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Axial Compressive Behaviour and Design of Concrete-filled

Wire Arc Additively Manufactured Steel Tubes

Ju Chen!, Sha-Sha Song!, Jun Ye!", Guan Quan', Pinelopi Kyvelou?, Leroy Gardner?

1. Institute of Structural Engineering, Zhejiang University, Hangzhou, Zhejiang, China
2. Department of Civil and Environmental Engineering, Imperial College London, London, UK

Abstract: The axial compressive behaviour of concrete-filled wire arc additively manufactured
(WAAM) steel tubular columns is investigated experimentally in this paper. Firstly, the manufacture of
a series of WAAM steel plates and tubes is described. The results of tensile testing performed on
coupons cut from the WAAM plates, to obtain the mechanical properties of the printed material, are
summarised. 3D laser scanning was employed to generate digital models and to capture the geometric
features of the WA AM steel test specimens. Concrete was then cast into the WAAM steel tubes, creating
a total of nine concrete-filled steel tubular (CFST) specimens of different diameters, thicknesses and
lengths that were subjected to compressive loading. The axial compressive load-deformation responses
and ultimate loads of the specimens were obtained and the influence of the as-built surface undulations
of the WAAM sections was assessed. Comparisons of the test results against existing structural design
provisions highlight the need to consider the influence of the weakening effect of the geometric
undulations that are inherent to the WAAM process on the structural response of CFST sections, in order
to achieve safe-sided strength predictions.

Keywords: 3D printing; Axial compressive behaviour; Concrete-filled steel tube (CFST);

Experiments; Laser Scanning; Testing; Ultimate load; Wire arc additive manufacturing (WAAM).
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1. INTRODUCTION

Recent developments in the directed energy deposition (DED) methods of additive manufacturing
(AM) have led to growing interest in and increasing usage of this technology in the construction sector
[1]. DED methods offer several advantages over other AM methods for constructional applications, such

as relatively low cost, reasonable manufacturing times and essentially unlimited build sizes [2-6].

Build
direction

Weld  Printed
pool component

Welding
torch

Deposition direction

" Wire
feedstock

A

Figure 1. Schematic diagram of WAAM process

Among the various metal DED technologies, wire arc additive manufacturing (WAAM), which
uses conventional welding technology, coupled with robotic control, is emerging as the method of
choice for large scale applications [1,7-17], and is the focus of the present paper. As shown in Fig. 1,
during the WAAM process, wire feedstock is melted and deposited onto a substrate plate in a layer by
layer fashion. WAAM has the potential to have a significant impact on the construction industry; an
early example of this potential is the MX3D bridge constructed by the Dutch company MX3D
(www.mx3d.com). With its construction being beyond the scope of current design specifications [18-
21], this novel structure required extensive experimental and numerical research for its safety
assessment. A comprehensive series of experiments was thus conducted, involving material testing
[14,22,23], cross-section testing [24] and full structural testing [25]; numerical simulations were also
carried out [25]. Research into the performance of metal additively manufactured components with a
structural engineering focus has been increasing in recent years [1]. Studies into the behaviour of

structural elements produced by powder bed fusion (PBF) have been reported in [26,27], while
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investigations into WAAM structural elements have been presented at the material level [14,27-31], the
cross-section level [32,33], the member level [34,35] and the system level [6]. The latter system level
study involved the optimisation [6], testing [36] and environmental impact assessment [37] of a series
of 2 m span WAAM tubular trusses, an example of which is shown in Fig. 2. The use of WAAM for
hybrid construction has also been explored, including recent studies into the structural behaviour of hot-

rolled I-sections strengthened by the addition of WAAM material at the flange tips [38,39].

Figure 2. Optimised WAAM tubular truss [36]

Concrete-filled steel tubular (CFST) elements are widely used in construction applications [40-47],
such as in arch bridges, high rising buildings and transmission towers. The combined effect of the steel
tube and the inner concrete leads to composite structural members of superior performance relative to
the sum of the component parts [40], with the inner concrete delaying the development of local buckling,
as well as the rise in temperature in the event of a fire, of the steel tube [40,45], and with the steel tube
enhancing the strength and ductility of the inner concrete through confinement action. The steel tube
also eliminates the need of formwork for concrete casting, resulting in fast-track construction. Surface
undulations are a natural characteristic of the WAAM process; in the context of CFST, there undulations
can enhance the interaction between the WAAM steel tube and the inner concrete, and hence improve
the structural performance [48]. Furthermore, unlike CFST members fabricated from conventional steel
tubes that have seam welds running along the length of the members where fracture is often observed
[49,50], the continuously printed ‘hoops’ for which the start and end points of each layer are offset
circumferentially forming the WAAM tubes, are expected to mitigate this issue, resulting in enhanced
ductility [51]. To date, research into the compressive behaviour of CFST members has been limited to
cross-sections comprising conventionally manufactured tubes [41-43,46,47], while the response of

CFST elements with WAAM tubes is still to be investigated. Seeking to bridge this gap, a series of axial

3
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compressive tests on CFST sections with WAAM steel elements has been conducted and is presented
herein.

The process followed for the fabrication of the WAAM steel tubes is first presented, while the
methods adopted for the determination of the as-built geometric properties of the examined specimens,
featuring hand measurements, measurements based on Archimedes’ principle and 3D laser scanning, are
described. The results of complementary material tests, undertaken for the determination of the mechanical
properties of the concrete and WAAM material, are then summarised. A description of the axial
compressive tests on the CFST specimens is provided, while the test results are analysed and discussed.
Finally, comparisons are made against the strength predictions yielded by current structural design
specifications [18,52-57], and the results highlight the need to consider the influence of the weakening
effect of the geometric undulations that are inherent to the WAAM process on the structural response of

CFST sections.

2. MANUFACTURE OF WAAM ELEMENTS

Nine WAAM steel tubes of three different nominal thicknesses and diameters, and of two different lengths
were manufactured for the compression tests, such that their nominal diameter to thickness ratios ranged
from 30 to 100 and their nominal length to diameter ratios varied between 3.3 and 6.7. Oval steel tubes
with flat sides and thicknesses of 3 mm and 6 mm were also manufactured, in order to obtain plates for
the extraction of tensile coupons. The labels employed for the WAAM steel tubes include information
regarding the diameter, thickness and length of the WAAM steel tube in mm. For example, Specimen
D240T3L600 is a WAAM steel tube with a nominal diameter D, of 240 mm, a nominal thickness #, of 3
mm and a nominal length L, of 600 mm. For the tensile coupons, the identification system starts with the
letter “H” or “V” for the coupons extracted horizontally or vertically relative to the deposition direction
respectively, followed by the letter “A” or “M” for the coupons with their surface left in its as-built
undulating state or machined smooth respectively, and, finally, by the test number. For example, Specimen
H-A-1 is the first coupon with an as-built surface, extracted horizontally from within its parent plate, i.e.
at a 0° angle to the deposition direction.

Printing of a subset of the WAAM circular hollow sections (CHS) and oval tubes is shown in Fig. 3.
4
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The WAAM components were manufactured using a welding torch attached to a 6-axis robotic arm and a
metal inert gas (MIG) welding machine. The utilised shielding gas was a mixture of 97% Ar and 3% CO..
The key parameters employed during the WAAM process are summarised in Table 1. The environmental
temperature and humidity of the room were 12 °C to 21 °C and 35% to 55%, respectively. The components
were printed layer-upon-layer, following the cross-section slice traces as defined in their digital models
created in Rhino 3D [58]. The feedstock material was carbon steel welding wire ER50-6, which was
deposited onto a Q235b steel substrate plate.

Table 1 Process parameters used for WAAM specimens

. . . Wire
Nominal  Welding Wire feed Deposition  feedstock  Current Arc Layer

thickness speed rate . voltage  thickness
(mm)  (wmin)  (m/min) € (ke d‘;‘ﬁ‘f‘nit)er (&) V) (mm)
3 0.75 4 0.5-2 1.2 100-140  18-23 1.8
4 0.65-0.70 4 0.5-2 1.2 100-140  18-23 1.8
6 0.55-0.60  6.2-6.5 0.5-2 1.2 100-140  18-23 2.0

Following their fabrication, the WAAM CHS and oval tubes were detached from their substrate plates
using a plasma arc cutter. Note that a minimum distance equal to the outer diameter of the steel tube was
maintained between the base plate and the cutting line, to eliminate the influence of any initial printing
defects on the performance of the WAAM components. Both ends of the WAAM steel tubes were
machined to be flat and parallel and their exterior surfaces were sandblasted with glass beads to remove

any welding soot from the WA AM process.

(b) WAAM oval tubes with flat sides for tensile

(a) WAAM CHS for compression tests

coupon tests

Figure 3. Printing of subset of WAAM CHS and oval tubes

3. GEOMETRIC MEASUREMENTS
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The geometric characteristics of WAAM steel tubes are more variable than those of rolled sections due
to the surface undulations arising from the printing process, rendering the use of conventional measuring
techniques impractical. Thus, in order to obtain the as-built geometric properties of the WAAM steel
tubes, three measuring methods were employed, featuring hand measurements, measurements based on
Archimedes’ principle and 3D laser scanning. The details of each method, as well as the obtained results,

are discussed and compared in this section.

3.1. Hand measurements

A digital micrometre with an accuracy of 0.001 mm and a measuring tape were employed to provide
baseline geometric data for the as-built WAAM components. For the WAAM steel tubes, the wall
thickness #, was determined as the average value of sixteen measurements taken at eight locations
equally spaced around the section perimeter at both ends, utilising the digital micrometre - see Fig. 4(a).
Similarly, measurements of the average perimeter Cy of the outer surface of each steel tube were taken
at five locations evenly distributed along the member length, and their mean value was used to determine
the average outer diameter Dn= Cy/zt. Finally, the length L of each steel tube was determined based on
four length measurements, taken at the locations indicated in Fig. 4(a). The average geometric properties
of the steel tubes, as determined by the hand measurements, are listed in Table 2; the nominal thickness

tn, nominal diameter D, and nominal length L, of each WAAM steel tube are also provided in Table 2. A,
is the cross-sectional area and V, is the volume calculated using the reported measured values. For the
WAAM tensile coupons, the average width b, and thickness 7., were determined based on hand

measurements taken with the digital micrometre at eight locations evenly distributed along the parallel

length of each coupon - see Fig. 4(b). The average values of b, and f, , along with the average cross-
sectional area A., of each coupon are listed in Table 3. The nominal widths and thickness of the
coupons, b, and 1. respectively, are also provided in the table. In the present study, coupons with a

nominal thickness of 6 mm were tested, while tests on corresponding 3 mm coupons have been reported

in [15,59].
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(a) CHS tube

hl ns hs

(b) Tensile coupon

Figure 4. Locations of hand measurements for WAAM specimens

3.2. Measurements based on Archimedes’ principle

Archimedes’ principle, which is frequently employed for the determination of the porosity of concrete
elements [60,61], was employed herein for the calculation of the density of the WAAM material and

subsequently, the volume of the WAAM steel components. First, an electronic balance was used to

weigh the WAAM tensile coupons and tubes (with their masses labelled m. ., and m,, respectively),
as shown in Fig. 5(a). A cylinder was then utilised to measure the volume of the tensile coupons V. , .,

based on the water displacement method, as illustrated in Fig. 5(b), which allowed the determination of

the density o .., of each coupon, in line with Eq. (1).

M Aren
Pcarch = v (D
C,Arch

Finally, the average density p.,., of all coupons, which was 7903 kg/m®, was used for the
determination of the volume V,_ , of the steel tubes, based on their measured mass m,, . The measured

geometric properties of the WAAM steel tubes and steel coupons are reported in Tables 2 and 3,

7
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respectively.

(a) Electronic balance (b) Measuring cylinder

Figure 5. Equipment used for Archimedes’ measurements

3.3. 3D laser scanning

3D laser scanning was employed to capture digitally the full geometry of the WAAM steel components
prior to testing. A SCANTECH 3D laser scanner, capable of capturing up to 500,000 points per second
with an accuracy of 0.05 mm, was employed to scan all the WAAM steel tubes and coupons. The
acquired point cloud data were processed using the software Scanviewer. Following calibration of the
scanner, markers were attached to the surfaces of the WAAM steel tubes and a flat plate on which the
specimens were placed during scanning, to facilitate alignment of the relative coordinate systems of the
3D point clouds during the coordinate conversion process. At least three markers need to be shared

between adjacent scan views for merging to be realised.
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(a) Typical coupon (b) Typical steel tube
Figure 6. 3D laser scanning of WAAM specimens

(a) Coupon (b) Steel tube
Figure 7. Comparisons of scanned surface profiles with respective specimens
The surface profiles of all steel coupons, as well as the outer surface profiles of the four steel tubes
(namely D240T3L600, D240T6L600, D300T3L600 and D300T6L600), were obtained with one
continuous scan, as shown in Fig. 6. Typical comparisons between scanned surface morphologies and
the respective WAAM components are shown in Fig. 7. The scanned 3D models (.stl) were subsequently
imported into the software Geomagic Wrap [62], for determination of their geometry. The volumes of

the WAAM steel tubes V.

Scan

and steel coupons V. , as determined from the laser scans, are reported

in Tables 2 and 3, respectively.
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Steel tube

Silicone replica 1

Figure 8. [llustration of silicone replicas of inner surface of tubes

Figure 9. Production and scanning of silicone casts

The proportions of the WAAM steel tubes D180T3L600 and D180T6L600 were such that scanning
of the full inner surface profiles just from the two tube ends was not possible. Silicone casting was
therefore undertaken to form silicone replicas of the inner tube surface that could subsequently be
scanned [12]. In order to reduce the volume of silicone and facilitate removal of the silicone casts from
within the WAAM steel tubes, three moulds were created, as illustrated in Fig. 8, while silicone release
spray was applied to the inner tube surface. The prepared silicone mixture was slowly poured into the
tubes and allowed to set for at least 24 hours. Following setting, at least three markers were positioned
on each end of the silicone casts, as shown in Fig. 9, which were scanned together with the WAAM
tubes. The silicone casts were then removed from within the steel tubes and scanned individually. Finally,
the scans of the outer and inner tube surfaces were merged and converted into a complete 3D model. A

typical comparison between the scan of a silicone cast and the respective inner surface profile of a

10



173 WAAM steel tube is shown in Fig. 10(a), while a typical outer surface comparison is shown in Fig.

174 10(b). Their geometric dimensions are summarised in Table 2.

(a) Inner surface of specimen D180T6L600 (b) Outer surface of specimen D180T6L.600

Figure 10. Typical comparisons of scanned surface profiles

175 Capturing the inner surface geometries of the WAAM steel tubes D180T4L.1200, D240T4L1200
176  and D300T4L1200 was not practically possible even with silicone casting, due to their length. The
177  average thicknesses and cross-sectional areas of these specimens were therefore determined based on

178  the Archimedes’ measurements.

11
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Table 2 Average measured geometric properties of WAAM steel tubes

Steel tube L, D, L, Iy D, L, A, Vi Maren Vswen Vsean Y Vew
1D (mm) (mm) (mm) (mm) (mm) (mm) (mm?) (mm’) (kg) (mm”) (mm?’) Vi Vi
D180T3L600 3 180 600 291 179.68 617.4 16182 999%x10° 8.05 1019%X10° 990%X10° 0.98 0.97
D240T3L600 3 240 600 3.10 238.94 611.3 22954 1402X10° 10.75 1360X10° 1374%X10° 1.03 1.01
D300T3L600 3 300 600 3.13 299.87 614.9 2913.3 1787X10° 13.35 1689%10° 1702%X10° 1.06 1.01
D180T6L600 6 180 600 6.58 179.54 611.1 3577.5 2184X10° 16.65 2107X10° 2147%X10° 1.04 1.02
D240T6L600 6 240 600 6.46 239.66 608.3 4730.6 2873X10° 22.15 2803%10° 2863x10° 1.03 1.02
D300T6L600 6 300 600 6.54 298.97 609.6 6007.4 3658%10° 27.75 3511%X10° 3580%X10° 1.04 1.02
D180T4L1200 4 180 1200 3.69 179.63 1219.9 2039.6 2482X10° 19.10 2417%10° - 1.03 -
D240T41.1200 4 240 1200 3.79 239.85 1219.4 2810.7 3428X%10° 25.45 3220%10° - 1.06 -
D300T4L.1200 4 300 1200 3.82 299.95 1210.8 3553.8 4292X10° 31.75 4018%10° - 1.07 -
Mean 1.04 1.01
CoV 0.026 0.018

12



181 Table 3 Average measured geometric properties of WAAM steel coupons

Coupons bC,n len bC,h Ien AC,h M Arch Ve Aren VC,Scan Pc Arch Vcﬂ
(mm) (mm) (mm) (mm) (mm?) (g) (mm’) (mm’) (kg/m®) Veaw

HA-1 20 6 2066 617 12742 22047 28000 27910 78739 1.00

HA2 20 6 2029 598 12120 22477 29000 28650 7750.7 0.9

, H-A-3 20 6 2031 6.17 12520 22143 28500 28160 7769.5 0.9
Asbuiltsteel v o 1 20 6 2019 616 12430 22748 29000 28890 7844.1  1.00
VA2 20 6 1999 628 12557 22726 29000 28730 7836.6 0.9

VA3 20 6 2040 619 12620 22373 27500 27220 8135.6  0.99

HM-1 20 6 2047 531 108.67 19609 25000 24570 7843.6 0.93

Mochinod sieeg FM2 20 6 2032 511 10396 18530 23500 23070 7885.1 0.98
VM-l 20 6 2024 537 10873 19598 24500 24280 79992  0.99

VM2 20 6 2005 478 9599 169.90 21000 20980 8090.5  1.00

Mean 79029 0.9

CoV 0016 0.006

182
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Table 4 Summary of average geometric properties and key test results of concrete-filled WAAM steel tubes, as determined by laser scanning

WAAM steel t D L A A, Nugo  Svu G gy 4 A4 A
Tube ID (mm) (mm)  (mm) (mm?) (mm?) (kN)  (mm) (mm) A A A
D180T3L600 2.80 178.08 617.2 1590.6 23316.3 1904 3.03 a 6.25 1.08 091  0.028
D240T3L600 3.00 237.94 6109 2214.3 42251.4 3010 2.84 a 7.06 1.06 0.92  0.034
D300T3L600 3.06 29523 6145 2804.2 65651.7 4274 2.47 a 4.50 1.03 0.94  0.029
D180T6L600 6.44 17846  615.6 3477.7 21535.7 2428 2.97 a 5.39 1.05 0.96 0.016
D240T6L600 6.40  238.19  608.1 4660.4 39898.7 3797 2.79 a 6.75 1.04 0.94  0.015
D300T6L600 6.47  297.90  609.3 5923.6 63776.1 5460 2.61 a 5.79 1.05 0.93  0.020
D180T4L1200  3.69° 179.63* 1219.9® 2039.6°  23302.8° 2002 5.7 0.15 5.23
D240T4L.1200 3.79°  239.85" 1219.4°  2810.7° 42371.7° 3208 5.46 0.61 5.39
D300T4L1200  3.82° 29995 1210.8> 3553.8®  67108.5° 4791 5.13 1.44 452
Mean 1.05 0.93 0.02
CoV 0.019 0.017 0.328

Note: a signifies that for specimens with a length less than 1000 mm, their horizontal displacement was not measured; b signifies that the dimension of

the WAAM steel tube was determined by the Archimedes’ measurements.

14
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3.4. Comparison between measuring methods

The measured volumes of the WAAM steel tubes determined using the different measuring methods are

compared in Table 2. The volumes calculated using the hand measurements V, differ somewhat from

those obtained based on Archimedes’ principle V, . , with their deviation ranging between -2% and 7%.

rch ?

On the contrary, the volumes V,

Scan

determined using the laser scans were very similar to those

with the mean value of V.,

Scan

determined using Archimedes’ principle V, /V,.4 ratio being 1.01 and

rch ?
the coefficient of variation (CoV) being 0.018, providing confidence in the 3D laser scanning method.
Similar conclusions were drawn for the geometric properties of the tensile coupons, as reported in Table

3, with the mean value of V... / V. .. being 0.99 and the CoV being 0.006.

Overall, 3D laser scanning is deemed to be the most suitable method for determining accurate
measurements of the geometry of the WAAM steel elements, while the hand and Archimedes’

measurements served as reference values for comparison and verification purposes.

3.5. Analysis of cross-sectional geometry of WAAM components

The 3D models of the WAAM steel components obtained from the laser scans were imported into Rhino
3D [65] for geometric analysis. Contouring of each component along its length was first undertaken, to
accurately determine the cross-sectional dimensions. Processing of typical WAAM components in

Rhino is shown in Fig. 11, where limited cross-sectional contours are presented for illustration purposes.

(a) WAAM steel coupon (b) WAAM steel tube

Figure 11. Scanned 3D model and cross-sectional contours of typical WAAM steel components

15
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A sensitivity study was undertaken in order to determine the most suitable contour spacing for the
examined WAAM steel components. Two typical WAAM elements (i.e. the WAAM coupon H-A-1 and
the WAAM tube D180T6L600), were contoured at a spacing dx of 2.0 mm, 1.0 mm, 0.5 mm, 0.2 mm
and 0.1 mm and their cross-sectional areas were subsequently determined. The obtained results are

shown in Fig. 12, in which the mean, minimum and maximum values of the cross-sectional areas (A,

A, and A ) determined from the different contour spacings are normalised by the corresponding

values determined using a contour spacing dx =0.1 mm. As expected, the valuesof A, and A, were

more sensitive to the contour spacing compared to the mean value of A. Since it was found that the
cross-sectional areas obtained using a contour spacing dx =0.2 mm were almost equal to those obtained
with a contour spacing dx=0.1 mm, a value of dx=0.2 mmwas adopted for the conducted geometric
analyses. It should be noted that the adopted spacing of 0.2 mm was about 10% of the WAAM layer

height, which was equal to approximately 2.0 mm, as shown in Fig. 13.

1.006 1.003
—m— A/A,, —m— A/A,,
1.004 |- @ A /A .1 1.002 |~ @ Api/Aning
- Amax/AmaXOAl - Amax/Amale
o 1002 o 1.001F
8 | e --- - --------- ° b= O - mmmmm s o
< 1.000 reg=— " . S 1.000 f @ 9p—g—— 9- =
= KN = N
< 0998 < 0999
~ .0- - s ~ N
09%r+~ T TT=-ol * 0.998 - ‘o
0.994 L ' ' 0.997 L —— l l
0.10.2 0.5 1.0 2.0 0.10.2 0.5 1.0 2.0
Contour spacing dx (mm) Contour spacing dx (mm)
(a) Coupon H-A-1 (b) Tube D180T6L.600

Figure 12. Sensitivity of cross-sectional area measurements to variation in contour spacing dx
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et R

dx=0.2 mm

Figure 13. WAAM layer height (~ 2.0 mm) and adopted contour spacing dx of 0.2 mm

A summary of the geometric properties of the WAAM steel elements is reported in Tables 4 and 5,
where ¢, D and L are the mean values of the wall thickness, outer diameter and length of the WAAM
steel tubes, respectively, and A, A, and A, are the mean, minimum, and maximum values of the
cross-sectional areas. Comparisons between the mean, minimum and maximum values through the ratio

Al A, and A/A_, are also presented in Tables 4 and 5. Reasonable differences (up to 4%) were

observed between the A, A, and A values of the same WAAM member, which are attributed to

the undulations of the WAAM surface.

Table 5 Summary of the geometric properties of the WAAM steel coupons as determined by the laser

scanning
A A

WAAM sIt]e::)el coupon A (mm?) A (mm?) A (mm?) E E %
H-A-1 123.67 119.62 128.52 1.03 0.96 0.014
H-A-2 124.46 123.24 127.04 1.01 0.98 0.014
H-A-3 123.22 122.56 126.25 1.01 0.98 0.013
H-M-1 108.67 107.44 110.21 1.01 0.99 0.012
H-M-2 103.96 101.74 105.22 1.02 0.99 0.012
V-A-1 124.52 119.57 129.11 1.04 0.96 0.018
V-A-2 124.86 120.23 129.09 1.04 0.97 0.016
V-A-3 124.84 119.81 129.29 1.04 0.97 0.017
V-M-1 108.73 106.49 109.73 1.02 0.99 0.011
V-M-2 95.99 93.15 97.09 1.03 0.99 0.010
Mean 1.03 0.98 0.014

CoV 0.013 0.012 -

The variation in the cross-sectional area for typical WAAM steel components (i.e. coupons V-A-1

and H-A-1 and tubes D180T6L600 and D240T3L600) is shown in the histograms in Fig. 13, where each
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cross-sectional area measurement A is normalised by the average cross-sectional area A of the

corresponding WAAM specimen. The CoV values of the cross-sectional area, defined as the ratio of the
standard deviation of the area to the average area i.e. Asa/A of each component, are reported in Tables 4
and 5. It can be seen that the values of Asa/A range between 0.010 and 0.034, with the degree of dispersion
decreasing with increasing thickness of the WAAM steel, as also reported by Kyvelou et al. [12].

The geometric dimensions of the WAAM steel tubes, determined as described above, were used
for the subsequent analysis of the CFST specimens reported hereinafter. Exceptions to this are the larger
(1200 mm) specimens, for which full laser scanning was not possible and thus the Archimedes’

measurements were used — see Table 4, in which A, is the mean cross-sectional area of the inner

concrete, where the geometric dimensions, as well as the key test results, are provided.

1.0 1.0

Bl v-A-1 B D180T6L600
)
Q
<) >
% 05 F %
O =1
& 3
3 0.0 ' 1.0 &
2 Bl H-A-1 2 Il D240T3L600
< 2]
= =
5 Jos5 &
z g

Z
L 0.0
0.90 1.00 1.10 0.90 1.00 1.10
Normalised area A /A Normalised area A/A
(a) WAAM steel coupons (b) WAAM steel tubes

Figure 13. Distribution of normalised areas Ai/A of typical WAAM coupons and tubes

4. MATERIAL TESTS

4.1. Monotonic tensile tests

The material properties of the WAAM steel coupons, as well as their overall stress-strain response, were
determined in compliance with GB/T 228.1-2010 [63]. The tensile coupons were extracted from the
WAAM ovals at 0° and 90° to the deposition direction, as illustrated in Fig. 14, to assess the material

anisotropy. Coupons of two different nominal thicknesses (i.e. 3 mm and 6 mm) were tested, while the
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effect of the geometric undulations on the material properties was also investigated by comparing the
response of as-built and machined coupons. In total, 20 tensile tests were conducted.

For the machined coupons, an electrical resistance strain gauge was attached at the mid-height on
one side of each coupon to record longitudinal strains during the early stages of testing while, for both
the machined and as-built coupons, an extensometer and a digital image correlation (DIC) system were
employed to provide detailed measurements of the surface strain field throughout testing. Prior to testing,
the parallel length of all coupons was painted white and then spray-painted with a random black speckle
pattern, in order for the strains to be calculated over the full area of the parallel length. A 250 kN
INSTRON testing machine operating in displacement control at a rate of 0.8 mm/min, was employed to
apply the tensile load. The load, strain gauge and extensometer measurements were recorded at a
frequency of 1 Hz, while the DIC system recorded the tensile force through an analogue to digital

converter and the images at a frequency of 1 Hz.

- . —_— -

Figure 14. Orientation of tensile coupons extracted from WAAM plate relative to deposition

direction

Table 6 Average material properties of WAAM steel coupons

% lcn(mm) E(GPa) fy (MPa) f. (MPa) & Surface

o 205 405 513 020 As-built
90 6 199 420 535 0.17 Machined
3115.59] 198 408 515  0.09 As-built

) . 209 411 522 024 As-built
0 199 445 551  0.18 Machined
3115.59] 186 478 563 0.15 As-built

The obtained stress-strain curves for the 6 mm coupons are shown in Fig. 15, while a summary of

the average material properties of the as-built and machined coupons, grouped by deposition direction
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(i.e. 0° and 90°), is reported in Table 6, where E is the Young’s modulus, f, is the yield strength, f, is
the ultimate tensile strength and &, is the fracture strain measured over the standard gauge length. Overall,

the mechanical properties of the as-built coupons were found to be somewhat lower than those of the

machined coupons, reflecting the negative influence of the WAAM surface undulations. Finally, mild

anisotropy was observed, which was found to be more pronounced for the thinner coupons.
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450 ::////’/’——_~\g:§;;_‘\\\\\\\\ 450
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[a ¥ ol
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& — H-A2 - - - H-M22 3
150f — H-A3 150
0 1 1 1 0 1 1
000 010 020 030 040 0.00 0.02 0.04 0.06
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Strain

(a) Tensile coupons at 0° (H) to the deposition direction

600 600
450 | .. 450
< <
& &
> S
< 300} < 300}
2 — V-A-l V-M-1 2 — V-A-l V-M-1
3 — V-A2 - - - VM2 3 — V-A2 - - - V-M2
I50F —— V-A-3 150§ —— V-A-3
0 1 1 1 0 1 1
0.00 0.08 0.16 0.24 0.32 0.00 0.02 0.04 0.06
Strain Strain

(b) Tensile coupons at 90° (V) to the deposition direction
Figure 15. Stress-strain curves obtained from tensile tests on 6 mm coupons: full curve (left), initial

range (right)
4.2. Concrete cube tests

Four concrete cubes were tested according to GB/T 50081-2002 [64] to obtain the material properties
of the inner concrete. All tests were completed soon after the completion of the 28-day curing period.
Based on the obtained test results, the mean compressive strength of the concrete was found to be

f., =41.33 MPa. Thus, the cylinder compressive strength of the inner concrete, which was used to

20



267  calculate the axial compressive strength of the concrete filled WAAM steel tube specimens, was taken
268 as f,=0.8f,=33.06 MPa [65], while the elastic modulus was taken as E.= 4730@ = 27200 MPa

269 [55].
270 5. AXTAL COMPRESSION TESTS ON CFST SPECIMENS

271  5.1. Specimen preparation and test setup

272  Following mixing, the concrete was cast into the WAAM steel tubes, and was allowed to cure for 28
273  days. An end plate was welded to each end of the specimens to facilitate the application of the
274  compressive force during testing and to ensure its even distribution. Nine CFST specimens were tested
275 in total to investigate their mechanical behaviour under axial compression. The experimental layout
276  adopted for the conducted tests is shown in Fig. 16. A 10,000 kN electric-hydraulic jack was used for
277  the application of the axial load, operating at a constant displacement rate of 1 mm/min. Spherical hinge
278  supports were employed at the specimen ends, with the distance between them considered as the

279  effective length Lof the specimens - see Fig. 16. This setup has been successfully used in the past for

280  CHS stub column tests [66,67]. Note that the geometric centroids of the ends of the specimens were

281  aligned with the centroid of the spherical bearing to avoid eccentricity of loading.

Axial
loading

Spherical hinge
support

D1,D3

Strain gauges

LVDTs —> Lo

R

- Spherical hinge
support

Figure 16. Test setup for axial compression tests on CFST specimens

282  5.2. Instrumentation
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For the CFST specimens with a length of less than 1000 mm, eight LVDTs (D1-D8) were
symmetrically positioned at both specimen ends to measure the vertical displacements (D1-D4 at the
top end and D5-D8 at the bottom end), while, for the CFST specimens with a length of more than 1000
mm, two additional LVDTs (D9 and D10) were used to measure the lateral displacements, as shown in
Fig. 16. Twelve transverse and twelve longitudinal strain gauges (Sti-Sti12 and Sr1-Sr12) were attached
to the CFST specimens at mid-height and the two 1/4-heights, as shown in Fig. 17, to measure the
vertical and horizontal hoop strains. Prior to attaching the strain gauges, the surface of the WAAM steel
tubes was locally sanded and polished to provide a smooth surface for adhesion. During testing, the load
was stopped when the displacement of the load cell reached 80 mm. The load cell, LVDT and strain

gauge readings were taken at a frequency of 1 HZ, using the DH3817 static data acquisition system.

/4

STi2” TS1.St |Smio

== =

SUzL;SthiL—pﬁ, —SL10

I L/4
Sts Hiis%sﬁ St
Stsf= — St5:5t+ —S16

[

Sta— T3 IST2 L

sul”—shs s,
— L/4

Figure 17. Arrangement of strain gauges on CFST specimens

5.3. Results and discussion

5.3.1. Failure modes and ultimate capacities

The failure modes of the CFST specimens are presented in Fig. 18. The failure modes of all CFST
specimens involved inelastic local buckling of the WAAM steel tubes and concrete crushing. More
specifically, CFST specimens D180T6L600 and D180T3L600 failed due to outward folding of the
section, as shown in Figs. 18(a) and (b), while for the rest of the CFST specimens, shear failure of the

inner concrete occurred, as shown in Figs. 18(c)-(1). The observed failure modes were generally similar
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302

303

304

305
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307

to those described by other researchers [41,47,68-71] for CFST members with conventionally produced
straight seam steel tubes. It should also be mentioned that, unlike for CFST members fabricated from
conventional steel tubes, where fracture of the steel tubes is often observed, no fracture occurred for the
specimens examined herein. This is attributed to the WAAM tubes being composed of continuously
printed ‘hoop’ of high ductility that were able to effectively resist the outward pressure from the confined
concrete, in contrast to the seam welds running along the length of traditionally fabricated tubes that act
as weak points. The continuous ‘hoop’ and the resulting absence of fracture had a positive impact on

the ductility of the specimens after the attainment of their ultimate load.

X
Outward Outward =
i3 folding failure folding failure ' |

(a) D180T6L600 (b) D180T3L600

Shear failure

) Shear failure
1n concrete

1n concrete

(c) D240T6L600 (d) D240T3L600
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Shear failure
in concrete

Shear failure
in concrete

(e) D300T6L600 (f) D300T3L600

Shear failure

1n concrete Shear failure

in concrete

(g) D300T4L1200 (h) D240T4L1200

i e 1

Shear failure
in concrete

(i) D180T4L1200
Figure 18. Failure modes of CFST specimens

308 The ultimate loads N,

wmxp Of the CEST specimens, as well as the corresponding vertical oy, and

309  horizontal displacements Jy;, obtained in the experiments are summarised in Table 4. As expected, the
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cross-sectional area had the most marked influence on the load-carrying capacity, with the ultimate load

N

u,Exp

increasing with increasing of cross-sectional area. Note that the lateral displacement at ultimate

load, which were only measured for the longer specimens (D180T4L1200, D240T4L1200 and

D300T4L1200), were significantly lower than the corresponding axial shortening - see Table 4,

indicating a minimal influence of global instability in the CFST experiments.

5.3.2. Load-end shortening curves

The load-end shortening curves of all CFST specimens obtained from the axial compression tests are

illustrated in Fig. 19. The specimens exhibited a linear elastic response in the early stages of loading.

This was followed by yielding of the WAAM tube, characterised by a sharp drop in stiffness but with

no visible outward deformations. Finally, development of significant local buckling of the WAAM steel

tube and crushing of the inner concrete led to the attainment of the ultimate load of the specimens.
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Figure 19. Load-end shortening curves of CFST specimens
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(b) Typical load-deformation (N-4) characteristics (Han et al. [41])
Figure 20. Comparison of confinement factors and load-deformation characteristics of CFST
specimens

According to Han et al. [41], for conventional CFST members with diameter-to-thickness ratios
within the examined range (i.e. 30-134), the profile of the load-end shortening curve is related to the

confinement factor f, A/ f A., where fy and A are the yield strength and cross-sectional area of the

WAAM steel tube and f. and Ac are the cylinder compressive strength and cross-sectional area of the

inner concrete. The confinement factors of the specimens examined herein are presented in Fig. 20. A
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confinement factor greater than 1.1 corresponds to a continuously ascending load-end shortening curve
with increasing load, while a confinement factor less than 1.1 corresponds to a load-end shortening curve
that decreases after attainment of the peak load, according to the observations of Han et al. [41].

Otherwise, when f A/ f A ~1.1, a plateau in the load-end shortening curve after failure is anticipated

[41]. It can be seen from Figs. 19 and 20 that, except for Specimens D240T6L.600 and D300T6L600,
the load-end shortening curves of all specimens follow the anticipated trends, as described by Han et al.
[41]. The post-peak performance of Specimens D240T6L600 and D300T6L600 may have been
influenced more than others by surface undulations in the steel tube that are inherent to the WAAM
process.

5.3.3. Load-strain curves

The load versus longitudinal and transverse strains experienced by the CFST test specimens at three
locations along the member length are plotted in Fig. 21. The longitudinal and transverse strains were
measured by the strain gauges labelled Sii- Sr12 and Sti- Sti2, respectively — see Fig. 17, with positive
values indicating compression and negative values indicating tension. Note that the load—transverse
strain curves were employed to monitor the confinement of the concrete provided by the WAAM steel
tubes. The different colours of the curves in Fig. 21 represent the strains at the three different locations
along the specimen length. Lines of the same colour but different type represent the strains at different
circumferential positions at the same height. It can be seen that there is somewhat of a spread in
longitudinal strain readings in the early stages of loading; this is attributed to some inevitable non-
uniformity in loading and properties of the infill concrete, as well as the influence of the surface
undulations of the WAAM tubes. After the attainment of the peak load, the spread in longitudinal strain

readings increases further, heralding the occurrence of local bukling.
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Figure 21. Load-strain curves of CFST specimens

5.3.4. Ductility

To investigate the ductility of the CFST specimens, the ductility index DI [41,72] given by Equation (2)

was adopted.

gb

In Equation (2), &, is the axial strain in the specimen when the load falls to 85% of the ultimate load
(see Fig. 22(a)) and ¢, is equal to &,,5 /0.75, in which &, is the axial strain in the specimen when the

load attains 75% of the axial compressive strength in the pre-ultimate stage, as shown in Fig. 22(a). It

should be noted that for the specimens without a 15% decrease in ultimate load after the attainment of
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the axial compressive strength, &,,; was taken as three times the strain at their ultimate load (3¢, )for

the calculation of DI [73].

The ductility indices DI calculated using Eq. (2) for all WAAM CFST specimens are shown in
Table 4. The DI values are also plotted in Fig. 22(b) against the tube diameter to wall thickness ratio
DIT, and compared with corresponding DI values determined from tests on a sample of CFST members
comprising conventional steel tubes [41]. The results show that the range of calculated DI values for the
WAAM CFST specimens varied from 4.5 to 7.1, and were consistently higher than the DI values for the
corresponding conventional CFST members; this is attributed to the high ductility of the WAAM steel
tube and the fact that higher grade and less ductile concrete (C80) was used in the conventional

specimens against with which the present specimens are compared.
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(a) Load-axial strain curves (N-¢) (b) Ductility index

Figure 22. Load-axial strain curves and ductility indices of CFST specimens
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367 Table 7 Summary of design code expressions for predicting axial compressive resistance of CFST sections

Design code Expression Notes
A A
O.9Acfc(1+2fy—) Jy <1
f;Ac chc
N.=
GB 50936 Noos =0N ’ A A
SR 0.9A,f.(1+ SHA KA KA
JA, f A, JA
@, : buckling reduction factor
. P, Compact
s P
> Zno < P = B, —
Fe [0'658 ] P 2.25 I D R N )>  Non-compact
AISC 360-16 Ny aisc = ¢ (4 =4, )
0.877P, % >2.25 K=/, A+0.95A f ; P,=,A+0.7A f,
¢ As A, and 4 : section slenderness ratio
1
Q. =1, E
EC4 Nyge = 2| S A+(1+a ) Af, c
e Z[’? fy ( ) J ] n, and 1, - strength parameters
7 : buckling reduction factor
f n, and 7, : strength parameters
AS 5100 N, . A+| 1+ A
’ {772]6 [ "o Df. Je a, : buckling reduction factor
ACI 318 Nyac = f,A+0.85A.f, -
t
BS 5400 ps =0.95f, A+0.45A . fo.=f. +CC, 5 fy5 C, and C,: strength parameters
AIJ 2001 Noaw =1.27f,A+A.f. L,/D<4
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369 Table 8 Comparisons of axial compression resistance predictions and experimental results for CFST specimens

GB 50936 AISC 360-16 EC4 AS 5100 ACI 318 BS 5400 AlJ 2001
Specimen ID
Nu,GB,m Nu,GB,a Nu,AISC,m Nu,AISC,a Nu,EC,m Nu,EC,a Nu,AS,m Nu,AS,a Nu,ACI,m Nu,ACLa Nu,BS,m Nu,BS,a Nu,AIJ,m Nu,AIJ,a
N, u,Exp N, u,Exp N u,Exp N u,Exp N, u,Exp N uExp N u,Exp N u,Exp N, u,Exp N, u,Exp N u,Exp N u,Exp N u,Exp N u,Exp
D180T3L600 0.96 0.95 0.71 0.71 0.86 0.85 0.83 0.82 0.69 0.68 0.73 0.71 0.72 0.70
D240T3L600 0.97 0.96 0.72 0.72 0.87 0.86 0.88 0.87 0.70 0.69 0.73 0.71 0.70 0.69
D300T3L600 0.95 0.94 0.62 0.62 0.90 0.89 0.91 0.90 0.71 0.70 0.72 0.70 0.69 0.68
D180T6L600 1.12 1.09 0.84 0.82 1.04 1.01 0.99 0.97 0.84 0.82 0.99 0.96 0.95 0.92
D240T6L600 1.13 1.10 0.82 0.80 1.00 0.99 1.02 1.00 0.79 0.78 0.94 0.92 0.87 0.85
D300T6L600 1.10 1.08 0.79 0.78 1.01 0.99 1.02 1.00 0.77 0.75 0.90 0.88 0.82 0.80
D180T4L1200 0.98 0.96 0.62 0.60 0.94 0.92 0.81 0.79 0.75 0.74 0.76 0.74 0.80 0.79
D240T4L1200 0.99 0.98 0.68 0.67 0.91 0.90 0.85 0.84 0.74 0.73 0.75 0.74 0.76 0.75
D300T4L1200 0.95 0.93 0.63 0.62 0.87 0.86 0.85 0.84 0.71 0.70 0.71 0.70 0.71 0.69
Mean 1.02 1.00 0.71 0.70 0.93 0.92 0.91 0.89 0.74 0.73 0.80 0.78 0.78 0.76
CoV 0.070 0.068 0.113 0.112 0.069 0.065 0.087 0.084 0.061 0.056 0.129 0.124 0.108 0.103
370
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6. COMPARISONS AGAINST CURRENT DESIGN SPECIFICATIONS

The suitability of current structural design standards for application to the studied WAAM CFST
elements is assessed in this section. The axial compressive strengths of the tested specimens are
compared against the strength predictions yielded by seven design codes, namely GB 50936 [52], AISC
360-16 [18], EC4 [53], AS 5100 [54], ACI 318 [55], BS 5400 [56] and ALJ [57], the design formulae
of which are summarised in Table 7. The average geometric properties of the specimens, as determined
from the laser scans or ‘Archimedes’ measurements - see Table 4, were used for the conducted
calculations. Considering that the the influence of the geometric undulations associated with WAAM
inherently feature in the effective material properties of the as-built material, two different sets of
material properties were considered in the design calculations: (1) the material properties from the
machined coupons in the 90° direction, and (2) the material properties from the as-built coupons in the
90° direction. For the machined case, in the absence of results for the 3 mm and 4 mm material, the
results for the 6 mm material were used for all comparisons. For the as-built case, the mechanical
properties for the corresponding nominal material thicknesses were employed (i.e. the material
properties of the 3 mm thick coupons were applied to the 3 mm thick CFST specimens and the material
properties of the 6 mm thick coupons were applied to 6 mm thick CFST specimens), as reported in Table
6. For the 4 mm thick CFST specimens, in the absence of 4 mm thick coupon test results, the material
properties of the 3 mm thick coupons were used for the calculations.

Comparisons between the experimental results and the strength predictions determined according
to the different design codes are presented in Fig. 23 and listed in Table 8. It can be observed that use
of the material properties obtained from the machined and as-built coupons leads to similar predictions
of the axial compressive strengths of the examined specimens, reflecting the similarity in the two sets
of material properties in the current study. As expected, use of the material properties of the as-built
coupons leads to slightly more safe-sided resistance predictions since the weakening effect of the

geometric undulations is accounted for.

The comparisons demonstrate that the resistance predictions of GB 50936 are the most accurate
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with the mean and CoV values of N, /N g being 1.00 and 0.068. The predictions yielded by EC4

u,Exp

and AS 5100 remain accurate and are generally safe-sided, with the mean values of N ., /N, g, and

u,Exp

N,

u,AS,a

/ N, being 0.92 and 0.89, respectively, and the corresponding CoV values being 0.065 and

0.084, respectively. All GB 50936, EC4 and AS 5100 predictions generally lay within a +15% band,

as shown Fig. 23. Finally, the resistance predictions determined according to the design equations of

AISC 360-16, ACI318, BS5400 and AlJ were found to be overly conservative.
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Figure 23. Comparison of resistance predictions and experimental results of CFST specimens

The design of WAAM CFST members will be explored further in future research, supported by the
addition of numerical simulations. In particular, the influence of the surface undulations associated with

the WAAM process will be studied.

7. CONCLUSIONS

An experimental investigation into the structural response of concrete—filled WAAM steel tubes has
been presented in this paper. Following determination of the geometric and material properties of the
WAAM steel, together with the strength of the infill concrete, the specimens were subjected to axial
compression tests. The key obtained results, including the load-deformation curves and failure modes,
were reported, analysed and discussed. Finally, the applicability of current design specifications to the
examined members was assessed. The main findings are summarised as follows:

(1) The geometric properties of the WAAM steel components were determined by hand

measurements, measurements based on Archimedes’ principle and 3D laser scanning. Comparisons
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revealed good correlation between the Archimedes’ and 3D laser scan measurements. Overall, 3D laser
scanning is considered to be the most suitable method for the accurate determination of the geometry of
WAAM steel elements.

(2) Monotonic tensile coupon tests and concrete cube compression tests were conducted to obtain the
material properties of the WAAM steel tubes and inner concrete, respectively. Mild anisotropy was
observed for the WAAM steel, which was more pronounced for the thinner coupons.

(3) Nine concrete—filled WA AM steel tubular specimens were tested to investigate their mechanical
behaviour under axial compression. The experimental results demonstrated that: (i) the observed failure
modes are generally similar to those exhibited by CFST members comprising conventionally—produced
straight seam steel tubes, (ii) the correlation between the trend of the load—end shortening curves of the
examined specimens and their confinement factor is somewhat different to that of conventional CFST;
this is attributed to the surface undulations of the WAAM elements, and (iii) the ductility of the
examined WAAM specimens is better than that of the conventional CFST members, based on some
sample comparisons.

(4) The axial compressive strengths of the examined CFST specimens were compared against the
strength predictions yielded by current design specifications (i.e. GB 50936, AISC 360-16, EC4, AS 5100,
ACI318, BS5400 and AlJ). It was shown that, provided the weakening effect of the surface undulations is
taken into consideration, GB 50936, EC4 and AS 5100 offer accurate predictions of the compressive

strength of concrete—filled WAAM steel tubes, within a reasonable error band (i.e. =15%).
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