2 7 12 16 40

IP2-6-CON M6 10.9 6.6 2 16 8 24 40

IP2-7-CON M6 10.9 6.6 2 15 11 18 40

IP2-1-WAAM-
M-0◦

M6 10.9 6.6 2 12 12 16 40

IP2-1-WAAM-
M-45◦

M6 10.9 6.6 2 12 12 16 40

IP2-1-WAAM-
M-60◦

M6 10.9 6.6 2 12 12 16 40

IP2-1-WAAM-
M-90◦

M6 10.9 6.6 2 12 12 16 40

IP2-2-WAAM-
M-0◦

M6 10.9 6.6 2 11 12 16 40

IP2-3-WAAM-
M-0◦

M6 10.9 6.6 2 8.2 12 16 40

IP2-3-WAAM-
M-45◦

M6 10.9 6.6 2 8.2 12 16 40

IP2-3-WAAM-
M-60◦

M6 10.9 6.6 2 8.2 12 16 40

IP2-3-WAAM-
M-90◦

M6 10.9 6.6 2 8.2 12 16 40

IP2-4-WAAM-
M-0◦

M6 10.9 6.6 2 8 12 16 40

IP2-5-WAAM-
M-0◦

M6 10.9 6.6 2 7 12 16 40

IP2-7-WAAM-
M-0◦

M6 10.9 6.6 2 8.2 12 16 40

IP2-2-WAAM-
AB-0◦

M8 12.9 8.4 5.5 11 12 16 40

IP2-3-WAAM-
AB-0◦

M8 12.9 8.4 5.6 8.2 12 16 40

IP2-3-WAAM-
AB-45◦

M8 12.9 8.4 5.2 8.2 12 16 40

IP2-3-WAAM-
AB-60◦

M8 12.9 8.4 5.5 8.2 12 16 40

IP2-3-WAAM-
AB-90◦

M8 12.9 8.4 5.3 8.2 12 16 40

(Continues)
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to their WAAM-M counterparts, although a significant in-
crease in load capacity was observed with increased thickness. 
Tables 2 and 3 give an overview of the tested specimens with 
their unique designation [19]. For example, IP1-1-WAAM-M-0° 
refers to configuration 1-1, featuring inner plates produced via 
WAAM. M indicates that the plates were machined, while 0° 
denotes the extraction or printing direction, � against the ap-
plied load.

3   |   Comparison of Global Load–Displacement 
Response Across Manufacturing Methods

In addition to the interpretation of the failure modes and crack 
behavior of the inner plates previously reported in [19], this sec-
tion presents further analysis of the global load–displacement 
response of the tested connections. The load–displacement 
curves provide direct insight into the ductility of additively 
manufactured (AM) plates relative to their conventional (CON) 
counterparts. Since ductility is a key design parameter alongside 
strength, these curves provide a more complete understanding 
of the mechanical response of the connections before assessing 
the code-based estimations.

A comparative assessment of the 2-mm-thick plates based on 
the global load–displacement curves across CON and AM tests 

can be seen in Figure  3a–e for the single-bolt configuration 
and Figure  4a–g for double-bolt configuration. The compari-
son reveals noticeable differences between the CON and AM 
specimens. Based on these figures, the load capacity of AM 
plates is broadly comparable to that of CON plates, with only 
minor variations observed. However, a clear difference is seen 
in terms of displacement at failure, �, where AM plates con-
sistently failed at lower � values. For instance, in Figure  3a, 
IP1-1-CON reached a total δ = 19.5 mm, whereas the highest 
displacements for WAAM-M and SLM-M and SLM-AB were 
� = 12.8, 11.2, and 9.2 mm respectively. This trend is also ev-
ident in the double-bolt configurations (Figure  4a–g), where 
CON plates again demonstrated greater displacement before 
failure. This indicates that AM plates have a detrimental effect 
in terms of elongation before failure, and they are less ductile 
than CON. Nevertheless, AM plates exhibited a steeper initial 
slope compared to CON plates, indicating enhanced connec-
tion stiffness. This could be attributed to differences in bolt-
plate interaction, including increased friction due to surface 
roughness in SLM plates and inherently higher bearing stiff-
ness of both WAAM and SLM plates. This also suggests that 
AM plates undergo less elastic deformation before entering 
the plastic zone, further supporting the observation that they 
are less ductile and potentially more brittle than their CON 
counterparts. Additionally, the extraction orientation of � = 
45° and 60° in WAAM-M appeared to influence ductility, as 

Designation
Bolt 
type

Bolt 
grade

Hole 
diameter, 

do

Thickness, 
t (mm)

End 
distance, 
e1 (mm)

Edge 
distance, 
e2 (mm)

Pitch 
distance, 
p (mm)

Breadth, 
b (mm)

IP2-4-WAAM-
AB-0◦

M8 12.9 8.4 5.0 8 12 16 40

IP2-5-WAAM-
AB-0◦

M8 12.9 8.4 5.3 7 12 16 40

IP2-6-WAAM-
AB-0◦

M8 12.9 8.4 5.4 16 8 24 40

IP2-6-WAAM-
AB-45◦

M8 12.9 8.4 5.0 16 8 24 40

IP2-6-WAAM-
AB-60◦

M8 12.9 8.4 5.3 16 8 24 40

IP2-6-WAAM-
AB-90◦

M8 12.9 8.4 5.0 16 8 24 40

IP2-7-WAAM-
AB-0◦

M8 12.9 8.4 5.4 8.2 12 16 40

IP2-7-SLM-M-0◦ M6 10.9 6.6 2 15 11 18 40

IP2-6-SLM-
AB-0◦

M6 10.9 6.6 2 16 8 24 40

IP2-6-SLM-
AB-45◦

M6 10.9 6.6 2 16 8 24 40

IP2-6-SLM-
AB-90◦

M6 10.9 6.6 2 16 8 24 40

IP2-7-SLM-AB-0◦ M6 10.9 6.6 2 15 11 24 40

TABLE 3    |    (Continued)
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these orientations exhibited slightly improved elongation. This 
observation aligns with coupon testing observed in [19], which 
showed that the diagonal printing orientation is beneficial to 
ductility. This further indicates that, despite the undulations 
being removed from the surface, the influence of the printing 
process persisted at the microstructural level, suggesting that 
the underlying grain structure and layer orientation contribute 
to this behavior. For SLM tests, no clear consistency in behav-
ior was observed across different � and surface conditions. This 
may imply that these variables have a less significant effect on 
mechanical performance in SLM compared to WAAM, where 

printing orientation and surface condition exhibit a more pro-
nounced influence.

Beyond differences related to manufacturing extraction/
print direction, �, the influence of geometrical variables on 
load-bearing capacity and displacement was also evident. A 
decrease in end distance, e1 from 14 to 8 mm for single-bolt 
configurations and from 14 to 8 mm for double-bolt configu-
rations led to a noticeable reduction in both load capacity and 
ultimate displacement before failure. This trend was observed 
across all AM and CON plates, where specimens with shorter 

FIGURE 3    |    Load–displacement curves for single-bolt configurations with a consistent t = 2 mm: comparison between CON and AM plates.
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8 Fatigue & Fracture of Engineering Materials & Structures, 2026

FIGURE 4    |    Load–displacement curves for double-bolt configurations with a consistent t = 2 mm: comparison between CON and AM plates.
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9Fatigue & Fracture of Engineering Materials & Structures, 2026

end distances exhibited earlier failure. Furthermore, the lower 
breadth, b, value in IP1-5 (Figure 3e) resulted in a significant 
reduction in load capacity, despite e₁ having an adequate value 
of 15 mm. In contrast, IP2-7 (Figure  4g), which had large e1, 
pitch distance, p, and sufficient edge distance, e2, demonstrated 
improved overall performance. While these values were inten-
tionally selected to ensure specific failure modes in the tested 
plates, the observed variations highlight the importance of ad-
hering to design standard threshlds to achieve optimal struc-
tural performance.

In the case of WAAM-AB, the results for both single- and 
double-bolt configurations are shown in Figures 5a–e and 6a–f, 
respectively. The curves differ markedly from those of the other 
specimens due to a significant increase in load-bearing ca-
pacity, primarily attributed to increased thickness, t . Despite 
surface undulations causing local variation in thickness, t , its 
overall increase played a key role in enhancing plate perfor-
mance. Furthermore, comparisons of extraction direction in 

Figures 5b,e and 6b,e reinforced that a diagonal orientation (e.g., 
� = 45° and 60°) is beneficial, noting that the performance of 
IP1-2-WAAM-AB-90° in Figure 4b did not follow this trend and 
was deemed to be an outlier.

4   |   Evaluation of Design Estimations

4.1   |   General

This section presents the equations used to estimate the design 
loads of double-lap shear bolted connections, as provided by 
the most commonly adopted design standards: BS EN 1993-1-8 
[12], BS EN 1993-1-4 [20], and ANSI/AISC 370 [13], hereafter 
referred to as EC3-1-8, EC3-1-4, and AISC370, respectively. In 
addition to these standards, literature-based equations (LBE) 
specifically developed for AM bolted connections are also con-
sidered. All equations are applied using a strength-based cri-
terion without the inclusion of partial safety factors, enabling 

FIGURE 5    |    Load–displacement curves for single-bolt WAAM-AB configurations with non-uniform t  and larger do.
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direct comparison with the experimental failure loads of CON 
and AM plates under controlled test conditions.

4.2   |   EC3-1-8

The European standard EC3-1-8 [12], which is specified for car-
bon steel bolted connections, defines the design bearing resis-
tance, Fb,EC3 to be calculated using Equation (1):

where nb is the number of bolts, km is a factor depends on the 
steel grade of the plate, fu is the nominal material ultimate 
tensile strength of the plate, and ab is taken as the minimum 
of three values: e1 ∕do (associated with edge bearing), 3 × fub ∕ fu 
(associated with bolt bearing), and 3 (calibration limit). The no-
tation fub is the nominal ultimate tensile strength of the bolt. The 

smallest of these values reflects the governing bearing mode in 
the connection.

For calculating the design net-section tension resistance, EN 
1993-1-8 [12] refers to Equations (2), (3), (4), (5), and (6):

As shown in Equation (2), the design net-section tension resis-
tance, Ft,EC3, of the plate is the minimum value of two: the design 
plastic resistance of the gross cross-section, Fpl,EC3, or the design 

(1)Fb,EC3 = nbkmabfudt

(2)Ft,Rd = min
[
Fpl,EC3;Fn,EC3

]

(3)Fpl,EC3 = Agfy

(4)Fn,EC3 = kAnetfu

(5)Anet = Ag − ΔAnet

(6)ΔAnet = nbdot

FIGURE 6    |    Load–displacement curves for double-bolt WAAM-AB configurations with non-uniform t  and larger do.
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ultimate resistance of the net cross-section, Fn,EC3. Equation (3) 
is used to calculate Fpl,EC3, where Ag is the cross-sectional area of 
the plate and fy is the nominal yield strength of the inner plate 
material. To calculate Fu,EC3, Equation  (4) is applied, consider-
ing that k is a value depends on the hole fabrication method, 
and Anet is the net cross-sectional area. Anet is obtained using 
Equation (5) where ΔAnet represents the section area deducted 
due to the presence of hole/s. The value of ΔAnet can be directly 
calculated by using Equation (6).

The EN 1993-1-8 standard [12] further recommends apply-
ing Equation (7) to estimate the design block shear resistance, 
Feff,EC3, for plates with two or more bolts.

The terms Ant, Agv, and Anv refer to the net area subjected to ten-
sion, the gross area subjected to shear, and the net area subjected 
to shear, respectively.

4.3   |   EC3-1-4

EC3-1-4 [20] refers to EC3-1-8 [12] for the general design of 
bolted connections, including lap-shear configurations. That 
said, there is an adjustment to the bearing resistance equation, 
as EC3-1-4 [20] introduces specific provisions for stainless 
steel. The bearing resistance for stainless steel, Fb,EC3∗ is deter-
mined using Equation (8) with specific considerations defined 
in EC3-1-4 [20].

The notation ab represents the bearing coefficient in the direc-
tion of the load transfer, while k1 is the bearing coefficient in 
the direction perpendicular to the load transfer. The values of 
k1 and ab for edge bolts are calculated depending on the thick-
ness of the plate and the chosen failure criterion. Since these 
tests aim to estimate failure at the ultimate state, the strength 
criterion is selected, and its corresponding ab and k1 values are 
calculated using Equations  (9) and (10). The lowest value of 
ab is the value associated with the bearing type that occurs in 
the connections.

 

4.4   |   AISC 370

The American standard AISC 370 [13] serves as the reference 
standard for the design of stainless steel bolted connections. 
Similar to EC3-1-8 [12] and EC3-1-4 [20], it provides a series 
of equations to estimate the failure capacity of shear bolted 

(7)Feff,EC3 =
�
Antfu

�
+min

�
Agvfy√

3
;
Anvfu√

3
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(8)Fb,EC3∗ = nbabk1fudt

(9)ab = min

[
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5e1
6do

]

(10)k1 =

⎧
⎪⎪⎨⎪⎪⎩
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connections, but with different coefficient values depending on 
the adopted design criterion. The bearing resistance, Fb,AISC370 
is determined using Equation  (11), where the coefficient Cb is 
taken as 2.5 for l2 ∕do > 1.5 or 2 for l2 ∕do ≤ 1.5. Here, the param-
eter l2 is the distance from the center of the hole to the center of 
the adjacent hole or the edge of the plate perpendicular to the 
direction of the applied load.

Equation  (12) defines the net-section tension design resis-
tance, Ft,AISC370. It follows the same formulation as that in 
EC3-1-8 [12] with slight modification, as it does not account 
for the effect of the fabrication method. The values of Npl,AISC370 
and Nn,AISC370 are calculated using Equations  (13), and (14), 
respectively.

For the design resistance against block tearing, Feff,AISC370, 
Equation (15) shows that AISC 370 [13] adopts the same formu-
lation as EC3-1-8 [12], except for a constant factor, which is 0.6 
in AISC 370 [13], resulting in a slight variation in the estimated 
capacity.

Unlike EC3-1-8 [12] and EC3-1-4 [20], AISC370 [13] provides an 
explicit equation to estimate the design capacity estimation for 
shear-out failure, Fso,AISC370 given in Equation  (16). The coeffi-
cients (Ct) and (Ch) are 2.5 and 3, respectively, under the strength 
criterion. The parameter l1 refers to the distance from the center 
of the hole to the center of the adjacent hole or the edge of the 
plate parallel to the force.

4.5   |   Literature-Based Equations (LBE)

The previously mentioned study [8], which investigated 316L 
stainless steel double-lap shear bolted connections, demon-
strated that applying the shear-out and bearing resistance equa-
tions originally formulated by [21, 22], respectively, yielded 
more accurate estimations than those obtained from codified 
design equations, with a reported mean estimation ratio of 1.06 
and a coefficient of variation (COV) of 0.088. Subsequent work 
[23] introduced a modification to the shear-out equation to ac-
count for the bolt diameter, which was further refined by [5] to 
incorporate the effects of WAAM-produced carbon steel plates. 
Accordingly, the shear-out equation adopted in this study is that 
of [5], presented in Equation (17). The term lav representing the 
length of active shear-out, is calculated using Equation  (18), 
where lc is the distance from the hole edge to the plate edge. The 
bearing resistance equation used remains that of [22], shown in 

(11)Fb,AISC370 = nbCbfudt

(12)Ft,AISC370 = min
[
Fpl,AISC370;Fn,AISC370

]

(13)Fpl,AISC370 = Agfy

(14)Fn,AISC370 = Anetfu

(15)Feff,AISC370 =
[(
Antfu

)
+min

(
0.6Agvfy; 0.6Anvfu

)]

(16)Fso,AISC370 = nbCtfudt

(
l1

Chdo

)

TABLE 5    |    Estimated failure mechanisms and load capacity ratios 
for single-bolt configurations using LBE [5, 22].

Designation

Design 
resistance 

to LBE, 
FLBE (kN)

Ratio to 
LBE, 

FExp

FLBE

Failure 
mode 
(FLBE)

IP1-1-CO 20.3 0.93 SO

IP1-1-WAAM-M-0◦ 15.8 1.16 SO

IP1-1-WAAM-
M-45◦

16.8 1.14 SO

IP1-1-WAAM-
M-60◦

16.1 1.15 SO

IP1-1-WAAM-
M-90◦

17.1 1.04 SO

IP1-1-WAAM-
AB-0◦

40.1 1.10 SO

IP1-1-SLM-M-0◦ 19.1 0.97 SO

IP1-1-SLM-AB-0◦ 19.1 0.98 SO

IP1-2-CO 18.8 0.96 SO

IP1-2-WAAM-M-0◦ 14.7 1.15 SO

IP1-2-WAAM-
M-45◦

15.5 1.23 SO

IP1-2-WAAM-
M-60◦

14.9 1.21 SO

IP1-2-WAAM-
M-90◦

15.8 1.03 SO

IP1-2-WAAM-
AB-0◦

37.0 1.10 SO

IP1-2-WAAM-
AB-45◦

40.1 1.04 SO

IP1-2-WAAM-
AB-60◦

40.9 0.93 SO

IP1-2-WAAM-
AB-90◦

35.7 1.17 SO

IP1-2-SLM-AB-0◦ 17.6 1.04 SO

IP1-2-SLM-AB-45◦ 15.8 1.18 SO

IP1-2-SLM-AB-90◦ 15.6 1.12 SO

IP1-3-CO 15.7 1.00 SO

IP1-3-WAAM-M-0◦ 12.3 1.22 SO

IP1-3-WAAM-
AB-0◦

30.2 1.11 SO

IP1-4-CO 11.0 1.03 SO

IP1-4-WAAM-
M-0◦

8.6 1.30 SO

IP1-4-WAAM-
AB-0◦

21.0 1.13 SO
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FIGURE 7    |    Comparison of design provisions [12, 13, 20] and LBE [5, 22] estimations against experimental load capacity plates: mean ratios and 
COV of CON plates in (a) single-bolt and (b) double-bolt configurations and for AM plates in (c) single-bolt and (d) double-bolt configurations.

FIGURE 8    |    Indirect interpretation of EC3-1-8 [12] showing the threshold between EB and SO governing failures for single-bolted configurations 
connection results, using the condition e1 ∕do < 3 as derived from the definition of ab in [5].
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Equation (19). The LBE final load estimations, denoted as FLBE, 
were used for all specimens except those designed with varia-
tions in geometric parameters e2 and p, as the equations do not 
account for these changes [5, 22].

The aforementioned equations were specifically selected due 
to their refined formulations, enhancing the accuracy of esti-
mating the failure mechanisms for WAAM-produced plates. 
Moreover, the selected equations are considered potentially suit-
able for estimating failures in SLM-produced specimens.

4.6   |   Results and Discussion

The design provisions [12, 13, 20] and LBE [5, 22] estimations for 
single-bolted configurations are summarized in Tables  4 and 5, 
noting that inner plates governed by NST failures were excluded 
from these LBE estimations, since the equations are not defined 
for this mode. Figure 7a,c compares the experimental-to-estimated 
failure load ratios for CON and AM plates in the single-bolted con-
figuration, showing a reduced variability of the ratios for CON 
plates. The most conservative results were from standards specif-
ically tailored to stainless steel, with peak ratios of experimental-
to-estimated failure loads reaching 1.85 in EC3-1-4 [20] and 1.78 
under AISC 370 [13], indicating a pronounced tendency toward 
overdesign. Conversely, EC3-1-8 [12] provided more accurate esti-
mations. This may reflect the more generalized nature of the bear-
ing resistance equation adopted from EC3-1-8 [12], which, despite 
being developed for carbon steel, appears to align more closely 
with the load-bearing response of the AM plates. The LBE [5, 22] 
estimations, primarily governed by SO failures, yielded the most 
accurate results, as clearly illustrated in Figure 7c. The mean ratio 
of experimental-to-estimated failure loads obtained from LBE esti-
mations for AM plates was 1.10, accompanied by a low coefficient 
of variation (COV) of 0.087. This finding aligns closely with the 
observations reported in [8]. In contrast, AISC 370 [13] showed 
the highest mean ratio and variability, with values of 1.43 and 
0.178, respectively. Furthermore, most observed failures involved 
a governing SO failure, which in EC3-1-8 [12] and EC3-1-4 [20], is 
accounted for under the bearing resistance check, where capacity 
decreases with reducing e1 and therefore their estimations corre-
spond to EB, whereas AISC 370 [13] includes an explicit shear-out 
resistance equation. As shown in Figure 8, the distinction between 
EB and SO can be illustrated using the e1 ∕do < 3 condition derived 
from the definition of ab in [5], which interpreted SO in EC3-1-8 
[12] as being covered by the bearing resistance check. However, 
since stainless steel ductility makes the plate tend to have a mix of 
both failures, this approach provides a clarification on whether SO 
will occur to plates after the initial EB failure. This is why it was 
mentioned earlier that the failure is EB + SO with SO governing.

For double-bolted configurations, Tables  6 and 7 present the 
corresponding design provisions [12, 13, 20] and LBE [5, 22] 
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estimations. Similar to the single-bolted configurations, spec-
imens governed by NST failures were excluded from the LBE 
[5, 22] estimations. Given the complexity introduced by the in-
teraction of two bolt holes, significant variability was noted in 
the ratios for EC3-1-4 [20] and AISC 370 [13], with mean ratios 
of 1.65 and 1.39 and respective COV values of 0.234 and 0.201 

(Figure 7d). The design standard EC3-1-8 [12] exhibited lower 
mean ratios (1.33) and reduced variability (COV = 0.160) com-
pared to EC3-1-4 [20] yet still demonstrated considerable con-
servatism. The LBE [5, 22] estimations again proved the most 
accurate, yielding a mean ratio of 1.12. However, the higher COV 
of 0.150 reflects a modest reduction in consistency compared to 
the single-bolted results. For CON plates, the corresponding 
double-bolt configuration results (Figure  7b) show improved 
agreement and lower scatter relative to AM plates, although 
EC3-1-4 [20] still leads to pronounced conservatism. The asso-
ciated failure modes of the double-bolted configurations were 
not consistently captured by the design standards [12, 13, 20] or 
the LBE [5, 22], with several cases showing clear discrepancies 
between predicted and observed modes. In particular, EC3-1-4 
[20] predominantly predicted EB, while the governing failures 
were SO, NST, and BT. Since the LBE [5, 22] equations are de-
fined only for SO and EB, all cases of BT were predicted as SO.

Collectively, these results highlight the significant conserva-
tism inherent in current stainless steel-specific design pro-
visions when applied to WAAM and SLM-produced plates 
in bolted connections, while their application to CON plates 
remains generally reliable and conservative. The consistent 
accuracy and lower variability of the LBE [5, 22] estimations 
suggest that these equations, explicitly formulated for AM, 
are more suitable than traditional, generalized stainless steel 
guidelines. This implies that current design codes may require 
calibration or the introduction of appropriate adjustment fac-
tors to adequately capture the unique mechanical response of 
WAAM and SLM fabricated components, achievable through 
further experimental and numerical research on AM bolted 
connections.

5   |   Conclusions

The global load–displacement comparisons between CON 
and AM plates, together with the evaluation of load capaci-
ties against design provisions and LBE estimations for hybrid 
double-lap shear connections, led to the following conclusions:

•	 Bolted connections with integrated AM inner plates ex-
hibited lower displacement at failure compared to CON 
plates, indicating noticeably reduced ductility and elonga-
tion capacity across both single- and double-bolt configu-
rations, despite no significant differences in load capacity. 
Therefore, special attention should be given to the design 
of connections to ensure a ductile and thus safe structural 
response.

•	 The increased thickness in WAAM-AB plates significantly 
enhanced load-bearing capacity, highlighting the dom-
inant role of thickness in structural performance, even 
when surface undulations exist that cause local variation in 
thickness.

•	 The diagonal extraction orientation clearly enhanced duc-
tility in both WAAM-M and WAAM-AB plates, demon-
strating its beneficial effect.

•	 Design codes tailored to stainless steel, such as EC3-1-4 [20] 
and AISC 370 [13], were overly conservative, especially in 

TABLE 7    |    Estimated failure mechanisms and load capacity ratios 
for double-bolt configurations using LBE [5, 22].

Designation

Design 
resistance 

to LBE, 
FLBE (kN)

Ratio to 
LBE, 

FExp

FLBE

Failure 
mode 
(FLBE)

IP2-1-CON 34.5 0.79 SO

IP2-1-WAAM-M-0◦ 27.0 0.97 SO

IP2-1-WAAM-
M-45◦

28.6 0.96 SO

IP2-1-WAAM-
M-60◦

27.4 0.98 SO

IP2-1-WAAM-
M-90◦

29.1 0.87 SO

IP2-2-CON 31.4 0.85 SO

IP2-2-WAAM-M-0◦ 24.6 1.11 SO

IP2-2-WAAM-
AB-0◦

62.6 0.91 SO

IP2-3-CON 22.7 1.02 SO

IP2-3-WAAM-M-0◦ 17.7 1.34 SO

IP2-3-WAAM-
M-45◦

18.8 1.30 SO

IP2-3-WAAM-
M-60◦

18.0 1.29 SO

IP2-3-WAAM-
M-90◦

19.1 1.13 SO

IP2-3-WAAM-
AB-0◦

45.0 1.10 SO

IP2-3-WAAM-
AB-45◦

46.1 1.03 SO

IP2-3-WAAM-
AB-60◦

50.7 0.96 SO

IP2-3-WAAM-
AB-90◦

42.6 1.05 SO

IP2-4-CON 22.0 1.05 SO

IP2-4-WAAM-M-0◦ 17.2 1.34 SO

IP2-4-WAAM-
AB-0◦

39.0 1.22 SO

IP2-5-CON 18.8 1.12 SO

IP2-5-WAAM-M-0◦ 14.7 1.41 SO

IP2-5-WAAM-
AB-0◦

34.8 1.26 SO
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AM applications, with high experimental-to-estimated fail-
ure loads mean ratios and COVs suggesting potential for 
overdesign and inefficiency.

•	 EC3-1-8 [12], although developed for carbon steel, per-
formed better for AM plates due to its more generalized 
formulation, specifically in the bearing resistance equation, 
producing closer estimations with reduced variability in 
both single- and double-bolt configurations.

•	 For CON plates, the assessed design standards generally 
provided conservative estimations, with ratios closer to 
unity and lower variability than those for AM plates.

•	 LBE [5, 22] consistently outperformed code provisions, 
showing the lowest deviation from experimental results and 
offering more accurate load capacity estimations.

•	 Current design standards inadequately estimate the fail-
ure mechanisms in AM plates, underlining the need for 
updated equations or modification factors based on exper-
imental and numerical data tailored to WAAM and SLM 
plates' specific behavior.
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