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ABSTRACT

An experimental investigation into the structural performance of wire arc additively manufactured (WAAM)
steel single-lap shear bolted connections is presented in this paper. The steel wire had a nominal yield stress
of 420 MPa. Sixty specimens of different thicknesses, printing strategies and geometric features including end
distances and plate widths were tested and analysed. The shear-out, net section tension fracture, localised
tearing and curl-bearing failure modes were observed and discussed, while end-splitting was also evident.
Digital image correlation (DIC) was used for detailed monitoring and visualisation of the surface strain
fields that developed during testing, providing valuable insight into the developed failure mechanisms. The
experimental results, which generally followed the anticipated trends, were used to assess the applicability
of current design specifications developed for conventional steel bolted connections to WAAM steel bolted
connections. It was found that both the cold-formed steel specifications (AISI S100 and AS/NZS 4600) and
the structural steel specifications (AISC 360 and EN 1993-1) devised for conventionally manufactured steel
elements, could yield considerable overestimations and underestimations of the test capacities, depending on
the geometry. The overestimations are caused by shortcomings in the existing design provisions for out-of-plane
failure modes, which are particularly prevalent among WAAM steel connections due to their material ductility
and surface undulations, which promote curling. The underestimations relate primarily to the conservatism
of the shear-out provisions. Further research is underway to underpin the development of improved design

provisions.

1. Introduction

Wire arc additive manufacturing (WAAM) belongs to the directed
energy deposition (DED) family of additive manufacturing methods,
and can be used to build large scale elements in an efficient manner [1-
9]. WAAM utilises conventional welding equipment, in conjunction
with robotic control, to build target components through successive
deposition of layers of material. The advantages of this innovative
technology over conventional manufacturing methods, which include
enhanced geometric versatility, increased automation and reduced ma-
terial consumption [7,10], render WAAM capable of bringing about
a step-change to the modus operandi of the construction industry.
However, for this potential to be fully realised, a comprehensive un-
derstanding of the structural performance of WAAM steel members and
connections is required.

Bolted connections are the most common type of connection used
in steel construction, in which the load may be transmitted by means
of shear in the bolts and bearing in the connected parts. Four distinct
modes of failure were identified by Winter [11] for bolted connections:
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shear-out failure, bearing failure, net section tension failure and bolt
shear failure - see Fig. 1, with the latter type depending on the strength
of the bolt (rather than that of the connected plates). Extensive research
has been carried out on bolted connections, including tests on shear
connections for tubular structures [12-14], as well as lap shear tests on
cold-reduced sheet steel [15-20], high strength steel [21-23], stainless
steel [24-27] and aluminium alloy [28] specimens. Several studies, par-
ticularly those featuring thin sheets under single shear, have revealed
that the plates of lap connections can exhibit out-of-plane deformations,
known as curling, resulting in reduced ultimate capacities [19,24,29].

In this paper, the structural performance of WAAM steel bolted
connections subjected to single shear is investigated for the first time.
Such connections are likely to be required in hybrid applications where
3D printed and conventional structural components are utilised in com-
bination. Sixty WAAM specimens of two different nominal thicknesses
(3 mm and 8 mm) were manufactured with varying dimensions to
obtain four distinct failure modes: net section tension fracture, shear-
out, localised tearing and curl-bearing failure. The effects of material
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(a) Shear-out

(c) Net section tension
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(b) Bearing

(d) Bolt shearing

Fig. 1. Conventional failure modes for bolted connections.

Table 1

Chemical composition (% by weight) of feedstock wire, as provided by the manufacturer.

C Si Mn P S Cr Ni Mo Cu v Ai Zr+Ti

0.07 0.85 1.43 0.007 0.006 0.04 0.01 0.01 0.01 0.01 0.01 0.02

Table 2

Mechanical properties (as welded) of feedstock wire, as provided by the manufacturer.

Yield strength Ultimate tensile Elongation A5 (%) Impact energy at

(MPa) strength 40 C
(MPa) @
471 580 25 73
Table 3
Printing parameters for WAAM material of two nominal thicknesses t,,.
Printing parameter toom
3mm 8 mm
Wire diameter (mm) 0.8 1.2
Travel speed (mm/s) 8 8
Wire feed speed (m/min) 3 4
Welding voltage (V) 14.8 24.8
Welding current (A) 54 130
Gas flow rate (L/min) 14 16
Shielding gas 80% Ar + 20% CO,
Welding mode Short-arc Pulsed
Dwell time (s) 30 30

anisotropy and of the surface undulations inherent to the WAAM
process on the structural response of the examined connections were
investigated by testing specimens with two different angles (0 and
90 ) between the print layer orientation and the axis of loading. The
particular geometric features of all specimens were captured by means
of laser scanning, while digital image correlation (DIC) was employed
to monitor the surface strain fields during testing. The observed fail-
ure modes are discussed herein and the applicability of current steel
structure specifications [30-34] to the design of WAAM connections is
assessed.

2. Manufacturing and geometric measurements of test specimens

The test specimens were manufactured by MX3D [35], using their
proprietary multi-axis robotic WAAM technology. Oval tubes of 3 mm
and 8 mm nominal thickness, as shown in Fig. 2, were printed using
steel welding wire ER70S-6 (EN ISO 14341-A G 42 3 M21 3Sil). The

Fig. 2. WAAM oval tubes from which test specimens were cut.

first letter G indicates gas-shielded metal arc welding; the number
42 denotes a minimum yield strength of 420 MPa, a tensile strength
between 500 MPa and 640 MPa and a minimum elongation at fracture
of 20%; the number 3 indicates that at a temperature of —30 C a
minimum average impact energy of 47 J is achieved; the notation M21
is the classification of the shielding gas; and the last notation 3Sil
refers to the chemical composition of the wire electrode [36]. The
chemical composition and the mechanical properties of the feedstock
material, as reported by the manufacturer, are presented in Tables 1
and 2, respectively, and the printing parameters employed during the
WAAM process are reported in Table 3. The oval tubes provided a stable
build geometry and are more efficient to print. Test specimens were
extracted from the flat sides of the tubes using a water jet cutter, as
shown in Fig. 3, and were then sandblasted with glass beads to remove
any welding soot from the WAAM process.

Sixty WAAM lap shear specimens of two different nominal thick-
nesses and two print layer orientations were fabricated, the basic
configuration of which is shown in Fig. 4, where d,, is the bolt hole
diameter, e, is the end distance between the centre of the bolt hole and
the end of the WAAM plate, b is the plate width and x and y represent
the directions perpendicular and parallel to the loading direction,
respectively. The lengths of the specimens were approximately three
times their respective widths, varying from 190 mm to 390 mm.
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Fig. 3. Specimens cut from the flat sides of the tubes using a water jet cutter.

(continued on next page)
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Table 4

Measured geometric properties of test specimens.
Specimen Bolttype t(mm) dy (mm) b(mm) e, (mm)
§3-55-27-0 M16 2.7 18.0 55.1 26.9
$3-45-27-0 M16 3.0 17.8 45.4 27.3
$3-45-36-0 M16 3.0 17.7 45.4 36.3
§3-35-27-0 M16 2.7 17.9 34.8 26.8
$3-65-18-0 M16 2.8 17.8 65.5 18.2
$3-65-21.6-0 M16 2.9 17.8 65.4 21.6
$3-65-27-0 M16 2.9 17.8 65.3 27.0
$3-65-32.4-0 M16 2.8 17.8 65.4 325
$3-65-36-0 M16 2.8 17.8 65.5 36.3
$3-85-33-0 M20 2.8 21.8 85.5 333
$3-85-44-0 M20 2.7 21.7 85.4 44.3
$3-105-33-0 M20 2.6 22.2 105.0 329
$3-105-39.6-0 M20 2.6 22.6 105.0 39.3
$3-105-44-0 M20 2.7 22.2 105.1 44.1
$3-145-44.2-0 M24 2.7 26.2 144.0 43.8
$3-145-78-0 M24 2.7 26.3 143.4 78.2
$3-145-104-0 M24 2.6 26.3 144.2 104.2
$8-45-39-0 M24 7.3 26.4 45.1 38.9
$8-55-39-0 M24 7.5 26.2 55.0 39.1
58-65-39-0 M24 7.5 26.2 64.7 39.1
$8-75-39-0 M24 7.6 25.9 75.0 39.0
$8-95-26-0 M24 7.5 25.9 95.1 26.1
$8-95-33.8-0 M24 7.6 26.1 95.3 339
$8-95-39-0 M24 7.5 25.9 95.3 39.2
$8-95-65-0 M24 7.4 25.9 94.9 65.0
$8-95-78-0 M24 7.4 25.9 94.9 78.3
$8-117-32-0 M30 7.4 32.0 117.2 32.1
$8-117-48-0 M30 7.6 317 117.1 47.8
$8-117-80-0 M30 7.5 31.8 117.3 79.9
$8-117-96-0 M30 7.6 31.9 117.3 96.0
§3-55-27-90 M16 2.7 18.1 54.5 26.8
$3-45-27-90 M16 2.9 17.9 45.5 27.4
$3-45-36-90 M16 2.9 17.8 45.3 36.3
$3-35-27-90 M16 2.7 18.1 34.8 26.9
$3-65-18-90 M16 3.0 17.8 65.5 18.3
$3-65-21.6-90 M16 2.9 17.8 65.3 21.8
$3-65-27-90 M16 2.9 17.7 65.3 27.0
$3-65-32.4-90 M16 2.9 17.8 65.3 32.4
$3-65-36-90 M16 2.9 17.8 65.1 36.3
$3-85-33-90 M20 2.8 21.9 85.6 33.4

Table 4 (continued).

Specimen Bolttype t(mm) dy (mm) b(mm) e, (mm)
$3-85-44-90 M20 2.8 21.9 85.6 44.4
$3-105-33-90 M20 2.8 22.2 105.1 33.0
$3-105-39.6-90 M20 2.8 22.1 105.1 39.0
$3-105-44-90 M20 2.8 221 104.9 43.6
§3-145-44.2-90 M24 2.7 25.9 144.0 40.8
$3-145-78-90 M24 2.7 26.2 145.1 78.1
$3-145-104-90 M24 2.7 26.2 143.9 103.4
$8-45-39-90 M24 7.4 26.2 44.7 38.8
$8-55-39-90 M24 7.5 26.2 54.9 38.9
$8-65-39-90 M24 7.3 26.2 64.9 39.2
$8-75-39-90 M24 7.5 26.2 75.2 38.9
$8-95-26-90 M24 7.7 25.9 95.2 26.1
$8-95-33.8-90 M24 7.6 26.0 95.2 34.0
$8-95-39-90 M24 7.7 25.9 95.0 39.2
$8-95-65-90 M24 7.7 25.8 95.1 65.1
$8-95-78-90 M24 7.6 25.9 94.9 78.2
$8-117-32-90 M30 7.5 32.0 117.2 32.2
$8-117-48-90 M30 7.5 31.9 117.2 48.3
$8-117-80-90 M30 7.6 31.9 117.2 80.2
$8-117-96-90 M30 7.6 32.0 117.2 96.2
€
fe——>
A

v
b dy <
KN

Fig. 4. Basic geometry of test specimens.

The labelling for the test specimens begins with the letter S (for
shear) followed immediately by the nominal thickness in mm, a hy-
phen, the nominal width b in mm, a second hyphen, the end distance
e, in mm, a third hyphen and, finally, the angle in degrees between the
axis of loading and the print layer orientation — see Fig. 5. For example,
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A 90°

Loading
orientation

0 0°

Print layer
orientation

Fig. 5. Orientation of tensile coupons and lap specimens extracted from WAAM plates relative to print layer orientation.

(a) (b) (©)

Fig. 6. Typical test specimen: (a) following sandblasting, (b) digital model from laser
scan and (c) after testing.

Specimen S3-55-27-90 is a lap shear specimen with nominal values of
thickness, width and end distance equal to 3 mm, 55 mm and 27 mm,
respectively, with the axis of loading perpendicular to the print layer
orientation.

The width b, end distance e, and bolt hole diameter d, of each
test specimen were measured using Vernier callipers; the results are
presented in Table 4. However, due to the inherent surface undu-
lations of as-built WAAM specimens, thickness measurements taken
using conventional tools can be inaccurate [6,8]. Therefore, 3D laser
scanning was employed in the present work. A FARO Design ScanArm
2.0, capable of recording 600,000 points per second with an accuracy
of 0.075 mm [37], was used to obtain scans of both surfaces of each
lap specimen; which were then merged into a single model represented
as a point cloud in the software Geomagic Wrap [38]. The point cloud
was subsequently inter-connected to form a polygonal mesh and a 3D

Table 5
Measured mechanical properties obtained from machined tensile coupons.
tom (Mm) o) E(GPa) fy(MPa) f, (MPa) " "
3 0 211 405 503 0.12 0.26
45 210 366 482 0.16 0.39
90 209 372 484 0.16 0.35
s 0 214 292 434 0.22 0.40
45 212 329 440 0.21 0.38
90 212 319 444 0.17 0.30

CAD model, which was then imported into Rhino 3D [39] as an STL
file to determine the average thickness of the specimen [6,8]. The
values of the average thickness t of all specimens are given in Table 4.
Photographs of a typical specimen before and after testing, together
with the corresponding 3D CAD model following laser scanning, are
shown in Fig. 6.

3. Material tests

Twenty nine tensile coupon tests were conducted to determine the
mechanical properties of the WAAM material. Anisotropy was investi-
gated by testing coupons extracted from the WAAM plates at angles of
0,45 and 90 to the print layer orientation, as illustrated in Fig. 5.
The influence of the undulating as-built geometry on the mechanical
response was examined by testing as-built and machined coupons, with
the surface undulations of the latter having been removed using an end
mill. Following their extraction from the parent plates using a water jet
cutter, the coupons were sandblasted and laser scanned to obtain their
average thickness and cross-sectional area.

The material tests were conducted in accordance with EN ISO 6892-
1 [40], using a 250 kN Instron 8800 testing machine at a constant strain
rate of 0.00007 s~1. A four-camera LaVision digital image correlation
(DIC) system was employed to accurately monitor the surface strain
fields on both sides of each coupon, over the parallel length. The
acquired images, recorded at a frequency of 1 Hz, were processed in
the software Davis [41].
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Fig. 7. Stress-strain curves obtained from tensile coupon tests.
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(c) 8 mm thick as-built coupons
Table 6
Measured effective mechanical properties obtained from as-built tensile coupons.
tyom (mm) (@) E.(GPa) Ty err (MPa) Toerr (MPa) "ert et
3 0 196 408 508 0.15 0.26
45 194 356 469 0.12 0.24
90 196 355 467 0.13 0.22
8 0 213 306 416 0.18 0.36
45 213 304 427 0.15 0.27
90 218 278 409 0.16 0.24

A summary of the average mechanical properties in each loading
direction obtained from the machined coupon tests by loading direction
(i.e. =0,45,90 ) is presented in Table 5, where E is the Young’s
modulus, T, is the yield strength defined as the 0.2% proof stress, T,
is the ultimate tensile strength, ", is the strain at f, and "; isghe
fracture strain, determined over a standard gauge length of 5.65 A,
where A is the mean cross-section area along the parallel length [40].
The results from the as-built coupon tests are provided in Table 6,
where the subscript ‘eff’ has been added to the variables to reflect the
effective nature of the mechanical properties, as influenced by the as-
built geometry [8]. The stress—strain curves of all coupons, grouped by
nominal thickness and surface condition (i.e. machined and as-built),
are presented in Fig. 7.

The material anisotropy was found to be rather mild, with the
variations in the yield and ultimate tensile strengths being within 15%.
The influence of the surface undulations on the mechanical properties
of the examined WAAM material is evident, with the Young’s modulus,
yield and ultimate strengths of the as-built coupons being up to 10%
lower than those of the machined coupons. The strength of the thicker
material, both for the machined and as-built coupons, was found to
be consistently lower than the strength of the thinner material, with
differences of up to about 40% and 20% for the yield and ultimate
tensile strengths, respectively — see Tables Tables 5 and 6; this is
attributed to the slower cooling rate of the thicker material [42].

4. Lap shear connection tests
4.1. Test setup

An overview of the test setup employed for the lap shear tests
is illustrated in Fig. 8. Each test comprised a WAAM plate (i.e. the
test specimen) connected to a conventional high strength steel (HSS)
plate by means of a single fully threaded bolt in a 2 mm clearance
bolt hole [32]. The bolt head and nut were finger-tightened to ensure
contact at the interface of the plates, while limiting the influence of
friction [43]. Note that the WAAM and HSS plates were of the same
dimensions, ensuring the occurrence of failure within the (weaker)
WAAM plate. The size (varying from M16 to M30) and grade (grade
12.9) of the bolts were selected such that shear failure of the bolts
would be avoided.

All tests were conducted using a 600 kN Instron testing machine.
The specimens were loaded using displacement control at a constant
rate of 0.8 mm/min. A four-camera DIC system was employed to record
the displacements and strain fields of both sides of the specimens,
which were first painted black and then sprayed with a random white
speckle pattern prior to testing to provide features for the DIC system
to monitor — see Fig. 8.

4.2. Failure modes

The observed failure modes of all tested specimens are reported in
Table 7, where shear-out, net section tension, localised tearing, end-
splitting and curl-bearing (see Section 4.2.4) failures are denoted by
SO, NS, LT, ES and CB, respectively.

4.2.1. Shear-out, net section tension and bearing failures

As expected, shear-out failures developed in the specimens with
short end distances e, and large plate widths b — see Fig. 9(a), while
net section tension failures occurred in the specimens with larger end
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Speckle pattern

Gauge length
(= 150 mm)

WAAM plate

DIC cameras

High strength steel plate

Hydraulic testing system

Fig. 8. Experimental setup for lap shear connection tests.

Table 7
Summary of experimental results (FM = failure mode) and comparisons with design standards (SO: shear-out; NS: net section; B: bearing; LT: localised tearing; ES: end-splitting
and CB: curl-bearing failure, in brackets if different from test results).

Specimen Test AISI S100 AISC 360 AS/NZS 4600 Eurocode 3 Eq. (13) Eq. (14)
Egs. (1)-(3) Egs. (4)-(6) Egs. (1), (3) and (10) Egs. (7) and (9)
?kuN) FM Curling FM o FM # FM - FM P: - P"—
$3-35-27-90 21.44 NS 1.07 NS 1.01 NS 1.07 NS 1.01 NS N/A N/A
$3-35-27-0 21.53 NS 1.02 NS 0.96 NS 1.02 NS 0.96 NS N/A N/A
$3-45-27-90 35.51 NS+LT 3 1.17 (SO) 0.94 NS 1.00 NS 1.06 (SO) N/A 0.98
S$3-45-27-0 37.13 NS+LT 3 1.14 (SO) 0.91 (SO) 0.97 NS 1.02 (SO) N/A 0.95
S$3-45-36-90 36.12 NS+LT 3 1.03 NS 0.96 NS 1.03 NS 0.96 NS N/A 1.01
S$3-45-36-0 37.17 NS+LT 3 0.96 NS 0.90 NS 0.96 NS 0.90 NS N/A 0.94
$3-55-27-90 36.30 LT 3 1.38 (SO) 1.10 (S0) 1.09 (SO) 1.24 (S0) N/A 1.10
$3-55-27-0 39.28 LT 3 1.38 (SO) 1.10 (S0) 1.10 (SO) 1.24 (S0) N/A 1.11
$3-65-18-90 25.97 SO 1.67 SO 1.34 SO 1.03 SO 1.15 SO 1.03 N/A
$3-65-18-0 25.08 SO 1.59 SO 1.27 SO 0.97 SO 1.08 SO 0.98 N/A
$3-65-21.6-90 31.12 SO 1.48 SO 1.19 SO 1.05 SO 117 SO 1.02 N/A
$3-65-21.6-0 31.70 SO 1.43 SO 1.15 SO 1.01 SO 1.13 SO 0.98 N/A
$3-65-27-90 43.95 LT 3 1.49 (SO) 1.19 (SO) 1.20 (SO) 1.33 (SO) N/A 1.13
$3-65-27-0 42.59 SO 3 1.33 SO 1.07 SO 1.07 SO 1.19 SO 1.01 N/A
$3-65-32.4-90 44.30 LT 3 1.15 (SO) 0.92 (S0) 1.00 (SO) 1.11 (S0) N/A 1.13
§$3-65-32.4-0 43.71 LT 3 1.10 (SO) 0.88 (SO) 0.96 (SO) 1.07 (SO) N/A 1.09
$3-65-36-90 42.50 LT 3 0.96 (SO) 0.77 (SO) 0.88 (B) 0.97 (SO) N/A 1.10
$3-65-36-0 43.10 LT 3 0.92 (SO) 0.74 (SO) 0.84 (B) 0.93 (SO) N/A 1.06
$3-85-33-90 42.78 LT 3 1.24 (SO) 0.99 (SO) 1.00 (SO) 1.09 (SO) N/A 1.00
S$3-85-33-0 48.88 LT 3 1.32 (SO) 1.05 (S0) 1.06 (SO) 1.16 (S0) N/A 1.07
$3-85-44-90 49.41 LT 3 0.96 (S0O) 0.77 (S0) 0.87 (SO) 0.95 (S0) N/A 1.16
S$3-85-44-0 50.46 LT 3 0.92 (SO) 0.73 (S0) 0.83 (SO) 0.90 (S0) N/A 1.11
§$3-105-33-90 47.54 LT 3 1.41 (SO) 1.13 (SO) 1.12 (SO) 1.25 (S0) N/A 1.07
$3-105-33-0 47.67 SO 3 1.39 SO 111 SO 1.11 SO 1.22 SO 1.04 N/A
$3-105-39.6-90  53.21 LT 3 1.20 (SO) 0.96 (SO) 1.03 (SO) 1.14 (SO) N/A 1.15
$3-105-39.6-0 48.02 LT 3 1.10 (SO) 0.88 (SO) 0.94 (SO) 1.06 (SO) N/A 1.08
$3-105-44-90 50.88 LT 3 0.99 (SO) 0.79 (S0) 0.89 (SO) 0.98 (S0) N/A 1.11
S$3-105-44-0 51.12 LT 3 0.96 (SO) 0.77 (S0) 0.86 (SO) 0.95 (S0) N/A 1.10
S$3-145-44.2-90  46.30 LT 3 1.10 (SO) 0.88 (SO) 0.90 (SO) 0.97 (SO) N/A 0.91

(continued on next page)
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Table 7 (continued).

Specimen Test AISI S100 AISC 360 AS/NZS 4600 Eurocode 3 Eq. (13) Eq. (14)
Egs. (1)-(3) Egs. (4)-(6) Egs. (1), (3) and (10) Egs. (7) and (9)

Z:N) FM Curling P‘::S‘ FM Pi’; - FM P:/"N — FM P:; FM PPT ﬁ
S$3-145-44.2-0 49.32 LT 3 1.01 (SO) 0.81 (SO) 0.85 (SO) 0.92 (SO) N/A 0.93
S3-145-78-90 56.81 CB 3 0.83 (B) 0.62 (B) 0.83 (B) 0.63 (S0) N/A 1.12
S$3-145-78-0 57.03 CB 3 0.77 (B) 0.58 (B) 0.77 (B) 0.59 (S0) N/A 1.04
S$3-145-104-90 55.88 CB 3 0.83 (B) 0.62 (B) 0.83 (B) 0.62 (B) N/A 1.12
S3-145-104-0 54.34 CB 3 0.77 (B) 0.58 (B) 0.77 (B) 0.58 (B) N/A 1.05
S$8-45-39-90 62.71 NS 1.18 NS 1.12 NS 1.18 NS 1.12 NS N/A N/A
S$8-45-39-0 60.44 NS 1.13 NS 1.07 NS 1.13 NS 1.07 NS N/A N/A
S$8-55-39-90 95.75 NS 1.15 NS 1.08 NS 1.15 NS 1.08 NS N/A N/A
S8-55-39-0 101.11 NS 1.20 NS 1.13 NS 1.20 NS 1.13 NS N/A N/A
S$8-65-39-90 118.77 NS 1.27 (SO) 1.03 NS 1.10 NS 1.11 (S0) N/A N/A
S$8-65-39-0 123.78 NS 1.28 (SO) 1.03 NS 1.10 NS 1.11 (S0) N/A N/A
S8-75-39-90 133.38 ES 1.39 (SO) 1.12 (S0O) 1.11 (SO) 1.21 (S0) 1.05 N/A
S$8-75-39-0 146.77 ES+SO 1.49 SO 1.19 SO 1.19 SO 1.29 SO 1.12 N/A
S$8-95-26-90 84.56 SO 1.70 SO 1.36 SO 1.03 SO 1.11 SO 1.03 N/A
S8-95-26-0 88.61 SO 1.79 SO 1.43 SO 1.08 SO 1.17 SO 1.08 N/A
S$8-95-33.8-90 118.04 SO 1.51 SO 1.21 SO 1.12 SO 1.21 SO 1.07 N/A
S$8-95-33.8-0 119.37 SO 1.51 SO 1.21 SO 1.12 SO 1.21 SO 1.07 N/A
S$8-95-39-90 140.86 SO+ES 1.42 SO 1.13 SO 1.14 SO 1.23 SO 1.07 N/A
S$8-95-39-0 135.59 SO+ES 1.38 SO 1.10 SO 1.11 SO 1.19 SO 1.04 N/A
S$8-95-65-90 194.76 LT 3 1.14 (B) 0.89 (NS) 1.14 (B) 1.02 (SO) N/A 1.18
S8-95-65-0 174.51 LT 3 1.05 (B) 0.82 (NS) 1.05 (B) 0.94 (S0) N/A 1.11
S8-95-78-90 178.62 LT 3 1.07 (B) 0.83 (NS) 1.07 (B) 0.83 (NS) N/A 1.11
S$8-95-78-0 191.19 LT 3 1.14 (B) 0.89 (NS) 1.14 (B) 0.89 (NS) N/A 1.20
S$8-117-32-90 102.45 SO 1.73 SO 1.38 SO 1.04 SO 1.11 SO 1.04 N/A
S8-117-32-0 101.86 SO 1.70 SO 1.36 SO 1.02 SO 1.09 SO 1.03 N/A
S8-117-48-90 162.28 ES 1.35 (SO) 1.08 (S0) 1.09 (SO) 1.16 (S0) 1.02 N/A
S8-117-48-0 168.14 ES 1.39 (SO) 1.12 (S0) 1.12 (SO) 1.18 (S0O) 1.05 N/A
S$8-117-80-90 223.89 LT 3 1.06 (B) 0.84 (NS) 1.06 (B) 0.95 (S0O) N/A 1.20
S8-117-80-0 210.80 LT 3 1.00 (B) 0.79 (NS) 1.00 (B) 0.89 (SO) N/A 1.13
S$8-117-96-90 208.02 LT 3 1.00 (B) 0.79 (NS) 1.00 (B) 0.79 (NS) N/A 1.13
S8-117-96-0 213.78 LT 3 1.00 (B) 0.79 (NS) 1.00 (B) 0.79 (NS) N/A 1.12
Mean 1.22 0.99 1.02 1.04 1.04 1.10
cov 0.21 0.22 0.11 0.17 0.03 0.06

B S3-65-18-0 8

|

(2) (b)

Fig. 9. Conventional failure modes: (a) shear-out and (b) net section tension.
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Fig. 10. Localised tearing failure.

distances and narrower widths — see Fig. 9(b). Purely bearing failures
did not occur in the single-shear lap tests because of the tilting of the
bolt and the curling of the plate. Instead, localised tearing or curl-
bearing failure developed where the end distance and the width of the
plate were sufficiently large.

4.2.2. Localised tearing failure

The failure mode shown in Fig. 10, which is associated with fracture
away from the minimum net section (i.e. at the centre of the bolt hole)
combined with significant out-of-plane deformations, is referred to as
localised tearing and was first identified by Rogers and Hancock [19].
Localised tearing develops in elements made of ductile mild steel and
can be viewed as a characteristic of localised bearing stress [19]. Note
that particular attention is required to distinguish localised tearing from
net section tension failure. Rogers and Hancock [19] pointed out that
a lack of necking across the net section, which is characteristic of a net
section tension failure, is an indication of a localised tearing failure.

The evolution of tensile strain fields in typical cases of localised
tearing and of net section tension failures are presented in Figs. 11 and
12, respectively. In Fig. 11(a), a butterfly shaped strain distribution can
be observed at the later stages of loading, eventually leading to fracture
away from the minimum net section, as shown in Fig. 11(b). In Fig. 12,
where a typical case of net section tension failure is shown, the butterfly
shaped strain distribution was only partially developed when necking
and subsequently rupture took place at the minimum net section, as
shown in Fig. 9(b).

4.2.3. Tilt-bearing failure

Tilt-bearing [44] is a mode of failure characterised by tilting of the
bolt head or nut, which punches through the plate on the upstream
side of the bolt hole, typically developing in lap tests under single
shear when washers are not used - see Fig. 14(b). Although tilting of
the bolts was observed in the tested specimens, tilt-bearing failure did
not occur. This outcome is attributed to the configuration of the test
specimens and the good ductility of the studied WAAM steel, resulting
in large deformations of the bolt hole and thus avoiding the bolt head
(or nut) punching through the upstream side of the connected sheet —
see Fig. 14(c).

4.2.4. Curling and curl-bearing failure

The out-of-plane deformation mode known as curling (as distinct
from curl-bearing failure, although this failure mode must be accom-
panied by curling) was observed for most specimens. As expected,
curling was more pronounced in the thinner (i.e. 3 mm thick) plates.
Although, in most cases, curling was not the direct cause of failure,
in the tests of the thin plates where the end distances were extremely
large, severe curling resulted in the bolt head penetrating into the lap

Thin-Walled Structures 181 (2022) 110029

plate downstream of the bolt hole — see Fig. 15. This failure mode is
referred to as curl-bearing failure in this paper, and to the authors’
knowledge, has not been previously defined in the literature. In a
sense, the curl-bearing failure mode is the “mirror” mode of the tilt-
bearing failure mode, which involves the bolt head punching through
the connected plate upstream as the bolt tilts backwards. They therefore
share a similar fracture mechanism.

4.2.5. End-splitting failure

End-splitting failure is characterised by in-plane bending and trans-
verse tensile fracture at the specimen end. This mode of failure has been
reported by several researchers [22,23,45-48] and was also observed
among the specimens tested herein. It has been shown that the occur-
rence of either shear-out or end-splitting failure can be sensitive to the
method used to cut the connected steel sheets [45,47].

The strain fields recorded by the DIC system for a specimen (spec-
imen S8-117-48-90) that displayed end-splitting failure are illustrated
in Fig. 13, where ",y and ",, denote the longitudinal and the trans-
verse tensile strains, respectively. It can be observed that this failure
mode is characterised by high localised transverse tensile strains ",
downstream of the bolt hole leading to tensile fracture at the plate end.

4.2.6. Transition between failure modes

The transition between the different failure modes has been exam-
ined herein by varying the geometric proportions of the test specimens
and carefully inspecting the exhibited failure mechanisms. As shown
in Fig. 16, increasing the plate width b while keeping the end distance
e, constant resulted in a transition from net section tension failure to
end-splitting and, eventually, shear-out failure. Similarly, as shown in
Figs. 17 and 18, increasing the end distance e, for specimens with
the same width b led to a failure mode transition from shear-out to
end-splitting and, then, to localised tearing failure.

4.2.7. Influence of print orientation

The angle between the axis of loading and the print layer ori-
entation was not found to have a significant influence on the failure
modes of most specimens, as shown in Figs. 9 and 10. However,
some specimens of the same nominal dimensions but of different print
layer orientations (i.e. =0 and 90 ), failed in different modes and
fractured at different locations. A typical example is shown in Fig. 19,
where it can be observed that the =90 specimens failed by localised
tearing while the = 0 specimen failed in shear-out, combined with
significant curling. This is attributed to the fracture lines developing
along the interface of adjoining print layers.

4.3. Ultimate loads and load-deformation responses

The ultimate loads P, attained by all specimens are summarised in
Table 7, while the load-displacement curves, all of which demonstrate
good ductility, are plotted in Fig. 20. Note that the displacements (aver-
aged from the two sides of the specimens) were measured over a gauge
length of about 150 mm - see Fig. 8. Typical load-displacement curves
of specimens exhibiting shear-out, net section tension, localised tearing,
end-splitting and curl-bearing failures are presented in Fig. 21. It can be
observed that, while the curves corresponding to specimens failing by
shear-out, net section tension and end-splitting have one distinct peak,
the curves of specimens failing by localised tearing and curl-bearing
have two peaks. This phenomenon is associated with the occurrence
of curling, which, as observed during the tests, corresponded to the
initial drop in load (i.e. the first peak). Once significant curling had
developed, the resistance increased until the attainment of the second
peak triggered by localised fracture.

The influence of the geometric proportions of the lap plates on
the load—-displacement curves is presented in Fig. 22. As expected,
increasing the plate width b was found to result in increasing ultimate
capacities, as shown in Figs. 22(a) and 22(c) for the thinner (i.e. 3 mm)
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(a) Strain fields at different loading levels for the specimen
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Fig. 11. Specimen (S8-117-80-90) failing by localised tearing.

and thicker (i.e. 8 mm) lap shear specimens respectively. Similarly,
the influence of the end distance e, on the response of the lap shear
specimens is illustrated in Figs. 22(b) and 22(d). It can be observed
that the ultimate capacity of the specimens increased with increasing
end distance, until the load—displacement curves began to exhibit two
peaks, reflecting the development of significant curling, eventually
leading to failure by localised tearing. It is therefore shown that when
localised tearing governs, the influence of further increasing the end
distance on the ultimate capacity of lap shear specimens is minimal.
The influence of the print layer orientation on the response of
the lap shear specimens was not found to be significant. In Fig. 21,
where the load-displacement curves plotted in each graph have the
same geometry but different print layer orientations, all pairs of curves
can be seen to follow similar trends with no significant differences.
Comparisons of the ultimate capacities of the specimens with the same
nominal geometry but of different print layer orientations (i.e. P, and

Pu.oo) are presented in Table 8. Since the actual plate thickness and
ultimate tensile strength varied from their nominal values, the table
also provides comparisons of the ultimate loads normalised by the
product of the measured average thickness t and the ultimate tensile
strength f,, confirming the insensitivity of the connection performance
to print layer orientation — see Table 8.

5. Existing design equations

The establishment of accurate and reliable design rules is important
for the wider use of WAAM in construction. In this section, the resis-
tances of the examined specimens, as determined by physical testing,
are compared against the strength predictions given by the design equa-
tions set out in current steel design standards, namely AISI S100 [30],
AISC 360 [31], Eurocode 3 [32,33] and AS/NZS 4600 [34], to assess
their suitability for application to WAAM lap shear connections. Note
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Fig. 12. Strain fields at different loading levels for a specimen (specimen S8-65-39-90) failing by net section tension.
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Fig. 13. Strain fields at different loading levels for a specimen (specimen S$8-117-48-90) failing by end-splitting.

that the strength predictions used for the comparisons presented herein
were derived using the measured geometric and material properties,
while all safety factors were set equal to unity and are hence omitted
from the presented formulae.

5.1. AISI S100

According to AISI S100-16 [30], when deformation around the bolt
holes is not a design consideration, the bearing capacity Py, 515 of a
bolted connection is given by Eq. (1):

Py.arst = Cmdtf, (€D)]

where d is the diameter of the bolt, t is the average thickness of the test
plate, f, is the ultimate tensile strength, C is a bearing factor (equal
to 3.0 for the specimens examined herein since d/t < 10) and m; is a
modification factor that depends on the type of connection (equal to
0.75 for lap shear connections without washers under single shear).

10

The nominal resistance of a lap shear connection failing by shear-out
Pg.a1s1 is given by Eq. (2),

(2)

while Eq. (3), introduced in [49], is adopted for the prediction of the
resistance P,.55; of a connection exhibiting net section tension failure.

Pgamst = 121, tF,

0:1d

Po.atst = AT (009 + o ) 3)

The variable L,, in Eq. (2) is the length of the net shear plane, as
defined in Fig. 23. In Eq. (3), A, is the net area of the connected plate
and b is the width of the plate.

5.2. AISC 360

According to AISC 360-16 [31], when bolt hole deformation is not
a concern, the bearing capacity Py.isc is given by:

Pyatsc = 3:0dtf, 4
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Fig. 14. Schematic view of bolt tilting and bolt head either penetration or avoiding plate in single-lap shear connections.

The shear-out capacity Pg.jsc is given by:
Poarsc = 151, tF, (5)

and the net section tension capacity P,.oisc of a bolted connection is
given by:

Praisc = ATy (6)
5.3. Eurocode 3

According to the new draft EN 1993-1-8 [32], the ultimate capacity
of a lap shear connection, as governed by bearing and shear-out failure,

11

is given by Eq. (7):

Pyecs = Km pTudt @
in which

e _F
b=mm<£;3f¢;;3> (8)

where Kk, is a modification factor depending on the steel grade of the
connected plate (which is equal to unity for steel grades lower than
S460), e, is the end distance, as defined in Fig. 4, d, is the bolt hole
diameter and f;, is the ultimate tensile strength of the bolts.
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(a) Top view

Fracture

(0) Side view

Fig. 15. Close-up view of bolt head penetrating into plate — curl-bearing failure (Specimen S3-145-104-90).

Fig. 16. Failure mode transition from net section tension to end-splitting and shear-out failure.

In the new draft EN 1993-1-1 [33], the net section tension resistance 5.4. AS/NZS 4600
Pngcs of a lap shear connection is defined as:

In AS/NZS 4600 [34], the resistances of lap shear connections to
bearing and net section tension failure are predicted using the same
where k is equal to unity for plates with smooth bolt holes (i.e. fabri- equations as in AISI S100 [30] (i.e. Egs. (1) and (3), respectively). The
cated by water jet cutting). shear-out capacity Pgag/nzs is predicted using Eq. (10) where, unlike

Pn;EC3 = kAn fu (9)

12
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S8-117-32-0 S8-117-48-0 S8-117-80-0 S8-117-96-0

Fig. 17. Failure mode transition from shear-out to end-splitting and localised tearing failure.

S3-65- S3-65- S3-65- S3-65- S3-65-
18-0 21.6-0 27-0 32.4-0 36-0

Fig. 18. Failure mode transition from shear-out to localised tearing failure.

(2) (b)

Fig. 19. (a) Localised tearing in specimen $3-105-33-90 and (b) shear-out failure in specimen S$3-105-33-0.

the other specifications, the gross shear plane is employed: 5.5. Design equations proposed in the literature

Pgas/Nzs = Loty (10) Further design expressions for predicting shear-out failure in lap
shear connections have been proposed in the literature [45,50] and

where L, is the length of the gross shear plane, as defined in Fig. 23. shown to yield accurate capacity predictions. Eq. (11) was proposed

13
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