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Abstract

Capitalizing on Wire and Arc Additive Manufacturing (WAAM), 3D printed steel has shown
significant potential in manufacturing large-scale steel structural elements in the construction
industry. Due to the intrinsic difference in material properties, the mechanical performance of
WAAM steel connections requires further investigation. In this paper, a total number of 24
WAAM steel coupon specimens with three different print layer orientations and 36 WAAM
single-shear bolted connection specimens with one bolt of different design configurations were
fabricated, dimensionally measured with 3D scanning technique, and tested under monotonic
tension. The failure modes and ultimate capacities of the bolted connections were analysed,
focusing on the print layer orientations of the WAAM steel plates. The current codified design
provisions and design approaches proposed in the literature for steel structures were further
evaluated by comparing the failure modes and ultimate capacities of the bolted connection
specimens. This research shows that specimens with different print layer orientations present
anisotropy phenomena in the coupon tests and bolted connection tests with differences of up to

10% and 20%, respectively. The relatively accurate predictions of the ultimate capacity of the
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WAAM steel bolted connection specimens following the current steel design standards are

significantly compromised by predicting the incorrect failure modes, which could be attributed

to the influence of anisotropic material properties of the WAAM steel plates and the failure

modes of tilt-bearing and the end-splitting not being considered in current design provisions.

This research conducted systematic experimental investigations focusing on the material

properties of WAAM steel and the structural behaviours of WAAM single-shear bolted

connections, which could potentially promote the application of WAAM technology in

construction industry.

Keywords: 3D printing; Wire arc additive manufacturing; Single-shear bolted connections;

Failure modes; Design approaches
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1. Introduction

Additive manufacturing (AM), also known as 3D printing, has attracted attention from the

construction industry because of its advantages in structural efficiency, geometric freedom,

customization, and reduced material waste, along with high integration with digital structure

designs [1]. Metal AM techniques can be classified into three major categories: Powder Bed

Fusion (PBF), Directed Energy Deposition (DED), and Sheet Lamination [2]. Wire and arc

additive manufacturing (WAAM), belonging to one of the DED techniques, uses traditional

welding tools to form structural members with deposited welding materials [1, 3]. Compared

to traditional subtractive manufacturing methods and other AM techniques, WAAM shows

significant potential in the construction industry for its fast production speed, low equipment

cost, high material utilization, and high sustainability [4].

The WAAM technology has been successfully used for the construction of the 3D printed

footbridge [5, 6], as shown in Figure 1. The successful implementation of the 3D printed bridge

demonstrated the significant potential of metal 3D technology as an alternative construction

method in the building of infrastructures with complex shapes. Structurally efficient WAAM

components with elegant appeal and complex shapes can be generated using topology and

layout optimization [7, 8]. This also emphasizes the importance of investigations on the

fundamental behaviour of 3D printed materials and components for further application in the

construction industry. Several research works have been conducted to investigate the WAAM

steel material properties [9-16]. For the component level, the cross-sectional behaviours of

WAAM components were investigated, including Buchanan et al. [17] and Laghi et al. [18] on
3
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circular hollow section stub columns, Kyvelou et al. [19] on square hollow section stub columns,
Huang et al. [20, 21] on columns with different hollow sections, and Guo et al. [22] on T-stub

connections. However, the research on WAAM steel for bolted connections is still limited.

Figure. 1. 3D printed bridges: (a) a MX3D metal 3D printed footbridge [5], and (b) a small 3D printed
footbridge in shell form [6].

Bolted connections have already been widely used in steel construction and are the potential
option to assemble large scale metal 3D printed structures. The structural behaviours of bolted
connections are affected by various factors, including the contact interaction between the bolts
and their surrounding holes, the elastic-plastic relationships of materials, and the effect of large
deformations in the connected plates [15, 23-25]. The potential failure modes for a single-shear
single-bolt connection mainly include shear-out, bearing, and net section failure (except for bolt
shear) [26]. The design ultimate capacity of a bolted connection corresponding to those failure
modes has been specified in the different standards of cold-formed steel design codes and
guidelines, including AS/NZS 4600 [27], AS 4100 [28], AISI S100 [29], AISC 360 [30], EN

1993-1-1 [31], EN 1993-1-3 [32], and EN 1993-1-8 [33].

Design approaches for the shear connections were also proposed by researchers around the

globe to achieve more efficient designs. Based on the existing standards, Teh et al. [34-38]

4
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defined a shear lag coefficient and an active shear plane to predict the ultimate capacities of net

section and shear-out failure modes, respectively, which had already been referenced by AISI

S100 [29] and AS/NZS 4600 [27]. Salih et al. [39, 40] established finite element models for

stainless steel bolted connections and proposed the design equations of the ultimate capacities

of stainless steel bolted connections for thin steel plates. Kim et al. [41-43] found that bolt

connections with thin plates under single shear were prone to out-of-plane deformations, and

revised the design equations considering the curling effect. Two failure modes not mentioned

in the standards, end-splitting and tilt-bearing, were observed in the experiments. Lyu et al. [44,

45] considered the end-splitting failure as the transitional failure mode between shear-out and

net section failure and proposed a new equation to predict the ultimate capacities considering

end-splitting failure. Distinguished from curl-bearing and localised tearing failure, a new

formula was proposed by Teh and Uz [46] for the tilt-bearing failure of the bolted connections

with thinner plates.

However, most of the current research works focusing on bolted connections are based on steel

manufactured by conventional methods. Ding et al. [47] highlighted the uniqueness of cold-

formed steel design in which local sheet bending can influence connection strength, as opposed

to hot-rolled steel for which such effects are safely ignored. This means that bolted connections

fabricated with different materials could show different failure modes and ultimate load-

carrying capacities. Guo et al. [48] tested the ultimate load-carrying capacities and failure

modes of WAAM steel single-shear bolted connections in two different nominal thicknesses,

two different print layer orientations, and varying dimensions. They preliminarily analysed the

5
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mechanical characteristics of WAAM steel single-shear bolted connections and the prediction
accuracy of different standards. However, more comprehensive analyses are required to be

conducted based on further research and experimental data.

This paper presents an experimental programme regarding the mechanical properties and
structural behaviours of WAAM steel single-shear bolted connections subjected to monotonic
tension. A 3D laser scanner and a Matlab program are used to obtain the geometric properties
of WAAM steel specimens with undulating surfaces as the basis for discussion of WAAM steel
material properties. Twenty-four coupon specimens with three different print layer orientations
are tested under tension. A total number of 36 single-shear connection specimens with one bolt
with various plate dimensions, hole sizes, and hole positions were designed, fabricated from
WAAM plates, and tested with DIC measuring the displacement. The failure modes and
ultimate capacities of the bolted connections were analysed. The validity of the available
codified design provisions and design equations proposed in the current literature for
conventional thin-walled steel bolted connections were evaluated for the 3D printed steel plate
connections. This research conducted systematic experimental investigations focusing on the
WAAM steel specimens, which could potentially promote the application of WAAM

technology in construction industry.

2. Experimental programme

2.1 Materials and specimens

WAAM steel plates of 3 mm nominal thickness were extracted from the oval tubes with flat

6
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to the work of other researchers [10, 49].

sides manufactured using the WAAM process for the fabrication of the material and bolt

connection specimens, as shown in Figure 2. The chemical compositions, mechanical properties,

and printing parameters of ER50-6 low-carbon steel feedstock are listed in Table 1, Table 2,

and Table 3, respectively. Although the manufacturing parameters, such as the heat input and

the cooling rates, were not provided by the material supplier, the influence of the manufacturing

parameters on the microstructure and material properties of the WAAM specimens could refer

200
(c)

(d)
21y

or T

(e)

Figure 2. (a) Specimens extraction diagram from oval tubes with flat sides; (b) coupon with a 8 of 90°;
(c) dimensions of the coupon; (d) bolted connection specimen with a 8 of 0°; and (¢) dimensions of the

bolted connection specimen.

Table 1. Chemical compositions (% by weight) of ER50-6 low carbon steel feedstock.

compositions

S Cr Ni Cu Mo A\

1.47 0.85 0.015 0.01 0.023 0.009 0.1 0.004 0.002

Table 2. Mechanical properties of ER50-6 low carbon steel feedstock.

Tensile Strength ~ Yield Strength  Elongation Charpy V Impact Test

Rate (%) Value at 40°C (J)

7



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

ER50-6 554 445 26 96

Table 3. Printing and environmental parameters of specimens with a nominal thickness of 3 mm.

Travel Wire  Wire Welding Layer Bead . D
. ) ... Temperature Humidity Shielding
speed feed rate diameter voltage thickness width
°O) (%RH) gas

(m/min) (m/min) (mm) V) (mm) (mm)

97%Ar+
3%CO,

0.65-0.7 4.0 1.2 19.5 1.8 5 12-21 35-55

To investigate the effects of print layer orientations, tensile coupons were extracted from flat
plates with three relative angles 8 between the specimen axes and the print layer orientations
of 0°, 45°, and 90°, as shown in Figure 2(a). In total, 24 tensile coupons (Figure 2(b)) with a
nominal thickness of 3 mm were designed with the dimensions shown in Figure 2(¢), including

6 coupons with 6 being 0°, 6 coupons with 8 being 45°, and 12 coupons with 8 being 90°.

The masses and volumes of the WAAM tensile coupons were obtained using an electronic scale
and Archimedes’ principle respectively. An average density value of 7692 kg/m* was measured
using masses dividing matched volumes. The obtained density was lower than 7850 kg/m? of
conventional low-carbon steel, which was in consistence with the experimental work conducted
at Imperial College London [10]. The lower density could be attributed to the pores generated

during the WAAM production process [49, 50].

Meanwhile, 36 WAAM steel bolted connection specimens of a nominal thickness of 3 mm were
extracted from the oval tubes with two 6 values (0° and 90°), as shown in Figure 2(a). Each
specimen plate (Figure 2(d)) was named in the form of HS-d-b-¢; or VS-d-b-¢; with nominal
dimensions, such as HS-18-30-27. The letter ‘H’ or ‘V’ means that the plate was extracted
horizontally or vertically to the print layer orientation, with 8 being 0° or 90°, respectively. The

letter ‘S’ means the single-shear connection type. As shown in Figure 2(¢), the nominal diameter
8



147

148

149

150

151

152

153

154

155

156

157

158

159
160

of the bolt hole and the nominal width of the bolted connection plate are represented by d and

b, respectively. The letter e; is the minimum distance from the centre of the bolt hole to the

end of the bolted connection plate.

High-strength Q690 steel plates with a nominal thickness of 4 mm were used to replace parts

of WAAM steel plates in the bolted connections, to simplify the experimental variables and to

ensure the failure occurring on the WAAM plates. Grade 12.9 high strength bolts and nuts were

selected to prevent bolts from failing before the steel plates failed. The material properties of

the high-strength Q690 steel plates were tested under the test setup shown in Figure 3(a) and

the measured constitutive relationships are shown in Figure 3(b) and Table 4.

1000
rfm.
800 1
13
a‘ |
S 600 4|
% 400 |
&
200 1
0 : :
0 005 ¢, . 0.1 0.15
(a) (b)

Figure 3. (a) Test setup, and (b) measured stress-strain curves for Q690 steel plates.

Table 4. Material properties of Q690 steel plates.

Nominal Actual

Speci u
pecimens thickness thickness fy S &y &
(GPa) (MPa) (MPa)
(mm) (mm)

1 4.3 237 819 896 0.07 0.10
2 4 4.2 217 835 901 0.09 0.13
3 4.2 199 803 862 0.10 0.16

Average 4 4.2 218 819 886 0.09 0.12

Note: E: Young's modulus; f;: yield stress; fi: ultimate tensile stress; e,: ultimate tensile strain, and &f

fracture strain.



161

162

163

164

165

166

167

168

169

170

171

172

173

174

2.2 Geometric measurements

All the WAAM steel specimens had undulating surfaces, as shown in Figures 2(b) and (d).

Therefore, it is almost impossible to measure the dimensions using traditional tools such as the

vernier calliper or micrometre calliper. To measure the geometric information of the specimens

in detail, a SIMSCAN 3D laser scanner was employed. The scanner can reach the maximum

scanning rate of 2020000 measurements per second, with an accuracy of 0.02 mm and a

maximum resolution of 0.025 mm. As shown in Figure 4, the selected laser scanner can

sufficiently capture the main geometric characteristics with the maximum resolution of 0.025

Figure 4. Surface undulation of the WAAM steel plates.

Figure 5 shows the whole scanning and measuring process. The test specimens were set up on
a flat table with calibration markers. The scan data was recorded in the form of point clouds

and imported into GOM Inspect for subsequent model post-processing such as eliminating grid
10



175  errors and repairing imperfections in the digital model. The volumes of the specimens can

176  therefore be measured via the digital models.

Post-processing

R in GOM Inspect

-
Scanning

.* ®

Centroid of
cross-section

Measuring in Matlab
and Rhino 3D

- —
3 N\
| N\
|
| AN
| AN
| | N
: e ey ipesse
|
| l ."
177 | Contoursacing ~0. mm,
178 Figure 5. Scanning and measurement process of the WAAM plates.

179  To verify the accuracy of the scanner, the mass of each specimen was also recorded and its
180  corresponding actual volume was calculated using the measured density value of 7692 kg/m?3.
181  The differences between the scanned volumes and measured volumes via the mass/density were

182  consistently within 2%, which verified the accuracy of the digital models.

183  Further geometric measurements were conducted based on a Matlab program [10]
184  corresponding with Rhino 3D, which was developed by Imperial College London to calculate

185  the geometric properties of the WAAM steel specimens with inherent surface undulations. The

11
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199
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204

digital model without mesh errors and holes was first reoriented. The overall centroid of the

specimens coincided with the origin of the global coordinate system, with the plane of the

specimen paralleling to the XY plane, and the longitudinal axis of the specimens paralleling to

the X-axis. After the alignment operation, several closed polygons representing the rectangular

cross-sections were obtained by intersecting the specimen with planes in the same spacings

perpendicular to the X-axis.

A sensitivity study on the contour spacing was conducted, to accurately reflect the geometric

properties of the coupons while ensuring computational efficiency. Nine coupons were selected

for the sensitivity analysis (three for each print layer orientation), and the contour spacings were

set thinner than the typical WAAM bead widths [51] as 0.05 mm, 0.1 mm, 0.5 mm, 1 mm, and

2 mm.

The geometric properties calculated in various contour spacings were normalized according to

the results obtained with dx = 0.05 mm. Figure 6 shows the results of the sensitivity analysis

with various spacings, indicating that the average geometric properties (4, ¢, and e,) were more

sensitive to the contour spaces than the extreme geometric properties (Amin, fmin, aNd €zmax). It

can be found that the geometric properties with a spacing of 0.1 mm were similar to that of 0.05

mm. Hence, dx = 0.1 mm was taken as the contour spacing value due to higher computational

efficiency.

12
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Figure 6. Results of sensitivity study on different spacings.
For each coupon test specimen, the cross-section profiles were extracted from the parallel
segments of the specimens which were obtained from the process described above. Based on

the geometric measurement approach shown in Figure 5, the geometric results of the coupon

13



210  test specimens are shown in Table 5. The Aqq and #:q values of the coupons with a 8 of 0° were
211  the minimum among three print layer orientation coupons, indicating the least variation in
212 cross-sectional area and thickness along the X-axis. This is because all cross-sections
213 perpendicular to the direction of the deposition paths are similar. In contrast, the dimensions of
214 coupons with 6 of 45° and 90° varied more in cross-sections. The average and maximum
215  centroid eccentricities normalised by the corresponding average coupon thickness ¢, as well as
216  their corresponding normalised standard deviations, increased with 6. Moreover, the
217  eccentricities measured on the Y-axis were generally slightly higher than those on the Z-axis.
218 Table 5. Geometric properties of the WAAM coupons obtained from the analysis.
Thom 0 A Amin Astd t lstd @ M @ @ |ez,max| @
(mm) (°) (mm?) (mm?) (mm?) (mm) (mm) ¢ t t t t t
0 423 40.8 0.80 34 025 0.03 0.07 0.02 0.01 0.04 0.01
3 45 443 39.7 3.09 36 042 0.05 0.15 0.04 0.04 0.12 0.03
90  41.1 36.7 2.38 33 029 0.05 0.16 0.04 0.05 0.14 0.04
219 Note: fnom represents the nominal thickness of the coupons; 4, Amin, and Aga represent the average,
220 minimum, and standard deviation values of the cross-sectional area along the X-axis; ¢ and #q represent
221 the average and standard deviation values of thickness; ey, eymax, and eysa represent the average,
222 maximum, and standard deviation values of the eccentricity between the centroid of coupon and cross-
223 section along the Y-axis; e, €,max, and e, qd represent the average, maximum, and standard deviation
224 wvalues of the eccentricity along the Z-axis.
225  Meanwhile, for each bolted connection specimen, cross-section profiles were extracted from
226  full-length specimens to represent its final measurement results. The obtained average
227  measurements of the WAAM steel bolted connection specimens and high-strength Q690 steel
228  Dbolted connection specimens are shown in Table 6 and Table 7, respectively. The high-strength
229 Q690 steel bolted connection specimens were named following the same form of WAAM steel
230  bolted connection specimens. “HSS” means high-strength steel. The Q690 HSS plates with

14
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232

233
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235

236

numbers “1” and “2” in Table 7 correspond to the WAAM steel plates with 0° and 90° print

layer orientations, respectively. The minimum distance from the centre of a bolt hole to the edge

of a bolted connection specimen was denoted as e,. The thickness ¢ varied from 2.9 mm to 3.5

mm, the width b varied from 30.2 mm to 69.8 mm, and the ratio of e; to e; varied from 0.5 to

1.8. The diameter of the bolt hole was d while the nominal bolt diameter was denoted as df.

Table 6. Geometric measurement results of WAAM steel plates.

Specimens ! dr d b ° eiles
(mm) (mm) (mm) (mm) (mm)
HS-18-30-27 3.1 16.0 17.8 30.3 26.6 1.8
HS-18-40-27 34 16.0 18.2 39.6 27.8 1.4
HS-18-60-20 3.0 16.0 18.0 60.4 21.8 0.7
HS-18-70-22 33 16.0 17.6 69.5 20.8 0.6
HS-18-60-18 34 16.0 17.8 60.3 15.4 0.5
HS-18-60-22 33 16.0 17.8 60.4 21.6 0.7
HS-18-60-32 3.1 16.0 18.0 59.9 30.2 1.0
HS-18-60-36 3.0 16.0 17.8 60.3 35.0 1.2
HS-18-70-36 34 16.0 18.0 69.6 37.2 1.1
HS-22-40-33 33 20.0 21.6 39.6 324 1.6
HS-22-50-33 3.5 20.0 21.6 50.8 31.0 1.2
HS-22-50-36 3.0 20.0 21.6 50.8 35.2 1.4
HS-22-60-26 3.1 20.0 21.6 60.3 27.4 0.9
HS-22-60-40 3.1 20.0 218 60.3 37.6 1.2
HS-26-50-39 34 240 262 50.9 394 1.5
HS-26-70-47 3.1 240  26.0 69.4 46.8 1.3
HS-26-60-29 2.9 240 262 60.6 27.8 0.9
HS-26-70-45 3.1 240 264 69.2 443 1.3
VS-18-30-27 33 16.0 18.0 30.2 26.4 1.7
VS-18-40-27 34 16.0 17.8 39.7 26.1 1.3
VS-18-50-20 3.1 16.0 17.6 50.7 19.8 0.8
VS-18-70-22 3.2 16.0 17.6 69.5 22.2 0.6
VS-18-60-18 3.2 16.0 18.0 60.2 17.8 0.6
VS-18-60-22 3.1 16.0 18.0 60.4 21.2 0.7
VS-18-60-32 3.5 16.0 17.8 60.2 30.7 1.0
VS-18-60-36 3.1 16.0 17.8 60.4 35.5 1.2
VS-18-70-36 33 16.0 18.0 69.9 35.2 1.0
VS-22-40-33 33 20.0 21.0 39.6 32.5 1.6
15




VS-22-50-33 3.1 20.0 21.6 49.8 32.2 1.3
VS-22-50-36 3.1 20.0 21.6 51.0 35.0 1.4
VS-22-60-26 32 20.0 21.6 60.3 24.6 0.8
VS-22-60-40 32 20.0 21.6 60.2 38.4 1.3
VS-26-50-39 3.1 240 21.6 49.7 38.6 1.6
VS-26-70-47 3.1 240 262 69.6 45.9 1.3
VS-26-60-29 32 240 264 60.5 27.6 0.9
VS-26-70-45 3.1 240  26.0 69.8 44.6 1.3
237 Table 7. Geometric measurement results of High-strength Q690 steel plates.
t dr d b el
Specimens

(mm) (mm) (mm) (mm) (mm)

HSS-18-30-27 1 4.0 16.0 18.0 31.2 26.1

2 4.0 16.0 17.9 325 272

HSS-18-40-27 1 4.0 16.0 177 41.1  27.1

2 4.0 16.0 17.5 414 247

HSS-18-60-20 1 4.0 16.0 175 614 19.3

2 4.0 16.0 175 614 212

HSS-18-70-22 1 4.0 16.0 176 712 222

2 4.0 16.0 17.7  71.6 223

HSS-18-60-18 1 4.0 16.0 17.5 60.7 17.8

2 4.0 16.0 175 61.0 17.0

HSS-18-60-22 1 4.0 16.0 174 603 225

2 4.0 16.0 174 615 224

HSS-18-60-32 1 4.0 16.0 18.1 61.3 33.0

2 4.0 16.0 175 614 315

HSS-18-60-36 1 4.0 16.0 178 614 36.1

2 4.0 16.0 173 609 353

HSS-18-70-36 1 4.0 16.0 179 71.4 358

2 4.0 16.0 17.6  72.0 36.0

HSS-22-40-33 1 4.0 20.0 217 414 338

2 4.0 20.0 219 409 333

HSS-22-50-33 1 4.0 20.0 221 513 329

2 4.0 20.0 22.8 509 323

HSS-22-50-36 1 4.0 20.0 21.5  50.7 36.0

2 4.0 20.0 219 517 365

HSS-22-60-26 1 4.0 20.0 226 613 268

2 4.0 20.0 233  61.1 266

HSS-22-60-40 1 4.0 20.0 229 613 412

2 4.0 20.0 234 615 404

HSS-26-50-39 1 40 24.0 259 51.0 385

2 4.0 24.0 254 508 379

16
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241

242

243

244

245

246

247

248

249

250

251

252

HSS-26-70-47 1 4.0 24.0 259 70.6 46.6
2 40 240 253 70.7 46.6
HSS-26-60-29 1 4.0 240 263 60.7 288
2 40 240 258 613 29.1
HSS-26-70-45 1 4.0 240 259 71.0 453
2 4.0 240 259 71.0 453

Note: the measured geometric dimensions were obtained using Vernier calliper and micrometre calliper.

2.3 Test Arrangements

A total of 24 coupon tests and 36 bolted connection tests were conducted using a 250 kN Instron

8802 testing machine under displacement control mode until fracture. The tensile coupons were

tested at a constant stroke rate of 0.8 mm/min while the bolted connection specimens were

tested at a stroke rate of 1.0 mm/min at room temperatures (20-25 °C) referring to the test

arrangements of other researchers [52-54]. The bolted connection tests were stopped after

reaching the ultimate load [55]. The loading details could be referred to the test by Huang et al.

[56].

The bolted connection specimen was composed of a WAAM steel plate and a matched high-

strength steel plate, connected by a high-strength bolt. The bolted connection specimens were

vertically clamped on the tensile machine, as shown in Figure 7(a). Auxiliary plates were added

at the clamping end to load the bolted connection specimens under concentric load. The contact

between the bolts and steel plates was at the threaded portion of the bolt shank. All bolt nuts

were finger tightened.
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Figure 7. Schematic diagram of the experimental setup: (a) bolted connection and (b) typical test

arrangement for bolted connections.

Due to the difficulty of installing strain gauges on the undulating surfaces of the WAAM steel
plates, a non-contact full-field measurement method based on the Digital Image Correlation
(DIC) technique, was adopted to produce a more detailed response field compared with
traditional measurement methods [57]. Figure 7(b) shows the typical bolted connection test
arrangement in the Instron testing machine with a DIC-based device. The speckle pattern was
generated by spraying the surface of specimens with white and black paints. Calibration
markers were also attached to the surface of specimens for DIC calibration. To obtain accurate
correlation analysis results, the specimens were installed in a straight and parallel direction to
the camera sensor, and the camera was set vertically to the ground. The acquired images were

recorded at a frequency of 5 Hz.

Both the conventional extensometer and DIC were set up to measure the displacement data,
providing reliable verifications between each other. The conventional extensometer was fixed

to the specimen and clamped with rubber bands. Specifically, the extensometer with a gauge
18



269  length of 50 mm was utilized for the coupons. For the bolted connection tests, a larger
270  extensometer with a gauge length of 150 mm was employed to measure the displacement

271  between the two connection lap plates.

272 3. Test Results

273 3.1 Observations for tensile coupon tests

274  The material properties of the coupons were calculated based on the average cross-sectional
275  area (Table 5), with a subscript of "effective" added to the symbols, such as E.y. The average
276  and the stress-strain curves of all WAAM tensile coupons with 6 of 0°, 45°, and 90° are shown
277  in Figure 8. The average effective material properties, Young's modulus E., yield stress fy e,
278  ultimate tensile stress fi ., ultimate tensile strain &, and fracture strain egerr, derived from

279 stress-strain curves are shown in Table 8.

600
500 -+ S
£ 400 -
=
= 300 +
% 200 A — 4=
& oo —0=45°
L 0 =90°
0 T T T 0 T T T
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Strain Strain
a) Average (b)o =0°
600 ® £ 600
500 { =~ = 500 1
o] - i o
& 400 4 \ E 400 -
= 300 4 = 300 -
£ 200 - $ 200 4
9100 A ——0=45° P 100 - 6=90°
0 r . 0 . '
0 0.05 Strain 0.1 0.15 0 0.05 gipain 01 0.15
730 (c) 8 = 45° (d) @ = 90°
281 Figure 8. (a) Average stress-strain curves, and all stress-strain curves of WAAM tensile coupons with a
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282 8 of (b) 0°, (c) 45°, and (d) 90°.

283 Table 8. Average material properties for WAAM tensile coupons.
from t 0 Eew  Eg  Jvem fy,eff Juett Juetr Eyeff Ef eff
— Eu,eff Efeff
(mm) (mm) o) (Gpa) Lettor (MPpa) yemmor (MPa) Juetror Euef0° Ereff0°

34 0 189 1.00 476 1.00 559 1.00 0.11 1.00 0.15 1.00
3 36 45 214 1.13 412 0.87 518 093 0.07 064 0.08 0.53

33 90 198 1.05 408 0.86 515 092 0.07 0.64 0.09 0.60

284  Note: Eefroe, fyeff0os fuetto, Euefroe, and ereroe is the average effective Young's modulus, yield stress,

285 ultimate tensile stress, ultimate tensile strain, and fracture strain of WAAM tensile coupons with a 8 of

286 0°.

287  Figures 8(b), (c), and (d) show the typical fractured coupons with different print layer

288  orientations, along with the axial strain distributions visualised by the DIC system at the point

289  of fracture. It was observed that the strain fields clearly reflected the starting point of the

290  fractures and the print layer orientation of the coupons. Due to the undulating shapes, the

291  coupons exhibited non-uniform strain fields with significant numerical fluctuations, but their

292  average strains were consistent with the strains reflected by the extensometer within the gauge

293 length.

294 From the stress-strain curves in Figure 8, it is shown that coupons with a 8 of 0° had a clear

295  yielding point. However, the other coupons did not have an explicit yielding phase. As a result,

296  the yield stress was taken as the 0.2% proof stress. Figure 8 and Table 8 show that Young's

297  modulus fluctuated at around 200 GPa. The average Young's modulus of the three groups of

298  specimens with 0 of 0°, 45°, and 90° were 189, 214, and 198 GPa, respectively, which could be

299  influenced by the print layer orientations. Except for Young’s modulus, the other material

300  properties of specimens with a 8 of 45° and 90° were consistently lower than those of
20



301

302

303

304
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306

307

308

309

310

311

312

313

314

315

316

specimens with a 8 of 0°, with differences of up to 13% and 14% for the yield stresses, 7%
and 8% for the ultimate stresses, 36% and 36% for the ultimate tensile strain, and 47% and 40%
for the fracture strain respectively, which showed anisotropic material properties of the WAAM
steel plates. Very limited difference in the material properties of specimens with 6 of 45° and
90° was found and it was the reason for the print layer orientations selected for the bolted

connection tests with WAAM steel plates.

3.2 Observations from bolted connection tests

Four different failure modes, including net section, shear-out, end-splitting, and tilt-bearing

failure, were observed from the tests, as presented in Figure 9.
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(a) (b) (©) (d)

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

Net section failure developed in 12 bolted connection specimens with a small width (or net
width), considering that a small net section couldn’t resist a large tensile action. It was observed
that an initial crack developed at the centre of the bolt hole, and a necking run across the net
section of the bolted connection plates, as shown in Figure 9(a). Figures 10(a) and (b) show

the load-displacement curves of specimens with net section failure for the bolted connections
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extracted from different print layer orientations. The load-displacement curves usually had one

ultimate point, and the load declined after reaching the ultimate capacity.
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Figure 10. Load-displacement curve of WAAM steel bolted connection specimens failed at different

failure modes.

20

The bolted connection plates with small end distances e; cannot provide sufficient shear

resistance with the limited shear planes, resulting in the shear-out failure for 10 bolted
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338

connection specimens, as shown in Figure 9(b). It was also observed from Figures 10(c) and
(d) that every curve had an obvious platform. In the test process, it was observed that the
materials piled up in the front of the bolts until progressive fracture occurred and the materials

were pushed out.

Only 3 specimens showed end-splitting failure in the tests, including HS-18-60-20, HS-22-60-
26, and VS-26-60-29. As shown in Figure 9(c), end-splitting failure is characterised by rotation
of net cross-section and transverse tensile fracture originating from the plate end. The axial
strain ey, fields and transverse strain ey fields visualised by the DIC system for specimen HS-
22-60-26 are displayed in Figure 11. The colours of stress distributions were adjusted to make
it more convenient to compare the strains in two directions. It was observed that the high
transverse strain ex was the controlling factor for end-splitting failure. The load-displacement
curves of specimens with end-splitting failure were incorporated into the shear-out failure

curves due to their similar failure behaviours, as shown in Figures 10(c) and (d).
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Figure 11. Strain fields at different displacements for specimen HS-22-60-26.
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Different from specimen VS-22-60-26, which failed by pure shear-out, specimen HS-22-60-26
exhibited a combination of shear-out and end-splitting failure. A similar failure mode was also
observed in the tests by Jiang et al. [58]. It presented both a tensile fracture at the tip of the
specimen and a shear fracture along the elongation area, as shown in Figure 12, which could be
attributed to high transverse strain ex and axial strain ey, distributed in the specimen,

simultaneously.
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Figure 12. Comparison between specimens HS-22-60-26 and VS-22-60-26.
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Tilt-bearing failure mode was observed in 12 specimens with the bolt head punching through
the upstream side of the bolt hole, bolt tilting, and plate curling, as shown in Figure 9(d). Figure
10(e) and (f) show the typical load-displacement curves of the bolted connections
corresponding to tilt-bearing failure mode. The curves usually had two peaks, and the first peak
was related to the curl of the plate. The axial strain &y fields at different displacements obtained
by the DIC system for specimen HS-22-60-40 are displayed in Figure 13. The plate began to
curl after the first peak, and the axial tensile strain ey, in the downstream of the bolt hole
gradually increased as the stress was increased. Due to the presence of a bolt head, the strain
and fracture in the upstream of bolt hole cannot be clearly observed. Individual curves had only
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356  one peak, even though the specimens still curled. Pure bearing failure was not discovered due

357  to the eccentricity of the applied load in the single shear connections.

80 16
70 I 3
60 > 0
E 50 5_. -8
:E;g 40 g i -16
230 S 24
20 SH -3
10 I -40
0 = -48
01 23 45 6 7 8 9101112131415
Displacement / mm
358
359 Figure 13. Strain fields at different displacements for specimen HS-22-60-40.

360  The print layer orientation had impacts on the responses of the bolted connection specimens,
361 including failure modes and ultimate capacities. Among all pairs of specimens with similar
362  dimensions but different print layer orientations, 29% of the pairs of specimens encountered
363  different failure modes. As shown in Figure 14, the 5 pairs of specimens showed different
364  failure modes in a total of 17 pairs of specimens, mainly including 4 pairs of different failures
365  of net section failure and tilt-bearing failure, and one pair of different failures of shear-out
366  failure and end-splitting failure. The VS specimens tended to present net section failure instead
367  of tilt-bearing failure, except for VS-26-50-39. However, they all followed the trend that the
368  specimens with net section failure had higher ultimate capacities and larger deformation than
369  those of specimens with tilting-bearing failure. HS-26-60-29 and VS-26-60-29 showed shear-
370  out failure and end-splitting failure respectively, and the former had a higher ultimate capacity
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371  and larger deformation.
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373
374 Figure 14. Load-displacement curves of the specimens with similar dimensions in different print layer
375 orientations resulting in different failure modes.

376  The normalised ultimate capacities Py oo/tfuetroc and Pyooe/tfu efro0° of the HS and VS WAAM steel
377  bolted connection specimens are compared in Figure 15. The ratios of Pyooe/tficfro0c and
378  Puo/tfuetroe were within the range from 0.8 to 1.2, indicating that the differences in the ultimate
379  capacity of the HS and VS specimens of the bolted connection tests were within 20%. This
380  showed that the ultimate capacities in the bolted connection tests were sensitive to the print
381  layer orientations. The red triangles in Figure 15 represent the five pairs of specimens with
382  different failure modes mentioned in the previous section. The triangles were distributed
383  differently without special rules, which could be attributed to the limited specimens being tested

384  and further experimental investigations are required in the future.
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Figure 15. Comparison of different print layer orientations on ultimate capacities of bolted connection

tests.

4. Design codes

The development of accurate and reliable design stipulations is important for the wider
application of WAAM structures in the construction industry. In this section, the ultimate
capacities of the tested specimens were evaluated against the predictions provided by the design
rules stipulated in available design standards, namely AS/NZS 4600 [27], AS 4100 [28], AISI
S100 [29], AISC 360 [30], EN 1993-1-1 [31], EN 1993-1-3 [32], and EN 1993-1-8 [33]. The
proposed design rules from the recent literature were also evaluated with the test results to

assess their suitability for the WAAM steel bolted connection design.
4.1 AS/NZS 4600 & AS 4100

4.1.1 AS/NZS 4600:2018 [27]

The ultimate capacities corresponding to different failure modes of a single bolt connection in
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the cold-formed sheet are specified in AS/NZS 4600:2018 [27]. When bearing capacities are
calculated without considering bolt hole deformation, the nominal tensile capacity Pusnzs of the

net section of the connection plate is:

0.1ds
Ppsnzs = [0.9 + (T)]Anfu (D)
where, dr is the nominal bolt diameter; b is the width of the plate in the bolted connection; A,
is net sectional area of the connection plate; and f; denotes the tensile strength of the connection

plate.

The nominal shear-out capacity Psonzs of the connection plate is:

Pso,NZS = eltfu )

where, ¢ is the thickness of the connection plates; and ¢) is the distance between the centre of a
standard bolt hole to the end of the connection plate.

The nominal bearing capacity Ppnzs of the connection plate is:

Py nzs = aCdgtfy (3)
where, a = a modification factor, « is set as 0.75 for the single shear bolted connection without

washers; C = bearing factor, when dy/t < 10, C = 3.0; when 10 < dy/t <22, C=4 —0.1(dy't); and
when dy/t > 22, C=1.8.

4.1.2 AS 4100:2020 [28]

The ultimate capacities of cold-formed steel bolted connections corresponding to various
failure modes are specified in AS 4100:2020 [28]. When bearing capacities are calculated
without considering bolt hole deformation, the nominal tensile capacity Pus,as of the net section

of the connection plate is:

Pns,AS = 0-85Anfu 4
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The nominal shear-out capacity Psonzs of the connection plate is:

d
Pso,AS = (e, — E)tfu Q)
where, d is the nominal bolt hole diameter.

The nominal bearing capacity Py nzs of a bolted connection is:

Poas = 3.2dstfy (6)

4.2 AISI S100& AISC 360

4.2.1 AISI S100:2016 [29]

The ultimate capacities of a bolted connection in the cold-formed sheet are specified in AISI
S100:2016 [29]. When the bearing capacities are calculated without considering bolt hole
deformation, the nominal tensile capacity Pnsaist of the net section and the nominal bearing
capacity Ppaist of the connection plate is the same as AS/NZS 4600:2018 [27], following

Equation (1) and (3). The nominal shear-out capacity Psoaisi of the connection plate is:

d
Pso,AISI =12(e; — E)tfu (7

4.2.2 AISC 360:2022 [30]

The load-carrying capacities of a single bolt connection corresponding to various failure modes
in cold-formed sheets are also specified in AISC 360:2020 [30]. The nominal tensile capacity

Prs.atsc of the net section of a connection plate is:
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Pns,AISC = Anfu )
The nominal shear-out capacity Pso aisc of the connection plate is:
d
Pso,AISC = 1-5(31 - E)tfu ©)

The nominal bearing capacity Py aisc of the connection plate is:

Py a1sc = 3dstf, (10)

4.3 Eurocode

4.3.1 EN 1993-1-1:2020 [31]

The nominal tensile capacity Py eni of the net section of a connection plate determined by EN
1993-1-1:2020 [31], is shown in Equation (11), which is also incorporated into EN 1993-1-

8:2021 [33] for connection design.

Pns,ENl = kAnfu (11)

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.

4.3.2 EN 1993-1-3:2022 [32]

According to EN 1993-1-3:2022 [32], the nominal tensile capacity Pnsenz of the net section of

the connection plate is:

Pns,EN3 =1+ 3(% —0.3))Anfy (12)

where, (1+3(d/b-0.3))<1.
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The nominal tensile capacity Pexn3 of the shear out and bearing of the connection plate is

Pgns = 2.5apkedstfy (13)

where, ay is the minimum value of 1 and ei/3ds; when 0.75 mm< ¢ <1.25 mm, k= (0.8¢+1.5)/2.5,
and when ¢ > 1.25 mm, &k = 1.

4.3.3 EN 1993-1-8:2021 [33]

According to EN 1993-1-8:2021 [33], the nominal tensile capacity Pens of the shear out and

bearing of the connection plate is:

Pgng = apkmdstfy (14)

where, ay is the minimum of ei/d, 3fw/fu, and 3; for steel grades equal to or higher than S460,
ki = 0.9; otherwise kn = 1.

4.4 Design equations proposed in the literature

Teh and Uz [37] modified Eq. (7) by proposing an active shear length, Lay, instead of a net shear

length, where L., = ei-d/4.

Pso = 1.2(eq _%)tfu (15)

A modification of Eq. (16) had been proposed by Xing et al. [35] considering the catenary

action which has a significant effect on the shear out capacity.

P = 12020 (e, — Syt (16)
SO 61 4 u

where, p = the influence degree of catenary action, taken as 1/10 herein for the single-shear
single-bolt connections.

Lyu et al. [45] proposed a new Eq. (17) for the prediction of ultimate bearing capacity taking

into account splitting failure. The reduction factor ¢ varies in the value of ei/d, but their
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relationship shows a complicated feature. The reduction factor was recommended as ¢ = 0.9
[45].

!
E dftfu, 61/62 <0.5
(pPSO' el/eZ > 0.5

_{1.04

P, = (17)

Equation (18) was also proposed for determining the ultimate tilt-bearing capacity [46], which

is distinguished from the conventional bearing failure.

14
Py, = 2.65(b — d)d2t3f, (18)

5. Comparisons between test results and various design equations

5.1 Failure mode comparison results

The standards were used to calculate the ultimate capacities related to different failure modes
including net section, shear-out, and bearing failures, according to the size information of the
specimens. The failure mode corresponding to the lowest ultimate capacity was considered as
the failure mode predicted by the standards. The experimental results of the failure mode were

compared with the predictions following the design approaches, as shown in Appendix A.

The overall prediction accuracies of the six standards for failure modes were not very satisfying.
The highest accuracy rate was acquired by AISC 360 [30] and AS/NZS 4600 [27], reaching
0.61, as shown in Figure 16. Part of the reason is that tilt-bearing and end-splitting failure are
not involved in the standards, which led to the wrong judgment of failure modes when the

experimental failure modes were tilt-bearing and end-splitting failure. It is suggested that the
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future design codes or guidelines specialised for 3D printed steel structures should involve the

two failure modes that have not been specified in current design provisions.
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Figure 16. Prediction accuracies of failure modes in six standards.

5.2 Ultimate capacities comparing with various design methods

The experimental results of ultimate tensile capacities were compared with the predictions
following the design approaches reviewed in Appendix A. In general, the design standards
presented showed different degrees of underestimation with the mean of test-to-predicted

capacity ratio Pexp/Ppr varying from 1.03 to 1.48.

AS/NZS 4600 [27] performed the best in the six standards with both the lowest average test-
to-predicted capacity ratio of 1.03 and a coefficient of variation (COV) of 0.11. The
underestimation of the ultimate capacity of the connections was only 3%. Whilst, AS 4100 [28]
was the least accurate and stable with the highest underestimation of the ultimate load-carrying

capacity by 32% with a COV of 0.27.

To evaluate the applicability of the existing design approaches on WAAM steel bolted
33



492  connections, further analysis will be conducted in the following sections corresponding to
493  different failure modes. The prediction accuracy of the design approaches proposed in the

494  current literature for a particular failure mode will be discussed in Sections 5.3-5.6.

495 5.3 Net section failure

496  Figure 17 presents the test-to-predicted capacity ratio and the coefficient of variation for various
497  design codes of practice. When the failure mode of the WAAM steel plate was net section
498  failure, the test-to-predicted capacity ratio predicted by each specification fluctuated between
499  1.01 and 1.27, and the COV lay between 0.07 and 0.11. The average predicted ultimate capacity
500  of net section failure in AISC 360 [30] was the most accurate, reaching an average ratio of 1.00,
501  with a COV of less than 0.07. The predictions of ultimate capacities for specimens with net

502  section failure were generally accurate and stable, except for AS 4100 [28].

® AISI NS, Eq. (1)

0.18 T A AISI SO, Eq. (7)
: ® AISC NS, Eq. (8)
0.16 s A 'y A A AISC SO, Eq. (9)
g | ® EN3 NS, Eq. (12)
© 0.14 | A EN3 SO, Eq. (13)
= | ENS NS, Eq. (11)
5 0.12 : ENS SO, Eq. (14)
& | ® AS/NZS NS, Eq. (1)
B 10 ! 2 . " A AS/NZS SO, Eq. (2)
g | N a ® AS NS, Eq. (4)
5 : AAS S0, Eq.(5)
0.08 : ® AEq.(15)
ge Eq. (16)
0.06 A AEq. (18)
0.9 1.3 1.7 2.1 BEq.(17)
503 Test-to-predicted capacity ratio
504 Figure 17. Evaluation of different codes towards different failure modes.
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5.4 Shear-out failure

When the failure mode of the WAAM steel plate was a shear-out failure, the average test-to-

predicted capacity ratio and COV changed significantly for various design standards. This was

due to the different shear planes and shear coefficients used in the equations for shear-out failure.

Among all the design standards, AS/NZS 4600 [27] and Equation (16) performed the best with

an underestimation of 6% and 4%, with a COV of 0.09 and 0.10, respectively. The test-to-

predicted capacity ratios of AISC 360 [30], AISI S100 [29], and AS 4100 [28] were larger than

1.30 and the test-to-predicted ratios were scattered, but their COVs were in good consistency.

This is because all these equations use e;-d/2 as the edge length of the shear plane, differing

only in terms of shear coefficient. All equations caused underestimations ranging from 4% to

49%, which were much worse than the prediction of the specimens with net section failures.

5.5 End-splitting failure

The ultimate load-carrying capacity of end-splitting failure is usually lower than that of shear

failure, which is important for 3D printed steel connections [45]. However, it is not stipulated

in many design standards, which is often judged to be a shear-out failure, as shown in Appendix

A.

In Equation (17), ei/e>= 0.5 was used as the boundary of shear-out and end-splitting failure.

When ei/e;> 0.5, it was considered that end-splitting failure would occur, and a simple uniform

reduction factor of 0.9 could be used based on the formula for shear-out failure [45]. It is worth

noting that the dimensions of all specimens met the condition of ei/e; > 0.5, but only three
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specimens presented end-splitting failure mode. This slightly affected the accuracy of Equation

(17), resulting in an underestimation of 20% and a COV of 0.10. However, when the reduction

factor was used for the three specimens, it resulted in the test-to-predicted ratio of 1.06, 1.09,

and 1.19 respectively, which needs further research to improve it.

5.6 Tilt-bearing failure

The tilt-bearing failure has not been incorporated into the current design standards. Appendix

A shows that different design standards calculated specimens with tilt-bearing failures as net

section tension or shear-out failures, resulting in underestimation or overestimation of the tilt-

bearing capacities.

Equation (18) was proposed to predict the capacities of the specimens failing in tilt-bearing. It

related the bearing capacity of tilt-bearing failure to plate dimensions, such as net length b-d,

bolt diameter dr, and plate thickness ¢, which was consistent with the damage mechanism. It

showed satisfactory with an underestimation of 6% and a COV of 0.16.

6. Conclusions

In this paper, a total number of 24 coupon specimens with 3 different print layer orientations

and 36 single-shear connection specimens with 2 different print layer orientations and varying

dimensions were tested. The geometric properties of WAAM steel specimens were calculated

using a 3D laser scanner and a Matlab program. The measured material properties, geometries,

load-deformation characteristics, and failure modes were reported and analysed. The test

ultimate capacities were compared against the predictions of 6 available design standards and
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other design approaches proposed in recent literature. According to the observation of the

experimental phenomenon and the analysis of the result data, the following conclusions can be

drawn:

1)

2)

3)

In the WAAM coupon tests, except for Young’s modulus, most of the other material

properties of specimens with a 8 of 45° and 90° were consistently lower than those of

specimens with 6 of 0°, with differences of up to 10%, which showed anisotropic material

properties of the WAAM steel plates. And the difference among the material properties of

specimens with 6 of 45° and 90° was limited.

Four different failure modes, including net section, shear-out, end-splitting, and tilt-bearing

failure, were observed from the bolted connection tests. The print layer orientations (6 = 0°

and 90°) influenced the failure modes and load-carrying capacities of the WAAM

connections. Different failure modes were observed from 29% of the specimens with

similar dimensions but different print layer orientations. The difference in the ultimate

capacity of bolted connection specimens with 8 of 0° and 90° reached up to 20%.

Current steel design standards cannot accurately predict the failure modes of WAAM steel

bolted connection specimens with the accuracy rates varying from 44% to 61%. This could

be attributed to the influence of anisotropic material properties of the WAAM steel plates

and the failure modes of tilt-bearing and the end-splitting not being considered in current

design provisions. The accurate predictions of the ultimate capacities of most design
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approaches were obtained by a compromise of the incorrect failure modes of WAAM steel

bolted connection specimens.

4) The ultimate load-bearing capacities of WAAM steel bolted connection specimens could
be accurately predicted by the existing design standards, where AS/NZS 4600 [27]
performed the best with a test-to-predicted capacity ratio of 1.03 and a COV of 0.11. In
terms of different specific failure modes, the ultimate capacities of net section and shear-

out failure were precisely predicted by AISC 360 [30] and AS/NZS 4600 [27].

5) The equations proposed in recent literature for shear-out and tilt-bearing failure could well
predict the ultimate capacities with an underestimation of 4% and 6%, respectively. The
equation for end-splitting failure was not suitable for WAAM steel bolted connection
specimens. It is suggested that WAAM design methods for end-splitting failure should be

further researched in the future.

Acknowledgement

The authors would like to thank the financial supports from the National Natural Science
Foundation of China (NSFC) (Grant Number: 52208215), the Natural Science Foundation of
Zhejiang Province (Grant Number: LQ22E080008) and the Centre for Balance Architecture of
Zhejiang University. The author would also like to thank the code for WAAM geometry analysis
provided by the Steel Structures Group of Imperial College London. The help for the tests from

the technician Mr Xiaohua Ji from the Structures Lab is also appreciated.

38



583  Appendix

584 Appendix A. Summary of experimental results and comparisons with design codes.
Test AIST S100 AISC 360 EN 1993-1-3 EN 1993-1-8  AS/NZS 4600 AS4100 Eql5 Eql6 Eql7 Eql8
Specimen (Egs.1,3,7) (Egs.8-10) (Egs.12,13)  (Egs.11,14) (Egs.1-3) (Egs.4-6)
FM Fu M 2 BM 2 pM 2 pM 2% BM gy Lo By Fo o o’
(kN) Paist Parsc Pens Peng Pas/Nzs Pas  Prgn Pxing Puyu Pren

HS-18-30-27 NS 23.44 NS 1.14 NS 1.09 NS 1.09 NS 1.09 NS 1.14 NS 1.28
HS-18-40-27 NS 41.55 NS 1.09 NS 1.02 NS 1.02 NS 1.02 NS 1.09 NS 1.20
HS-18-60-20 ES 32.70 SO 1.25 SO 1.00 SO 1.06 SO 1.10 SO 0.88 SO 1.50 0.93 0.86 1.06
HS-18-70-22 SO 38.82 SO 1.45 SO 1.16 SO 1.20 SO 1.23 SO 1.00 SO 1.74 1.06 0.98 1.18
HS-18-60-18 SO 32.10 SO 2.19 SO 1.75 SO 1.33 SO 1.37 SO 1.11 SO 2.63 1.30 1.16 1.32
HS-18-60-22 SO 39.94 SO 1.41 SO 1.13 SO 1.20 SO 1.23 SO 1.00 SO 1.69 1.05 0.97 1.18
HS-18-60-32 TB 52.99 SO 1.21 SO 097 SO 1.22 SO 1.27 SO 1.02 SO 1.45 1.07
HS-18-60-36 TB 48.36 SO 0.91 SO 0.73 SO 098 SO 1.01 SO 0.82 SO 1.10 1.00
HS-18-70-36 TB 74.97 SO 1.15 SO 092 SO 1.26 SO 1.31 SO 1.09 SO 1.39 1.27
HS-22-40-33 NS 31.75 NS 1.01 NS 09 NS 096 NS 096 NS 1.01 NS 1.13
HS-22-50-33 NS 54.07 SO 1.15 NS 095 SO 1.08 SO 1.08 NS 1.01 SO 1.38
HS-22-50-36 TB 47.68 NS 1.03 NS 097 NS 097 NS 097 NS 1.03 SO 1.16 0.94
HS-22-60-26 SO/ES 45.49 SO 1.30 SO 1.04 SO 1.13 SO 1.13 SO 0.94 SO 1.56 0.98 0.91 1.09
HS-22-60-40 TB 58.96 SO 1.06 NS 0.88 SO 1.08 SO 1.09 NS 0.95 SO 1.27 1.07
HS-26-50-39 NS 40.08 NS 0.91 NS 08 NS 08 NS 086 NS 0.91 NS 1.02
HS-26-70-47 TB 60.96 SO 0.88 NS 082 SO 092 SO 092 NS 0.88 SO 1.06 1.01
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HS-26-60-29 SO 51.05 SO 1.77 SO 142 SO 135 SO 136 SO 1.12 SO 2.13 1.23 1.11 1.31
HS-26-70-45 TB 68.19 SO 1.05 NS 092 SO 106 SO 1.08 NS 0.98 SO 1.26 1.11
VS-18-30-27 NS 21.81 NS 1.09 NS 104 NS 1.04 NS 104 NS 1.09 NS 1.23
VS-18-40-27 NS 39.41 NS 1.11 NS 104 SO 105 NS 1.04 NS 1.11 SO 1.32
VS-18-50-20 SO 34.98 SO 1.66 SO 133 SO 133 SO 122 SO 1.11 SO 2.00 1.19 1.09 1.30
VS-18-70-22 SO 43.40 SO 1.64 SO 132 SO 143 SO 131 SO 1.19 SO 1.97 1.24 1.15 1.40
VS-18-60-18 SO 33.40 SO 1.95 SO 156 SO 139 SO 130 SO 1.16 SO 2.34 1.29 1.17 1.39
VS-18-60-22 SO 40.93 SO 1.74 SO 139 SO 144 SO 135 SO 1.20 SO 2.09 1.27 1.17 1.45
VS-18-60-32 TB 50.80 SO 1.07 SO 086 SO 1.10 SO 1.02 SO 0.91 SO 1.29 0.93
VS-18-60-36 TB 49.64 SO 0.98 SO 078 SO 106 SO 098 SO 0.88 SO 1.18 1.08
VS-18-70-36 TB 59.37 SO 1.10 SO 08 SO 1.18 SO 1.11 SO 0.99 SO 1.32 1.13
VS-22-40-33 NS 33.31 NS 1.10 NS 104 NS 104 NS 104 NS 1.10 NS 1.23
VS-22-50-33 NS 51.66 SO 1.26 NS 1.15 SO 121 NS 1.15 NS 1.22 SO 1.51
VS-22-50-36 NS 45.76 NS 1.03 NS 09 SO 097 NS 096 NS 1.03 SO 1.17
VS-22-60-26 SO 40.54 SO 1.50 SO 120 SO 121 SO 1.09 SO 1.01 SO 1.80 1.08 0.98 1.16
VS-22-60-40 NS 62.59 SO 1.16 NS 099 SO 120 SO 1.08 NS 1.07 SO 1.39
VS-26-50-39 TB 31.15 NS 0.73 NS 068 NS 068 NS 068 NS 0.73 NS 0.81 0.64
VS-26-70-47 TB 70.34 SO 1.12 NS 1.01 SO 115 SO 1.05 NS 1.08 SO 1.34 1.24
VS-26-60-29 ES 45.23 SO 1.61 SO 129 SO 121 SO 1.11 SO 1.01 SO 1.93 1.11 1.00 1.19
VS-26-70-45 NS 73.61 SO 1.21 NS 105 SO 124 SO 112 NS 1.13 SO 1.46 1.29
FMPA 0.50 0.61 0.44 0.53 0.61 0.44
Mean 1.25 1.06 1.13 1.10 1.03 1.48 1.14 1.04 1.25 1.06
Cov 0.25 0.21 0.14 0.13 0.11 0.27 0.11 0.10 0.10 0.16

585  Note: FM = failure mode; NS: net section tension; SO: shear-out; ES: end-splitting; TB: tilt-bearing failure; FMPA: failure mode prediction accuracy and COV:

586 coefficient of variation.
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