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 A B S T R A C T

Wire-Arc Directed Energy Deposition (DED-Arc) or Wire Arc Additive Manufacturing (WAAM) is a metal 3D 
printing method offering the ability to produce large-scale structural components with complex geometries in 
an efficient and cost-effective manner. To date, only a limited number of experimental studies on the structural 
behaviour of slender DED-Arc hollow sections have been conducted. To fill this gap, new experimental evidence 
on the behaviour of DED-Arc shell structures is thus reported. A comprehensive experimental programme 
investigating the local buckling response of DED-Arc high strength steel circular hollow sections (CHS) over a 
wide range of cross-sectional slendernesses has been conducted. In total, twelve DED-Arc CHS stub columns 
with a series of diameter-to-thickness ratios were produced using ER120S-G wire. The undulating as-built 
geometry and the initial geometric imperfections of the stub columns were captured using 3D laser scanning. 
During the stub column tests, the deformation fields were captured by means of digital image correlation. In the 
present paper, following the description of the specimen production, the experimental programme is described, 
the test results are analysed and the applicability of the current Eurocode 3 rules to the design of DED-Arc 
CHS is assessed by comparing the test results with the EN 1993-1-1 and EN 1993-1-6 design provisions. The 
test results show that the structural behaviour of DED-Arc CHS is similar to that of conventionally-produced 
(i.e. cold-formed and hot-rolled) steel CHS. Both EN 1993-1-1 and EN 1993-1-6 yield safe-sided resistance 
predictions, with the latter being more accurate since it incorporates the influences of both the fabrication 
quality and of the initial geometric imperfections.
1. Introduction

Wire-Arc Directed Energy Deposition (DED-Arc) [1] is a metal 3D 
printing method that utilises an electric arc in conjunction with robotic 
equipment to build metal components in a layer-upon-layer manner. 
DED-Arc offers a high degree of manufacturing freedom in producing 
intricate and highly customised geometries, thus opening up new op-
portunities for reduced material consumption and enhanced structural 
and environmental performance [2–5]. Owing to the high deposition 
rates (reportedly up to 9.5 kg/h [6]) it offers relative to other metal 
3D printing methods, DED-Arc is highly efficient and cost-effective 
for producing large-scale structural components, making it well-suited 
for applications in aerospace and structural engineering [7]. DED-Arc 
has been successfully deployed in many pioneering projects in the 
aerospace industry, including in the manufacture of fuselage panels and 
wing spars for aircraft [8,9], supporting structures for satellites [10] 
and structural components and engine parts for space rockets [11,
12], owing primarily to the capability it offers to produce customised 
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components in a monolithic manner without costly moulds, thereby 
enhancing manufacturing speed and flexibility [13]. Recent applica-
tions of DED-Arc have extended into structural engineering, capitalising 
on the capabilities it offers for manufacturing optimised elements and 
structures [14–16] and for the ability to repair or strengthen existing 
structures [15,17–21]. Furthermore, recent studies have explored the 
concept of exploiting the undulating surface geometry that results 
from the DED-Arc process to enhance the structural performance of 
steel–concrete composite circular sections [22–24].

A growing number of studies have investigated the structural be-
haviour of DED-Arc cross-sections (e.g. angles [25,26], C-sections [27], 
I-sections [28] and square hollow sections [29–31]). The local buckling 
modes observed in DED-Arc plated structures have generally been 
found to resemble the classic local buckling modes of thin-walled 
cross-sections [26–28,30], but with some interference from the initial 
geometric imperfections and the surface undulations inherent to the 
DED-Arc process [25,29,32]. Furthermore, the load-carrying capacities 
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of the majority of the tested DED-Arc specimens reported in the liter-
ature followed the trend of the test data on conventionally-produced 
cross-sections [28–30], though some specimens with pronounced local 
imperfections exhibited inferior structural performance [25,30].

While exploitation of the geometric flexibility of DED-Arc to manu-
facture structurally-optimised elements is key to its viability in practice, 
it is also important to understand and benchmark the performance of 
regular cross-sections, which themselves may form part of optimised 
structures. Tubular elements are a mainstay of structural engineering, 
with cross-sections typically having square, rectangular, circular, ellip-
tical or some other novel profiles [33–38]. In the case of circular hollow 
sections (CHS), particularly those of slender proportions, the local buck-
ling behaviour is sensitive to initial geometric imperfections [39,40]. 
To date, limited attention has been given to exploring the structural 
behaviour of DED-Arc CHS (e.g. [41,42]), especially slender profiles, 
despite a wide range of potential applications, such as space rockets, 
aircraft and structural elements. Consequently, there is a dearth of 
relevant experimental data. Thus, in the present study, benchmark 
testing on DED-Arc CHS is conducted to assess both their buckling 
response and the associated design resistance predictions, relative to 
conventionally-produced CHS. The experimental programme comprised 
characterisation of the material microstructure, tensile coupon tests for 
the determination of the mechanical properties, initial geometric im-
perfection measurements using 3D laser scanning and stub column tests 
to examine the local buckling behaviour and compressive resistance of 
DED-Arc high strength steel CHS covering a wide range of diameter-
to-thickness ratios. Digital image correlation (DIC) was used during 
testing to monitor the surface deformations of the coupons and stub 
column specimens. The test results were analysed and were compared 
(alongside existing test data) with the design resistance predictions 
obtained using EN 1993-1-1 [43] and EN 1993-1-6 [44].

2. Specimen production and preparation

Twelve CHS and two flat-sided ovals were manufactured at the 
DED-Arc facility of the Steel Structures Laboratory of the University 
of Cyprus, using an ABB 6-axis robotic arm in conjunction with an 
Oerlikon Citowave II 520 welding power source, shown in Fig.  1. The 
manufacturing process and the calibration of the process parameters 
followed the guidelines by Hadjipantelis [45]. Grade ER120S-G high 
strength welding wire with a 0.8 mm diameter was adopted as the 
feedstock material; its chemical composition and nominal mechanical 
properties are listed in Tables  1 and 2, respectively. The CHS specimens 
and flat-sided ovals were produced with a nominal thickness of 2.2 mm 
using the process parameters listed in Table  3. All the specimens were 
printed using a single pass deposition strategy, with randomised start 
points and alternating deposition directions between layers. The CHS 
specimens were printed in three batches, with the total deposition 
length per layer in each batch designed to be similar to that of the 
two flat-sided ovals, ensuring comparable cooling times across all 
specimens. During printing, the welding current and voltage at each 
coordinate of the geometry were logged at a 5 kHz frequency using 
a smart sensor network. The logged values were used to calculate the 
actual heat input of the printing process [45]; this was performed by 
determining the average instantaneous power [46–48] based on the 
entire dataset, multiplying it by the thermal efficiency factor (taken 
as 0.8 herein [49]) and dividing it by the travel speed. As shown in 
Fig.  2, where the variation of the average actual heat input across 
each printed layer of a typical specimen is presented, the heat input 
was fairly consistent along the entire height of the specimens, thus 
indicating a consistent printing process [45].

The DED-Arc CHS specimens were labelled starting with the cross-
section shape (‘C’ for CHS), followed by the test type (‘S’ for stub 
column test) and the nominal outer diameter (in mm). For instance, 
‘CS400’ represents the CHS stub column with a nominal outer di-
ameter of 400 mm. The specimen IDs of the examined CHS stub 
2 
Table 1
Chemical composition (in % by weight) of the ER120S-G wire, as reported in 
the wire certificate.

C Si Mn P S Cr Ni Mo Nb Cu V

0.01 0.11 0.84 1.79 0.005 0.012 0.36 2.24 0.57 < 0.01 0.01

Ti Al B Co As Sn Sb Pb Zr Fe

0.091 0.005 0.001 0.001 0.002 0.005 < 0.001 0.002 0.002 Balance

column specimens are CS20, CS30, CS40, CS55, CS80, CS110, CS150, 
CS200, CS250, CS300, CS350 and CS400. The DED-Arc process was 
programmed, controlled and monitored using the DED-Arc-dedicated 
software MetalXL [50]. Four flat plates were extracted from the flat-
sided ovals using a bandsaw. Twenty-six tensile coupon specimens 
were then machined from the flat plates using water jet cutting, with 
three different coupon orientations, namely 𝜃 = 0◦, 45◦ and 90◦, as 
shown in Fig.  3. The different coupon orientations enabled possible 
anisotropy within the DED-Arc material to be assessed; the nominal 
dimensions of the tensile coupons were in accordance with EN ISO 
6892-1:2019 [51], as shown in Fig.  3. The coupon specimens were 
sandblasted with garnet abrasive to clean the surfaces. To evaluate 
the influence of the geometric undulations of the as-built geometry 
on the mechanical properties, ten coupon specimens were machined 
to a uniform thickness, as demonstrated in Fig.  4(a); a typical as-built 
surface finish of the DED-Arc CHS stub column specimens is shown in 
Fig.  4(b).

The steps followed for the preparation of the DED-Arc CHS stub 
columns are shown in Fig.  5. The CHS specimens were first cut to 
length using a bandsaw, then faced on a lathe to achieve flat and 
square ends, and finally sandblasted with 0.3 mm garnet abrasive to 
remove rust and welding soot from the manufacturing. The stub column 
lengths L were determined as a multiple k of the half-wavelength of the 
axisymmetric elastic buckling mode 𝜆axi of a thin cylindrical shell under 
axial compression [39], as given by Eq. (1): 

𝐿 = 𝑘𝜆axi =
𝑘π

√

𝑟𝑡
[

12
(

1 − 𝜈2
)]1/4 , (1)

where r is the radius of the middle surface of the cylindrical shells, t is 
the shell thickness, and 𝜈 is the Poisson’s ratio. A sensitivity study on 
specimen lengths was carried out using finite element analysis, adopt-
ing the same approach as employed by Zhang et al. [52]. Following 
the geometrically and materially nonlinear analysis with imperfections 
(GMNIA) conducted on all the cross-section profiles, specimen lengths 
equal to eight half-wavelengths (i.e. 𝑘 = 8) were deemed suitable, at 
which lengths the ultimate capacities obtained from GMNIA converged. 
The specimen lengths were thus sufficiently long to avoid restraining 
effects from the fixed boundary conditions and to preserve typical 
local geometric imperfections (see Section 3.4), while remaining short 
enough to prevent global buckling. It should be noted that the value 
of k can vary for different cross-sectional profiles and materials; thus, 
the aforementioned procedure would need to be repeated in other 
cases to determine the suitable column length. The prepared DED-
Arc CHS specimens are shown in Fig.  6 with increasing cross-sectional 
slenderness from left to right and front to back.

3. Geometric analysis

As described in the present section, 3D laser scanning was employed 
to capture the geometries of both the tensile coupons and the CHS 
specimens. Geometric analysis was then performed to determine their 
geometric properties and characterise the surface undulations of the 
DED-Arc surfaces. Archimedes’ principle was employed to determine 
the density of the examined DED-Arc material and to verify the accu-
racy of the scan data. The geometric properties of the machined tensile 
coupons (i.e. the width and thickness within the parallel length) were 
measured using a digital calliper.
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Fig. 1. (a) DED-Arc setup used for specimen production; (b) printing of the DED-Arc CHS specimens.
Table 2
Nominal mechanical properties (all weld metal) of the ER120S-G wire, as reported in the wire certificate.
 Condition 0.2% proof strength Ultimate strength Fracture strain Impact energy
 (MPa) (MPa) (%) (–)

 As-welded 890 950 15 70 J at −40 ℃; 50 J at −60 ℃
Fig. 2. Measured heat input at each layer along the specimen height of a 
typical DED-Arc CHS stub column specimen.

Table 3
Process parameters adopted for manufacturing of the oval and CHS specimens.
 Process parameter Details  
 Feedstock wire ER120S-G  
 Wire diameter (mm) 0.8  
 Wire feed speed (m/min) 2.0  
 Travel speed (mm/s) 7.5  
 Nominal deposition rate (kg/h) 0.47  
 Contact tip-to-work distance (mm) 11.0  
 Nominal current (A) 35.0  
 Nominal voltage (V) 14.0  
 Nominal heat inputa (J/mm) 52.3  
 Actual heat input (J/mm) 53.4  
 Maximum interpass temperature (℃) 250  
 Shielding gas composition 82%Ar–18%CO2  
 Gas flow rate (L/min) 16  
 Welding mode Short circuiting transfer 
 Cooling method Passive cooling  
 Nominal thickness (mm) 2.2  
 Average thickness (mm) 2.13  
 Average layer height (mm) 1.024  
a Assumes thermal efficiency factor of 0.8 for Metal Inert Gas welding [49].
3 
3.1. Density measurements

Samples for density measurements were cut from different locations 
on the plates. By employing Archimedes’ principle, the measurements 
were carried out with the setup and procedure shown in Fig.  7. First, 
the mass of the density sample was measured using a digital scale. 
Then, hung by a string, the density sample was placed in a measuring 
cylinder filled with water and placed on the scale. The change in 
the scale reading after the sample was submerged in the water 𝛥m
was considered to be the mass corresponding to the buoyancy force 
(which is equal to the weight of the water of the same volume as the 
submerged object) exerted on the sample. The volume of the submerged 
sample 𝑉specimen was thus obtained by dividing the mass change 𝛥m by 
the water density 𝜌water. The average density of the examined DED-
Arc material was 7.822 g∕cm3, which is similar to the DED-Arc high 
strength steel densities reported by Huang et al. [53] and Weber et al. 
[54], and is marginally lower than the standard value of 7.85 g∕cm3

for carbon steels [55].

3.2. 3D laser scanning

A FARO ScanArm integrated with a line laser probe capable of 
scanning with an accuracy of 0.1 mm at a point acquisition rate of 
500,000 points per second [56] was used for the 3D laser scanning 
procedure, with the setup shown in Fig.  8. A magnetic base was used 
to fix the DED-Arc specimens in position to prevent movement during 
scanning. The obtained point clouds were gridded with a spacing of 
0.1 mm leading to at least 10 points across each printed layer and 
thus an accurate representation of the surface undulations. The vol-
umes measured from the scanned data were compared to the volumes 
calculated by dividing the mass of the specimens by the measured 
density 𝜌specimen, as detailed in Section 3.1. The resulting discrepancies 
were found to be less than 1%, indicating high accuracy in the laser 
scan data. The point clouds were initially processed in the software 
Geomagic Wrap [57], then exported as polygon meshes in a .STL file 
format, and imported into the software Rhino [58] and MATLAB [59] 
for geometric analysis.

3.3. DED-Arc as-built coupons

The full geometries of the as-built tensile coupons were analysed 
as shown in Fig.  9. To position the coupon centroid at the origin of 
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Fig. 3. Orientation of the tensile coupon specimens relative to the deposition direction.
Fig. 4. (a) Typical as-built and machined tensile coupons; (b) typical surface finish of the DED-Arc CHS stub columns.
Fig. 5. Preparation of DED-Arc CHS stub column test specimens: (a) bandsaw cutting; (b) end flattening using a lathe; (c) sandblasting with garnet abrasive.
the global coordinate system and to align the longitudinal axis of the 
parallel length of the coupon with the global x axis, the scan data 
were orientated in Rhino [58] using principal component analysis [60]. 
A series of contours were created along the parallel length of the 
coupons with a spacing dx, based on which the cross-sectional area 
𝐴i and the eccentricities of the cross-sectional centroid relative to 
the overall coupon centroid along the global y and z axes (|𝑒y,i| and 
|𝑒z,i|, respectively) were obtained. Subsequently, contours were created 
across the coupon width with a spacing dy to obtain the grid points 
from which the local thickness 𝑡ij was measured, as illustrated in
Fig.  9.

A sensitivity study was conducted for six as-built coupons with three 
different coupon orientations to determine the values of dx and dy
4 
that would capture the features of the as-built surfaces at a reasonable 
computational cost. For simplicity, the same contour spacing s was 
applied along both the x and y axes (i.e. s = dx = dy); the spacing 
values of 0.05 mm, 0.1 mm, 0.5 mm, 1.0 mm and 2.0 mm were 
investigated. The results of the sensitivity study are summarised in Fig. 
10, showing the average and minimum cross-sectional area (denoted by
A and 𝐴min, respectively), average and minimum thickness (denoted 
by t and 𝑡min, respectively), and average and maximum eccentricity 
(denoted by |𝑒z| and |𝑒z|max, respectively), normalised by their corre-
sponding values when s = 0.05 mm. All geometric measurements had 
essentially converged at s = 0.1 mm; this spacing was therefore selected 
for the geometric analysis of all specimens.
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Fig. 6. DED-Arc CHS specimens for stub column testing.
Fig. 7. Setup and procedure for density measurements based on Archimedes’ 
principle.

Fig. 8. 3D laser scanning of typical DED-Arc CHS stub column.

The geometric properties of the as-built coupons, including the stan-
dard deviation of the cross-sectional area 𝐴sd, the standard deviation 
of the thickness 𝑡sd and the standard deviation of the eccentricity along 
the z axis |𝑒z|sd are reported in Table  4. Histograms of the measured 
local thicknesses 𝑡ij and cross-sectional areas 𝐴i (normalised by t and A, 
respectively) of three typical as-built coupons of different orientations, 
are shown in Fig.  11. Fig.  11(a) shows consistent thickness distribution 
patterns across coupons with varying orientations. The variation of the 
cross-sectional area was found to increase with the coupon orientation 
angle, as indicated by the higher 𝐴sd values and the spread of 𝐴i, 
as shown in Fig.  11(b). This is because the higher the angle 𝜃, the 
greater the number of contours that were made across crest and trough 
5 
Table 4
Geometric properties of the as-built coupons.
 Coupon ID A 𝐴min

𝐴
𝐴sd
𝐴

t 𝑡sd
𝑡

|𝑒y|
𝑡

|𝑒z|
𝑡

|𝑒z|max
𝑡

|𝑒z|sd
𝑡 (mm2) (mm)

 AB-0-1 26.8 0.98 0.010 2.12 0.038 0.119 0.008 0.030 0.008
 AB-0-2 26.3 0.96 0.018 2.14 0.051 0.067 0.072 0.083 0.005
 AB-0-3 25.9 0.97 0.013 2.11 0.046 0.023 0.006 0.015 0.003
 AB-0-4 26.7 0.97 0.013 2.15 0.050 0.057 0.038 0.059 0.009
 AB-0-5 26.2 0.97 0.012 2.13 0.032 0.047 0.027 0.046 0.007
 AB-0-6 25.7 0.97 0.011 2.09 0.036 0.036 0.005 0.013 0.003

 AB-45-1 26.7 0.95 0.021 2.16 0.044 0.029 0.191 0.374 0.122
 AB-45-2 25.9 0.96 0.020 2.12 0.038 0.039 0.337 0.471 0.123
 AB-45-3 26.8 0.97 0.017 2.16 0.038 0.019 0.139 0.244 0.068
 AB-45-4 26.0 0.97 0.012 2.13 0.035 0.020 0.225 0.398 0.128

 AB-90-1 27.1 0.92 0.025 2.15 0.038 0.064 0.308 0.523 0.159
 AB-90-2 27.6 0.94 0.028 2.14 0.049 0.041 0.277 0.617 0.184
 AB-90-3 26.8 0.94 0.021 2.15 0.033 0.093 0.646 0.841 0.113
 AB-90-4 27.8 0.93 0.028 2.13 0.045 0.028 0.067 0.124 0.028
 AB-90-5 26.2 0.91 0.030 2.11 0.059 0.034 0.479 0.824 0.221
 AB-90-6 26.4 0.93 0.030 2.11 0.048 0.038 0.326 0.576 0.131

regions, thus leading to higher cross-sectional area variation. Owing 
to the surface undulations along the build direction, |𝑒z| was found to 
be greater than |𝑒y| for coupons with 𝜃 = 45◦ and 𝜃 = 90◦, while for 
coupons with 𝜃 = 0◦, |𝑒z| and |𝑒y| were similar. Similar findings have 
been reported by Weber et al. [54] and Chen et al. [61].

3.4. DED-Arc CHS stub columns

For the DED-Arc CHS column specimens with an outer diameter 
larger than 55 mm (i.e. CS80–CS400), both the outer and the inner 
surfaces were fully captured by the 3D laser scanner. For specimens 
CS20–CS55, while the outer surfaces were fully captured, the inner 
surfaces could only be captured near the specimen ends. A similar 
contouring approach to that followed for the as-built coupons was 
also used for the CHS stub columns, as outlined in Fig.  12. A linear 
reference line was established by connecting the centroids of the two 
outer contours at the ends of the specimen; the perpendicular distance 
of the centroids of other outer contours to this reference line was 
defined as the eccentricity 𝑒i, as shown in Fig.  12(a). Furthermore, a 
centreline was created based on each pair of outer and inner contours 
along the specimen. Subsequently, the outer contours, inner contours 
and centrelines were gridded radially at 1◦ intervals around the circum-
ference to obtain grid points for the determination of the local outer 
diameter 𝐷ij and local wall thickness 𝑡ij, as illustrated in Fig.  12(a). 
The initial geometric imperfections were determined with the method 
illustrated in Fig.  12(b); a straight line was fitted through each set of the 
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Fig. 9. Geometric analysis of typical tensile coupon in Rhino [58].

Fig. 10. Results of sensitivity study on contour spacing.

Fig. 11. Histograms of normalised key geometric parameters for typical as-built coupons (i.e. AB-0-1, AB-45-1 and AB-90-1): (a) normalised thickness and (b) 
normalised cross-sectional area.
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Fig. 12. Geometric analysis of typical DED-Arc CHS stub column: (a) geometric measurements; (b) determination of longitudinal imperfection amplitude.
longitudinal grid points made on the centrelines, and the perpendicular 
distance of the grid points relative to the fitted line was determined 
and taken as the longitudinal imperfections 𝜔i. Note that for specimens 
CS20–CS55, 𝐴i and 𝑡ij were determined only in the regions where 
the inner scans were available, while their longitudinal imperfections 
were determined only based on the outer surfaces with the undulations 
having been smoothed using the same method as employed in [30]. 
Having conducted a sensitivity study, the size of the smoothening 
window was determined to be 8 × 8 mm (i.e. approximately equal to 
the height of eight layers) for specimens CS20–CS55. The CHS specimen 
length L was obtained by averaging the measurements taken at 30◦
increments radially around the perimeter of the specimens using a 
digital height gauge. The average cross-sectional areas 𝐴density were 
also derived using the mass of the specimen M measured with a digital 
scale, the average density of the examined DED-Arc material 𝜌specimen
and the specimen length L, as given by Eq. (2): 

𝐴density =
𝑀

𝜌specimen𝐿
. (2)

The key geometric properties of the CHS specimens, including the 
average outer diameter D, the maximum and minimum outer diameters 
(denoted by 𝐷max and 𝐷min), the average thickness t, the average and 
maximum eccentricities from the reference line (denoted by 𝑒 and 𝑒max) 
and the average cross-sectional areas derived from the scan data A, are 
reported in Table  5. The differences between the cross-sectional areas 
derived from the scan data A and the density 𝐴density of the specimens 
with the complete inner scans were on average less than 1%; therefore, 
𝐴density was adopted herein. For three typical CHS specimens, the 
normalised deviations between the diameter and area measurements 
at each contour (i.e. 𝐷i and 𝐴i) and the average values (i.e. D and
A), defined as 𝛥𝐷i∕𝐷 and 𝛥𝐴i∕𝐴, respectively, are plotted against the 
normalised position along the columns in Fig.  13. End flaring can be 
observed from the results shown in Fig.  13(a), which is attributed 
to the release of bending residual stresses, as similarly observed in 
additively manufactured and conventional cold-formed circular hollow 
sections [62,63]. The histograms of the diameter, thickness and area 
measurements in Fig.  14 reveal that the geometric properties of the 
DED-Arc CHS specimens generally follow a normal distribution.
7 
Fig. 13. Distributions of (a) normalised deviation of diameter 𝛥𝐷i∕D and (b) 
normalised deviation of cross-sectional area 𝛥𝐴i∕A along typical stub column 
specimens.

The measured initial geometric imperfections include longitudinal 
imperfections and out-of-roundness, in line with EN 1993-1-6 [44]. 
The method utilised for analysing the longitudinal imperfections has 
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Table 5
Geometric properties of the CHS stub column specimens.
 Specimen ID D 𝐷max 𝐷min t e 𝑒max L A 𝐴density 𝐴

𝐴density (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm2) (mm2)

 CS20 19.16 20.89 18.52 2.17 0.09 0.20 64.93 115.0 118.2 0.973
 CS30 29.23 30.09 28.66 2.19 0.07 0.15 81.31 185.4 185.1 1.001
 CS40 39.20 39.95 38.67 2.21 0.05 0.11 94.77 256.0 251.6 1.017
 CS55 54.14 55.16 53.51 2.15 0.05 0.11 112.17 351.2 349.6 1.005
 CS80 79.04 79.88 78.37 2.15 0.09 0.16 137.02 518.8 515.5 1.006
 CS110 108.86 110.19 108.11 2.12 0.08 0.17 160.20 710.1 713.6 0.995
 CS150 148.51 149.74 147.64 2.12 0.05 0.10 187.88 972.9 978.1 0.995
 CS200 198.24 199.81 197.53 2.12 0.11 0.34 201.54 1303.7 1299.7 1.003
 CS250 247.95 250.43 247.26 2.09 0.14 0.32 250.38 1615.1 1630.3 0.991
 CS300 297.44 299.58 296.67 2.09 0.16 0.38 275.67 1942.6 1961.3 0.990
 CS350 347.32 349.94 346.48 2.12 0.17 0.40 291.17 2300.8 2301.8 1.000
 CS400 396.79 399.22 395.48 2.13 0.12 0.46 313.11 2635.0 2641.7 0.997
been described above. Fig.  15 shows the distribution of the longitudi-
nal imperfections in specimen CS300, where the outward and inward 
deviations are assigned positive and negative values, respectively. The 
longitudinal imperfection amplitudes measured over the full length of 
the specimens and the length between the ring stiffeners (see Sec-
tion 5) are denoted by 𝜔l,full and 𝜔l, respectively. A histogram of the 
maximum local imperfection amplitude (between the ring stiffeners) 
around the circumference of a typical column specimen (CS400) is 
plotted in Fig.  16 alongside the corresponding empirical cumulative 
distribution function (CDF) curve. For each column specimen, appro-
priate percentile imperfection amplitudes were taken as 𝜔l,full and
𝜔l (rather than adopting the maximum amplitudes), to eliminate the 
influence of significant weld beads and data noise, which are inter-
preted as statistical outliers relative to the main distribution, as shown 
in Fig.  16. The values of 𝜔l and 𝜔l,full of all specimens are shown 
in Table  6; the 𝜔l values were deemed to be more appropriate to 
represent the local imperfection amplitudes since they exclude the 
influence of the flared ends that are restrained by the ring stiffeners. 
Typically, the local geometric imperfection patterns observed in the 
DED-Arc CHS specimens can be characterised by a series of short waves 
along the build direction, with a few distinct waves (shifted layers 
or higher amplitudes) resulting from technical inconsistency during 
the printing process. These patterns are different from the sinusoidal 
local imperfection patterns with somewhat longer wavelengths that are 
commonly seen in conventionally-produced (i.e. cold-formed [62,64] 
and hot-rolled [64]) steel CHS.

The out-of-roundness at each contour of the outer surface, denoted 
as 𝑂i, was calculated using Eq. (3): 

𝑂i =
𝐷i,max −𝐷i,min

𝐷i
, (3)

where 𝐷i,max, 𝐷i,min and 𝐷i are the maximum, minimum and aver-
age diameters of the contours, respectively. The maximum measured 
out-of-roundness values Omax of all specimens are listed in Table  6. 
The fabrication quality of the specimens was evaluated in accordance 
with EN 1993-1-6 by categorising the local imperfection amplitude 𝜔l
and the maximum out-of-roundness 𝑂max in Classes A–D. To deter-
mine the boundary values of the imperfections between the fabrication 
classes [44], the shell local imperfection amplitude 𝛿0 was determined 
using Eq. (4): 

𝛿0 = 1
𝑄𝜔

√

𝑟𝑡, (4)

where 𝑄𝜔 represents the fabrication quality parameter, i.e. 40, 25 and 
16 for Classes A, B and C, respectively [44]. For circular shells with an 
outer diameter of 0.5 m or less, the recommended tolerances of out-of-
roundness O are 0.014, 0.020 and 0.030 for fabrication Classes A, B and 
C, respectively [44]. Those specimens whose local imperfection ampli-
tude or out-of-roundness exceed the Class C tolerances are deemed to 
be Class D. The fabrication qualities derived from the local imperfec-
tion amplitude and the maximum out-of-roundness (denoted by 𝑄
𝜔l
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Table 6
Measured geometric imperfection amplitudes, out-of-roundness and fabrication 
quality classes of DED-Arc CHS test specimens.
 Specimen ID 𝜔l 𝜔l,full 𝑂max 𝑄𝜔l 𝑄𝑂max (mm) (mm) (–) (–) (–)

 CS20 0.202 0.202 0.100 C D
 CS30 0.135 0.135 0.041 A D
 CS40 0.142 0.142 0.028 A C
 CS55 0.145 0.145 0.023 A C
 CS80 0.293 0.345 0.015 B B
 CS110 0.297 0.351 0.016 B B
 CS150 0.300 0.374 0.010 A A
 CS200 0.377 0.506 0.010 B A
 CS250 0.432 0.543 0.011 B A
 CS300 0.444 0.560 0.009 B A
 CS350 0.581 0.667 0.009 B A
 CS400 0.469 0.772 0.007 A A

and 𝑄𝑂max , respectively) for each test specimen are listed in Table  6. 
Overall, the specimens with larger cross-sections exhibited a higher 
fabrication quality regarding the degree of out-of-roundness but lower 
fabrication quality regarding the local imperfection amplitude. This is 
because slender specimens are more susceptible to thermally-induced 
deformations during cooling owing to their lower stiffness; thus, the 
residual stresses lead to larger layer misalignment and, consequently, 
larger local imperfection amplitudes. 

4. Material tests

Microstructural and tensile coupon tests were performed to in-
vestigate the material behaviour of the DED-Arc high strength steel. 
The microstructural characterisation was conducted using a scanning 
electron microscope (SEM) and electron backscatter diffraction (EBSD) 
in the Centre for Infrastructure Materials, while the tensile coupon tests 
were conducted in the Structures Laboratory, both in the Department 
of Civil and Environmental Engineering at Imperial College London.

4.1. Microstructural characterisation

Three small metallographic samples for microstructural examina-
tion were extracted from the central region of the DED-Arc plates 
and were prepared in accordance with ASTM E3-11 [65]. The SD and 
TD axes of the metallographic samples were aligned in parallel and 
transversely to the print layers, respectively, while the BD axis was 
aligned with the build direction, as shown in Fig.  17. The samples 
were mounted in Bakelite with the front, side and cross-section faces 
(i.e. the SD-BD, TD-BD and SD-TD planes) exposed, before being ground 
using silicon carbide abrasive papers ranging from 500, 800, 1200 
to 2000 grit, followed by a polishing sequence utilising 6, 3 and 
1 μm diamond suspensions and finally a mixture of OP-S colloidal 
silica solution to achieve a mirror finish. The polished surfaces were 
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Fig. 14. Histograms of normalised key geometric parameters for typical stub 
column specimens: (a) normalised diameter 𝐷i/D, (b) normalised thickness 𝑡ij/t
and (c) normalised cross-sectional area 𝐴i/A.

meticulously cleaned with acetone to remove any contaminants and 
residual reagents. Subsequently, the prepared samples were inspected 
under an optical microscope to ensure that no visible contamination or 
scratches were present prior to the SEM and EBSD examinations.
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The EBSD measurements were conducted to reveal the crystallo-
graphic texture and the grain morphology of the material using a Zeiss 
Sigma-500 SEM with an Oxford Instruments Symmetry EBSD detector 
operating at a 20 kV electron beam acceleration voltage. The samples 
were pre-tilted at 70◦ relative to the horizontal and were scanned at 
a magnification of 1000× over an area of 115 × 87 μm2 to capture a 
sufficient number of grains, while preserving the sub-structure details 
of the examined material. The EBSD patterns were acquired with a min-
imum 90% indexing using the acquisition software Oxford Instruments 
AZtec [66] and reconstructed through grain dilation and segmentation 
using the MATLAB toolbox MTEX 5.6.0 [67].

The scans captured approximately 3000 grains. Typical EBSD results 
of the front (SD-BD) and cross-section (SD-TD) faces are shown in 
Fig.  18, including the inverse pole figures (IPFs) of the SD-BD face 
and the SD-TD face, coloured relative to the build direction and the 
deposition direction, respectively, and {100}, {110} and {111} pole 
figures of the SD-BD face. The colour scheme in the IPF map represents 
the orientation of the grains. In the pole figures, the crystallographic 
orientations of all the grains in the sample coordinate system are 
summarised. The results demonstrate that the examined DED-Arc high 
strength steel exhibited an overall weak texture with no preferred 
crystallographic orientation, indicating nearly isotropic elastic material 
behaviour is to be expected.

The distributions of the grain size, defined as the diameter of an 
equivalent circle with the same area, are shown in Fig.  19(a), where 
it is observed that a large fraction of grains ranged from 1 to 6 μm, 
with an average size of 1.64 μm and 1.67 μm in the front and cross-
section samples, respectively. The grain aspect ratio, defined as the 
ratio of the major and minor axis lengths of an equivalent ellipse fitted 
to each grain [68] was also measured; its distribution is shown in 
Fig.  19(b). Unlike the equiaxed shape observed in DED-Arc normal 
strength steels [69,70], the DED-Arc ER120S-G steel exhibited slightly 
elongated grain shapes with an average grain aspect ratio larger than 
2.4. Similar microstructural characteristics to the aforementioned have 
been reported by Weber et al. [54], Chen et al. [61] and Huang et al. 
[71].

4.2. Tensile coupon tests

Tensile coupon tests were performed at room temperature in ac-
cordance with EN ISO 6892-1:2019 [51]. The test setup is shown in 
Fig.  20. An Instron 8802 250 kN hydraulic testing machine equipped 
with hydraulic grips was used. Before testing, a series of overlapping 
standard gauge lengths equal to 50 mm [51] was marked on the side 
faces of each coupon using a metal scribe to measure the standard 
fracture strain. The parallel length of the coupon faces was painted matt 
black and then spray-painted with a random white speckle pattern. To 
monitor the displacement fields during testing, a four-camera stereo-
scopic LaVision digital image correlation (DIC) system [72] was used, 
featuring two cameras and an integrated LED illumination source on 
each side.

The tests were conducted under displacement control at a strain rate 
of 0.007% s−1 up to the upper yield strength, and at 0.025% s−1 from 
yielding to failure, with a gradual transition through three intermediate 
steps [51]. The applied load was measured by a load cell built into 
the testing machine and transmitted to the DIC system, and recorded 
synchronously with the DIC images at a frequency of 1 Hz using the 
software DaVis 10 [73]. After the tests, the DIC images were processed 
in DaVis 10 [73] to analyse the strain fields along the full parallel 
length of both faces of the coupons. The stress–strain curves were taken 
as the average of the two sides of the coupons; the stress was calculated 
as the applied load divided by the average original cross-sectional area, 
while the average axial strain was computed over the entire parallel 
length. A similar test setup and procedure was successfully employed 
in [74,75].
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Fig. 15. Typical measured longitudinal imperfection distribution (specimen CS300).
Fig. 16. Typical histogram and CDFs of longitudinal imperfections (specimen 
CS400).

Fig. 17. Schematic illustration of the metallographic samples and their extrac-
tion locations.

The stress–strain curves obtained from the machined and as-built 

coupon tests are presented in Fig.  21. The obtained mechanical proper-
ties included the Young’s modulus E, the Poisson’s ratio 𝜈, the yield 
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Table 7
Average material properties of the machined coupons.
 𝜃 E 𝜈 𝑓y 𝑓u 𝜀y 𝜀u 𝜀f 𝑓u

𝑓y

𝜀u
𝜀y (◦) (MPa) (–) (MPa) (MPa) (%) (%) (%)

 0 203300 0.286 954.9 1012.6 0.67 5.65 10.03 1.06 8.43
 45 207200 0.279 944.0 1023.3 0.66 4.09 7.16 1.08 6.23
 90 206100 0.280 948.7 1044.2 0.66 7.13 12.35 1.10 10.79

strength 𝑓y (taken as the 0.2% proof strength), the ultimate tensile 
strength 𝑓u, the strain at the 0.2% proof strength 𝜀y, the strain at the 
ultimate tensile strength 𝜀u and the fracture strain measured over the 
marked standard gauge length 𝜀f [51]. A moving average filter of 10 
points was applied to reduce the noise in the raw DIC data. The Young’s 
modulus E was determined using least squares regression along the 
linear portion of the stress–strain curve, between approximately 10% 
and 40% of the yield strength 𝑓y. Similarly, the Poisson’s ratio 𝜈 was 
determined as the ratio of the mean transverse to the mean axial strains 
within the same elastic range. Note that the stress–strain curves and 
corresponding mechanical properties of the as-built coupons should be 
considered as ‘effective’ properties (as denoted by a subscript ‘eff’ in 
the notation) owing to the influence of the surface undulations.

The average underlying (i.e. machined) and effective (i.e. as-built) 
mechanical properties are reported in Tables  7 and 8, respectively; the 
results for the individual specimens are given in Tables  9 and 10. In 
general, both the machined and the as-built coupons featured rounded 
stress–strain responses without a distinct yield point, as predicted by 
the criteria for the form of stress–strain curves set out in [76]. The 
Young’s moduli and Poisson’s ratios of the machined coupons, varying 
200 GPa–208 GPa and 0.276–0.302, respectively, are similar to the 
typical values of conventionally-produced carbon steels [43]. The as-
built coupons exhibited comparable Poisson’s ratios to the machined 
coupons, ranging from 0.260 to 0.316, but slightly lower Young’s mod-
uli, ranging from 196 GPa to 207 GPa, owing to the slight weakening 
effect induced by the surface undulations. The obtained Young’s moduli 
are similar to those reported by Chen et al. [61] and Huang et al. [71].

All machined specimens met the strength-based ductility require-
ment for hot-rolled high strength steel outlined in
EN 1993-1-12:2007 [77], i.e. 𝑓u∕𝑓y ≥ 1.05. Most of the as-built coupons 
also satisfied this requirement, with the exception of two 0◦ coupons, 
namely AB-0-2 and AB-0-3. In comparison with the nominal as-welded 
strength provided in the wire certificate (see Table  2), the material 
properties from both the machined and the as-built coupons generally 
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Fig. 18. (a) Inverse pole figures of the DED-Arc high strength steel samples in the (a) SD-BD (coloured relative to the build direction) and (b) SD-TD (coloured 
relative to the deposition direction) planes; (c) pole figures of the sample in the SD-BD plane.
Fig. 19. (a) Grain size distribution and (b) grain aspect ratio distribution of examined DED-Arc high strength steel samples.
Table 8
Average effective material properties of the as-built coupons.
 𝜃 𝐸eff 𝜈eff 𝑓y,eff 𝑓u,eff 𝜀y,eff 𝜀u,eff 𝜀f,eff 𝑓u,eff

𝑓y,eff

𝜀u,eff
𝜀y,eff (◦) (MPa) (–) (MPa) (MPa) (%) (%) (%)

 0 200100 0.291 938.2 984.6 0.67 5.52 9.64 1.05 8.26
 45 201400 0.278 902.8 985.4 0.65 4.81 9.26 1.09 7.42
 90 200200 0.284 870.1 974.1 0.63 4.64 6.63 1.12 7.32

satisfy the minimum guaranteed yield strength and the ultimate tensile 
strength, except for the 90◦ as-built coupons which exhibited a slightly 
lower yield strength than the guaranteed value. Regarding ductility, all 
coupons failed to reach the fracture strain specified in the wire certifi-
cate. However, the machined coupons generally met the requirement of
11 
𝜀f ≥ 10% specified in EN 1993-1-12:2007 [77], except for coupons M-
0-4, M-0-5, M-45-1, and M-45-2. Notably, coupon M-45-1 experienced 
premature failure, owing to porosity, as indicated in Fig.  21(a). Most 
as-built coupons failed to meet the ductility requirement, particularly at 
higher 𝜃 angles, with all 90◦ as-built coupons exhibiting fracture strains 
below 10% [77]. Although this had negligible influence on the local 
buckling response of the tested stub columns, special attention should 
be given to other loading scenarios, such as flexure [62], combined 
compression and bending [28] and cyclic loading [78], where tensile 
strains may lead to premature fracture.

Figs.  22 and 23 show typical fractured machined and as-built 
coupons, accompanied by their corresponding surface axial strain fields 
at fracture as captured by the DIC process. The machined coupons 
exhibited fairly consistent strain patterns at fracture. The 45◦ and 90◦
as-built coupons exhibited noticeable axial strain localisations parallel 
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Fig. 20. Tensile coupon test setup: (a) overview; (b) close-up view.
Fig. 21. Stress–strain curves of the machined and as-built coupons.
to the deposition direction. In regions with smaller cross-sectional areas 
(i.e. in troughs), the material exhibited stress concentrations and thus 
early yielding, leading to premature loss of axial stiffness and more 
rounded stress–strain curves. Note that in the machined coupons with 
a small thickness (plane-stress), the coupling between tensile stress and 
shear stress [79] resulted in a failure direction of approximately 45◦, 
as shown in Fig.  22.
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4.3. Extent of material anisotropy

The individual and average mechanical properties of the machined 
and as-built coupons are plotted against the coupon orientation 𝜃 in 
Fig.  24. Both the machined and the as-built coupons exhibited nearly 
isotropic mechanical behaviour in the elastic range, which accords 
the weak crystallographic texture observed in the EBSD results, as 
described in Section 4.1. In the as-built coupons, a slight drop in the 
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Table 9
Material properties of the machined coupons.
 Coupon ID E 𝜈 𝑓y 𝑓u 𝜀y 𝜀u 𝜀f 𝑓u

𝑓y

𝜀u
𝜀y (MPa) (–) (MPa) (MPa) (%) (%) (%)

 M-0-1 200400 0.283 945.1 1014.7 0.67 7.68 12.20 1.07 11.44
 M-0-2 203700 0.302 958.3 1017.0 0.67 6.64 11.53 1.06 9.91
 M-0-3 205500 0.279 962.0 1021.7 0.67 6.46 10.84 1.06 9.67
 M-0-4 202800 0.287 941.3 989.4 0.66 2.98 7.07 1.05 4.49
 M-0-5 204800 0.282 949.1 1009.0 0.66 4.05 8.49 1.06 6.11
 M-0-6 202400 0.285 973.4 1023.8 0.68 6.08 10.02 1.05 8.93

 M-45-1 207600 0.276 946.9 1024.0 0.66 3.26 6.20 1.08 4.97
 M-45-2 206800 0.282 941.0 1022.7 0.66 4.91 8.11 1.09 7.49

 M-90-1 205700 0.281 955.5 1046.4 0.66 7.13 12.89 1.10 10.73
 M-90-2 206500 0.278 942.0 1042.0 0.66 7.12 11.80 1.11 10.86

Table 10
Effective material properties of the as-built coupons.
 Coupon ID 𝐸eff 𝜈eff 𝑓y,eff 𝑓u,eff 𝜀y,eff 𝜀u,eff 𝜀f,eff 𝑓u,eff

𝑓y,eff

𝜀u,eff
𝜀y,eff (MPa) (–) (MPa) (MPa) (%) (%) (%)

 AB-0-1 198100 0.283 933.0 987.6 0.67 7.29 11.19 1.06 10.86
 AB-0-2 197100 0.260 926.9 956.4 0.67 2.39 5.49 1.03 3.57
 AB-0-3 199200 0.293 932.6 972.9 0.67 4.34 7.93 1.04 6.50
 AB-0-4 202600 0.316 942.4 997.8 0.67 6.51 10.62 1.06 9.79
 AB-0-5 203600 0.292 942.6 996.7 0.66 6.47 12.22 1.06 9.75
 AB-0-6 200100 0.301 951.6 996.4 0.68 6.14 10.38 1.05 9.09

 AB-45-1 198900 0.274 899.9 982.0 0.65 5.11 9.71 1.09 7.83
 AB-45-2 198300 0.281 901.1 978.8 0.65 4.63 8.80 1.09 7.07
 AB-45-3 201700 0.261 902.3 981.1 0.65 3.95 8.20 1.09 6.11
 AB-45-4 206700 0.295 907.9 999.7 0.64 5.55 10.33 1.10 8.69

 AB-90-1 196600 0.262 851.1 957.9 0.63 4.57 6.95 1.13 7.23
 AB-90-2 201700 0.287 874.9 970.6 0.63 4.19 5.54 1.11 6.62
 AB-90-3 198100 0.284 857.2 967.0 0.63 4.95 7.91 1.13 7.83
 AB-90-4 198100 0.301 873.8 974.8 0.64 4.11 6.47 1.12 6.41
 AB-90-5 203000 0.291 879.4 985.3 0.63 4.96 6.00 1.12 7.83
 AB-90-6 203700 0.284 884.5 989.1 0.63 5.07 6.93 1.12 7.99

Fig. 22. Surface strains at fracture of typical machined coupons (i.e. M-0-2, 
M-45-2 and M-90-1).

yield and ultimate strengths can be observed as 𝜃 increases, owing to 
the increasing weakening effects of the undulating geometries (as 𝜃
increases, the geometric variability perpendicular to the load increases, 
and thus so do the local eccentricities). The results of the ultimate 
strains and the fracture strains exhibit greater variability compared 
to the Young’s modulus, the Poisson’s ratio, the yield strength and 
the ultimate tensile strength, as previously reported [80]. Overall, the 
tensile coupon test results, alongside the weak crystallographic texture 
reported in Section 4.1, indicate that the DED-Arc high strength steel 
exhibits nearly isotropic mechanical behaviour; similar observations 
have been made by Chen et al. [61] and Huang et al. [71].
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Fig. 23. Surface strains at fracture of typical as-built coupons (i.e. AB-0-6, 
AB-45-4 and AB-90-6).

Table 11
Comparison of average material properties between as-built and machined 
coupons.
 𝜃 𝐸eff

𝐸
𝜈eff
𝜈

𝑓y,eff
𝑓y

𝑓u,eff
𝑓u

𝜀u,eff
𝜀u

𝜀f,eff
𝜀f (◦)

 0 0.98 1.02 0.98 0.97 0.98 0.96
 45 0.97 1.00 0.96 0.96 1.18 1.29
 90 0.97 1.02 0.92 0.93 0.65 0.54

4.4. Influence of geometric variability

The influence of the inherently undulating as-built geometry on the 
mechanical properties was evaluated by comparing the as-built with 
the machined coupon results. The ratios between the average effective 
(i.e. as-built) and the underlying (i.e. machined) mechanical properties 
are presented in Table  11. In the case of the Young’s modulus and the 
Poisson’s ratio, the ratios are consistently close to unity, indicating the 
minor influence of the undulations in the elastic range of the material 
response. However, differences of up to 8% can be observed in the case 
of the yield and ultimate strengths with the differences increasing with
𝜃 owing to the increasing geometric variability (as evidenced by the 
higher 𝐴sd∕A ratios presented in Table  4). Regarding the ultimate and 
fracture strains, the ratios of 𝜀u,eff∕𝜀u and 𝜀f,eff∕𝜀f of the 45◦ coupons 
are considered not representative, since their average ductility was 
significantly reduced by the premature failure of coupon M-45-1 due 
to porosity. In the case of the 90◦ coupons, significant reductions in 
the ultimate and fracture strains can be observed, with the differences 
reaching up to 35% and 46%, indicating a major negative effect of the 
geometric undulations on the ductility of the DED-Arc material.

5. Stub column tests

Twelve stub column tests were conducted on specimens with a wide 
range of diameter-to-thickness ratios to examine the cross-sectional be-
haviour of the DED-Arc CHS under axial compression over a wide range 
of cross-sectional slendernesses. Prior to testing, to avoid premature 
end failure [81] and to ensure fixed boundary conditions, the top and 
bottom edges of the CHS specimens were bonded to outer and inner 
high strength steel ring stiffeners with a thickness of 10 mm using 
Araldite 2011 reinforced epoxy adhesive [82], as shown in Fig.  25.

5.1. Test setup

The stub column tests were conducted using an Instron 3500 kN 
hydraulic testing machine; the test setup is shown in Fig.  26. The 
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Fig. 24. Variation of key mechanical properties with coupon orientation for machined (circular markers) and as-built (triangular markers) DED-Arc coupons.
CHS specimens were placed between a pair of hardened high strength 
steel platens to avoid damage to the testing machine from the highly 
localised stresses. A ball seating was employed to accommodate any 
out-of-squareness of the specimen ends and thus ensure uniform axial 
loading. A four-camera stereoscopic LaVision DIC system [72] was 
utilised to monitor the three-dimensional displacement fields, as well 
as the end shortening on both sides of the test specimens. A random 
white speckle pattern was applied (on top of the spray-painted matt 
black background) onto the outer surface of the specimens. The tests 
were performed under displacement control at a compressive strain rate 
of 0.1% min−1. The applied load and machine displacement data were 
recorded along with the DIC images at a frequency of 2 Hz and were 
processed using the software DaVis 10 [73].
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5.2. Test results

The key test results are summarised in Table  12, where 𝐷∕𝑡𝜀2 is the 
local slenderness (see Section 6.1), 𝜆̄c is the normalised cross-sectional 
slenderness (see Section 6.2), 𝑁pl is the plastic load (calculated as the 
product of 𝐴density and the average yield strength 𝑓y of the 90◦ as-built 
coupons), 𝑁u,test is the ultimate axial load, 𝛿u,test is the end shortening 
at the ultimate load, m is the observed number of meridional half-
waves and n is the observed number of circumferential full waves in 
the asymmetric buckling mode. The average 90◦ mechanical properties 
were used in the design equations since the coupons had the same 
loading direction as the tested stub columns. In this manner, the 
weakening effects of the undulations, which, in both the 90◦ coupons 
and the stub columns, are perpendicular to the loading direction, are 
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Fig. 25. Reinforcing of the ends of the DED-Arc CHS stub columns.

Table 12
Summary of the DED-Arc CHS stub column test results.
 Specimen ID 𝐷

𝑡𝜀2
𝜆̄c

𝑁pl 𝑁u,test 𝛿u,test 𝑁u,test

𝑁pl
Failure mode m n (kN) (kN) (mm)

 CS20 34.3 0.18 102.8 142.6 7.37 1.387 Local bulge − −
 CS30 51.8 0.22 161.1 201.0 4.13 1.248 Local bulge − −
 CS40 68.9 0.25 219.0 260.6 2.20 1.190 Local bulge − −
 CS55 97.8 0.30 304.2 349.1 1.51 1.148 Local bulge − −
 CS80 142.8 0.36 448.6 498.1 1.29 1.111 Local bulge − −
 CS110 199.4 0.43 620.9 664.3 1.26 1.070 Elephant foot − −
 CS150 272.1 0.50 851.0 867.2 1.35 1.019 Diamond 2 3
 CS200 363.2 0.58 1130.9 967.7 1.14 0.856 Diamond 2 5
 CS250 460.8 0.65 1418.5 1145.2 1.31 0.807 Diamond 2 6
 CS300 552.7 0.72 1706.5 1228.8 1.33 0.720 Diamond 2 6
 CS350 630.4 0.77 2002.8 1224.0 1.28 0.611 Diamond 2 6
 CS400 723.5 0.82 2298.6 1461.0 1.36 0.636 Diamond 2 7

taken into account; this approach has been successfully adopted in 
previous studies [26,30,83].

The axial load–end shortening curves obtained from the stub col-
umn tests are presented in Fig.  27, where N denotes the applied axial 
load and 𝛿 represents the end shortening as derived from the DIC data. 
To enable a direct comparison of the local buckling behaviour of the 
columns, the normalised form of the load–end shortening curves are 
plotted in Fig.  28, where the applied axial load is normalised by the 
plastic load 𝑁pl, and the end shortening is normalised by the theoretical 
end shortening at first yield 𝛿y, as determined by Eq. (5): 

𝛿y =
𝑓y𝐿
𝐸

, (5)

where E is the Young’s modulus corresponding to the 90◦ as-built 
coupons.

The initial slopes of the normalised load–end shortening curves 
align closely with the theoretical slope, as represented by the black 
dashed line in Fig.  28. However, increasing deviations are observed 
with increasing slenderness owing to the heightened sensitivity to 
the effects of residual stresses and initial local geometric imperfec-
tions [30]. Generally, the normalised load-carrying capacities of the 
cross-sections diminished with increasing slenderness ratio. The speci-
mens with a nominal outer diameter exceeding 80 mm exhibited sharp 
unloading curves, which is indicative of unstable post-buckling, as 
generally associated with slender shells [52,84]. Notably, local buckling 
occurred abruptly in specimen CS400, leading to a sudden drop in the 
equilibrium path accompanied by a significant jump in the recorded 
end shortening values, as illustrated by the dashed lines in Figs.  27 and
28.

The failure modes of the DED-Arc CHS stub columns are pre-
sented in Fig.  29, where the inward deformations are highlighted 
with yellow dashed lines. Specimens with nominal outer diameters 
ranging from 150 mm to 400 mm exhibited failure owing to local 
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buckling, characterised by an asymmetric ‘diamond’ pattern, featur-
ing two meridional half waves and three to seven circumferential 
full waves, as detailed in Table  12. In contrast, the stockier cross-
sections failed primarily owing to inelastic local buckling with outward 
bulges. Notably, specimen CS110 exhibited an ‘elephant foot’ buckling 
mode with an axisymmetric bulge at one end, whereas the other 
specimens exhibited spiral-like asymmetric local bulges at different 
locations along the specimen lengths; these latter observations are 
attributed to the non-uniformities within the specimens, including the 
geometric variabilities, imperfections, residual stresses and material 
heterogeneities inherent to the additive manufacturing process. To 
visualise the development of the axial strains and out-of-plane dis-
placements in the case of the three typical failure modes observed 
herein, the equilibrium paths of specimens CS55 (local bulging), CS110 
(‘elephant foot’ buckling) and CS400 (‘diamond’ pattern buckling) are 
shown alongside the DIC fields at different load levels in Fig.  30. 
Interestingly, in the case of specimen CS400, it can be seen that the 
shell jumped to a new equilibrium position immediately after reaching 
the ultimate load, and that the load–end shortening curve jumped onto 
a secondary equilibrium path. The out-of-plane DIC displacement fields 
illustrate the progression of the buckling shapes from an initial unstable 
‘chequerboard’ pattern (with periodic waves of equal size) to a two-tier 
stable ‘diamond’ pattern featuring larger inward buckles and narrower 
outward ridges [40,85,86].

6. Assessment of existing design provisions

In the present section, the test data obtained from the stub column 
tests are used alongside test data collated from the literature to assess 
the applicability of existing design provisions, namely EN 1993-1-
1:2022 [43] and EN 1993-1-6:2025 [44] to DED-Arc circular hollow 
sections in axial compression. The data collated from the literature 
comprises a total of 226 data points from tests on axially compressed 
steel CHS, including 175 cold-formed steel [62,64,87–102], 49 hot-
rolled steel [64,81,89–91,103–110] and 2 DED-Arc steel CHS [42]. 
First, the design methods used for conventional CHS in axial com-
pression, i.e. EN 1993-1-1 and EN 1993-1-6 are outlined. Then, the 
comparisons of the generated and collated test data with the design 
curves of EN 1993-1-1 and EN 1993-1-6 are made.

6.1. EN 1993-1-1:2022 provisions

According to EN 1993-1-1:2022 [43], cross-sections are categorised 
into four classes based on their susceptibility to local buckling [111,
112]. In compression, Classes 1 to 3 cross-sections are considered to 
be fully effective, i.e. they can attain their full plastic resistance, while 
Class 4 cross-sections are slender, with local buckling causing failure 
to occur below the yield load. For CHS, the slenderness limit of Class 
3 cross-sections is taken as 90 (i.e. 𝐷∕𝑡𝜀2 = 90) [43]. The design 
resistance of cross-sections subjected to uniform compression 𝑁c,Rd is 
given by: 

𝑁c,Rd =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐴𝑓y
𝛾M0

for Class 1–3 cross-sections

𝐴eff𝑓y
𝛾M0

for Class 4 cross-sections
, (6)

where the cross-sectional area A is taken as 𝐴density for the DED-Arc 
CHS specimens herein, 𝑓y is taken as the average yield strength of the 
90◦ as-built coupons and 𝛾M0 is the partial safety factor taken as unity; 
the effective area 𝐴eff is given by: 

𝐴eff = 𝐴

√

90𝑡𝜀2
𝐷

for 𝐷∕𝑡𝜀2 ≤ 240. (7)

In Fig.  31, the ultimate loads from all the tests 𝑁u,test normalised by 
the plastic loads 𝑁 , are plotted against the local slenderness 𝐷∕𝑡𝜀2, 
pl
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Fig. 26. DED-Arc CHS stub column test setup.
Fig. 27. load–end shortening curves obtained from the stub column tests; circular markers indicate the peak loads.
where the material parameter 𝜀 =
√

(

235∕𝑓y
)

(𝐸∕210000) [43], along 
with the local bucking design curve, as set out in EN 1993-1-1 [43]. 
The inclusion of Young’s modulus E in the material parameter 𝜀 is to 
account for the variation of E in the generated and collated test data. 
In general, the normalised load-carrying capacities (relative to the local 
slenderness) of the DED-Arc CHS can be seen to follow the trend of 
the collated cold-formed and hot-rolled steel CHS data from existing 
studies.

The ultimate loads obtained from the DED-Arc CHS stub column 
tests and the collated test results are normalised by the design pre-
dictions according to EN 1993-1-1, 𝑁u,EC3-1-1, and are plotted against 
the local slenderness 𝐷∕𝑡𝜀2 in Fig.  32. In the case of the DED-Arc 
CHS in this study, the predictions according to EN 1993-1-1 are shown 
to be overly conservative for the entire range of the examined local 
slenderness with all 𝑁u,test∕𝑁u,EC3-1-1 ratios exceeding 1.15, as shown 
in Table  13; the mean value of 𝑁u,test∕𝑁u,EC3-1-1 is 1.335, with the 
coefficient of variation (COV) of 0.116. The conservatism in the cases of 
the very stocky and slender DED-Arc CHS are attributed to the neglect 
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of the strain hardening effects [113–115] and the low local buckling 
design curve [64], respectively. 

6.2. EN 1993-1-6:2025 provisions

According to EN 1993-1-6 [44], as presented in Table  14, shells are 
classified into three length categories when designed under meridional 
(axial) compression, according to the dimensionless length parameter
𝜔, given by: 

𝜔 = 𝐿
√

𝑟𝑡
, (8)

where L, r and t are the length, the shell middle surface radius and 
the shell thickness, respectively. The elastic critical meridional buckling 
stress 𝜎x,cr is determined by: 

𝜎x,cr =
𝐶x𝐸

√

( 2)
2𝑡
𝐷
, (9)
3 1 − 𝜈
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Fig. 28. Normalised load–end shortening curves obtained from the stub column tests.
Fig. 29. Failure modes of the DED-Arc CHS stub columns; yellow dashed lines indicate inward deformations.
where the factor 𝐶x scales the elastic critical buckling stress 𝜎cr for short 
cylinders according to the equations in Table  14. 

According to EN 1993-1-6, the design buckling resistance is de-
termined by accounting for the influence of membrane and bending 
effects, material plasticity and initial geometric imperfections. Thus, a 
generic design curve comprising three parts, to account for the plastic 
collapse, elasto-plastic buckling and elastic buckling, is employed, as 
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outlined in Eq. (10): 

𝜒 =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

𝜒h −
𝜆̄c
𝜆̄0

(

𝜒h − 1
)

when 𝜆̄c ≤ 𝜆̄0

1 − 𝛽

(

𝜆̄c − 𝜆̄0
𝜆̄p − 𝜆̄0

)𝜂

when 𝜆̄0 < 𝜆̄c < 𝜆̄p

𝛼
2 when 𝜆̄p ≤ 𝜆̄c

, (10)
⎩ 𝜆̄c
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Fig. 30. Equilibrium paths, axial strain and out-of-plane displacement fields obtained from DIC for typical buckling modes at different load levels: (a) CS55 (local 
bulging), (b) CS110 (‘elephant foot’ buckling) and (c) CS400 (‘diamond’ pattern buckling).
where the buckling reduction factor 𝜒 is the ratio between the char-
acteristic resistance 𝑅k and the reference plastic resistance 𝑅pl; the 
relative slenderness 𝜆̄c is equal to 

√

𝑓y∕𝜎x,cr, where 𝑓y is the material 
yield strength; 𝜒h is the hardening limit, 𝜆̄0 is the squash limit relative 
slenderness, 𝜆̄p is the plastic limit relative slenderness, 𝛽 is the plastic 
range factor, 𝛼 is the elastic buckling reduction factor, 𝜂  is the value 
0
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of 𝜂 at 𝜆̄c = 𝜆̄0 and 𝜂p is the value of 𝜂 at 𝜆̄c = 𝜆̄p, as given in Table  15;
𝜂 is the interaction exponent factor, as given by: 

𝜂 =
𝜆̄c

(

𝜂p − 𝜂0
)

+ 𝜆̄p𝜂0 − 𝜆̄0𝜂p
𝜆̄p − 𝜆̄0

. (11)
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Fig. 31. Comparisons of the test results with the EN 1993-1-1 local buckling 
slenderness limits and design curve.

Fig. 32. Comparisons of the test results with the design predictions according 
to EN 1993-1-1.

Table 13
Summary of test results relative to design predictions (specimens marked with 
an ∗ are beyond the scope of EN 1993-1-1).
 Specimen ID 𝐷

𝑡𝜀2
EC3-1-1 Class 𝜆̄c

𝑁u,test

𝑁u,EC3-1-1

𝑁u,test

𝑁u,EC3-1-6

 CS20 34.3 1 0.18 1.387 1.403
 CS30 51.8 2 0.22 1.248 1.270
 CS40 68.9 2 0.25 1.190 1.219
 CS55 97.8 4 0.30 1.196 1.189
 CS80 142.8 4 0.36 1.399 1.186
 CS110 199.4 4 0.43 1.593 1.172
 CS150 272.1 4 0.50 –∗ 1.151
 CS200 363.2 4 0.58 –∗ 1.025
 CS250 460.8 4 0.65 –∗ 1.033
 CS300 552.7 4 0.72 –∗ 0.973
 CS350 630.4 4 0.77 –∗ 0.909
 CS400 723.5 4 0.82 –∗ 0.957

 Mean 1.335 1.124
 COV 0.116 0.130

The geometric imperfection amplitude 𝛿0 (defined as 
√

𝑟𝑡∕𝑄𝜔, ac-
cording to Eq. (4) is utilised in the determination of the buckling factors
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Table 14
Parameters for determination of the elastic critical buckling stress for cylindri-
cal shells with different lengths [44].
 Length category 𝜔 𝐶x  
 Short 𝜔 < 1.7 1.36 − 1.83

𝜔
+ 2.07

𝜔2
 

 Medium-length 1.7 ≤ 𝜔 ≤ 1.43𝑟∕𝑡 1.0  
 Long 𝜔 > 1.43𝑟∕𝑡 1.0  

Fig. 33. Comparisons of test results with the EN 1993-1-6 design curves.

𝛼, 𝛽, 𝜂0 and 𝜂p to consider the influence of geometric imperfections 
on the local buckling resistance. The parameter 𝑄𝜔 represents the 
fabrication quality in meridional compression, which is taken as 40, 
25 and 16 for Class A (excellent), Class B (high) and Class C (normal) 
shells.

The test data corresponding to the DED-Arc CHS test results and the 
data collated from the literature are plotted against the cross-sectional 
slenderness 𝜆̄c in Fig.  33; 𝜒 is the ratio of 𝑁u,test∕𝑁pl for all the test 
data. The EN 1993-1-6 design curves for cylindrical shells with Classes 
A, B and C fabrication quality are also plotted. The average Young’s 
modulus, Poisson’s ratio and yield strength from the 90◦ DED-Arc as-
built tensile coupons were used in creating the design curves. Note 
that the generated design curves are utilised to assess the performance 
of the DED-Arc CHS tested in this study only; for the collated data, 
the corresponding design curves are not provided due to the varying 
material properties and fabrication qualities. Generally, the data points 
of the examined DED-Arc high strength steel CHS stub columns are 
above the respective design curves of EN 1993-1-6, corresponding to 
safe-sided resistance predictions.

The test results of the DED-Arc CHS specimens, including those 
with reported local imperfection amplitudes from the literature, are 
compared with their corresponding EN 1993-1-6 predictions in Fig.  34. 
In the case of the DED-Arc CHS specimens, the imperfection amplitude
𝛿0 was taken as the measured local imperfection amplitude 𝜔l (see 
Table  6), unlike in Fig.  33, where the limiting imperfection amplitudes 
for each quality class were used to plot the respective design curves 
for illustration purposes. For the results obtained from the literature, 
the geometric properties (i.e. D, t, L and 𝜔l) and material properties 
(i.e. E, 𝜈 and 𝑓y) were taken as the reported values in the corresponding 
studies. It can be seen that the EN 1993-1-6 predictions are safe-
sided up to local slenderness of 0.72, after which the 𝑁u,test∕𝑁u,EC3-1-6
ratio drops below unity. These unsafe predictions can be attributed 
to using the initial tangent modulus 𝐸0 (i.e. Young’s modulus) in 
resistance predictions for shells with materials exhibiting nonlinear 
stress–strain responses. In this study, the 90◦ as-built material exhibited 
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Table 15
Meridional buckling parameters from EN 1993-1-6 [44].

𝛼 𝛽 𝜂0 𝜂p 𝜒xh 𝜆̄0 𝜆̄p
0.83

1 + 2.2
(

𝛿0∕𝑡
)0.75 1 − 0.75

1 + 1.1
(

𝛿0∕𝑡
) 1.35 − 0.10

(

𝛿0∕𝑡
) 1

0.45 + 0.72
(

𝛿0∕𝑡
) 1.10 0.10

√

𝛼
1 − 𝛽
Fig. 34. Comparisons of test results with design predictions according to EN 
1993-1-6.

a rounded stress–strain response between approximately 0.7𝑓y and 𝑓y, 
falling below the idealised elasto-plastic material model (defined using 
𝐸0 and 𝑓y) assumed in EN 1993-1-6 [44,116]. As a result, using 𝐸0
underestimates the structural deformation of shells (particularly those 
of medium local slenderness), in which the average compressive stress 
lies within the rounded region of the stress–strain curve. This leads 
to premature buckling and thus non-conservative resistance predic-
tions [116]. Similar findings have been reported for stainless steel 
cylindrical shells [52,84] and columns [117].

The 𝑁u,test∕𝑁u,EC3-1-6 ratios of the DED-Arc high strength CHS 
are listed in Table  13. Overall, as indicated by the mean value of 
𝑁u,test∕𝑁u,EC3-1-6 of 1.124, it can be concluded that EN 1993-1-6 
generally provided safe-sided predictions of the buckling resistance of 
the DED-Arc high strength steel CHS stub column examined herein. 
Compared with the EN 1993-1-1 predictions, EN 1993-1-6 yielded 
less conservative predictions, especially in the cases of specimens with 
slender proportions (i.e. Class 4 specimens: CS80–CS400). Further 
experimental work and numerical simulations are needed to obtain 
more data that could generalise the above conclusions for the design 
of DED-Arc shell structures.

7. Conclusions

A comprehensive experimental investigation into the local buck-
ling behaviour of the wire-arc directed energy deposited (DED-Arc) 
high strength steel circular hollow sections (CHS) in compression has 
been conducted. Twelve DED-Arc CHS specimens were produced using 
ER120S-G wire and were examined at the microstructural, material 
and cross-sectional levels. Tensile coupons extracted at 0◦, 45◦ and 
90◦ orientations relative to the deposition direction provided the key 
mechanical properties of the examined DED-Arc material, revealing 
nearly isotropic material properties, as also indicated by the untex-
tured microstructure observed through electron backscatter diffraction 
(EBSD) analysis. Prior to testing, 3D laser scanning was employed to 
capture the surface geometry of the tensile coupon and CHS specimens. 
Stub column compression tests were performed to investigate the local 
buckling behaviour of the DED-Arc CHS specimens and to determine 
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their load-carrying capacities. During testing, digital image correlation 
was utilised to capture the deformation fields on the entire outer 
surface of the CHS specimens. All twelve CHS specimens exhibited 
local buckling failure; specifically, the six stockier (i.e. more compact) 
specimens exhibited inelastic local buckling with outward bulging or 
‘elephant foot’ buckling, while the remaining more slender specimens 
failed in an asymmetric ‘diamond’ pattern buckling mode, that became 
more pronounced towards the ends of the tests. In general, the test 
results demonstrated a trend of decreasing load-carrying capacity with 
increasing local slenderness. The generated experimental data were 
utilised to assess the applicability of the current EN 1993-1-1 and EN 
1993-1-6 provisions to the design of DED-Arc circular hollow sections 
in axial compression. The buckling resistance predictions based on EN 
1993-1-1 were found to be somewhat conservative. In contrast, the 
buckling resistance predictions based on EN 1993-1-6, which incorpo-
rate the measured imperfection amplitudes, were generally safe-sided 
and reasonably accurate. The test results presented herein provide valu-
able experimental data and contribute in developing an understanding 
in the buckling behaviour of DED-Arc shell structures.
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