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Abstract: Interfacial bond behaviour of the circular concrete-filled wire-arc directed energy 9 

deposition (DED) steel tubes was investigated experimentally, in which wire-arc DED, commonly 10 

referred to as wire-arc additive manufacturing (WAAM), represents a metal 3D printing method. Firstly, 11 

a 3D laser scanning was employed to generate the 3D models of the WAAM steel components to obtain 12 

the geometric features. A parameter relating to the surface undulation was proposed to evaluate the 13 

roughness of the WAAM steel tubes. The results of tensile testing undertaken to obtain the mechanical 14 

properties of the WAAM material were summarised. Twelve push-out specimens were tested to obtain 15 

the load-slip response and bond strength, while the influence of surface undulation, diameter-to-16 

thickness ratio and interface length was also assessed, respectively. The test results demonstrated that: 17 

1) after reaching the peak load, a slowly descending region appeared until a relatively stable residual 18 

load was achieved; 2) the average bond stresses of the push-out specimens were greater than those of 19 

the push-out specimens fabricated by conventional steel tubes and even checkered steel tube. 20 

Comparisons of the bond strength of the push-out specimens against existing structural design standards 21 

indicated the design guidelines of various codes were quite conservative. There needs to consider the 22 

influence of the surface undulation of the WAAM steel tube. Finally, based on the nonlinear regression 23 

of the test data generated in the present study, an empirical equation was proposed for the prediction of 24 

the average bond strength for concrete-filled WAAM steel tubes. 25 

Keywords: Bond strength; concrete-filled steel tube (CFST); laser scanning; push-out; wire arc 26 

additive manufacturing (WAAM); 3D printing. 27 
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1. Introduction 29 

Concrete-filled steel tubes (CFST) elements, have been widely applied in various construction projects, 30 

including CFST arch bridges, high-rising buildings, and CFST transmission towers [1-9]. For circular 31 

CFST subjected to the axial compressive load, their compressive strength can be improved due to the 32 

lateral confinement effect provided by the circular steel tube to the inner concrete. Most of the current 33 

research is limited to the circular CFST with conventional steel elements, in terms of experimental and 34 

numerical studies [10-18]. In addition, conventional CFSTs suffer from the challenge of low average 35 

bond strength between the steel tube and concrete [19-31]. To address this issue, concrete-filled wire-36 

arc additive manufacturing (WAAM) steel tubes represent an innovative approach to composite 37 

structures, which has a potential to be applied in complex composite structure construction. The 38 

geometric characteristics of WAAM steel tubes are varying along the length due to the surface 39 

undulations arising from the printing process, rendering that the bond strength between the WAAM steel 40 

tube and concrete can be significantly enhanced. This strategic design allows the two materials, with 41 

distinct properties, to work together harmoniously. The steel component contributes to high tensile 42 

resistance, while the concrete element offers excellent compression capacity. By effectively utilizing 43 

the complementary characteristics of both materials, CFSTs with WAAM elements provide enhanced 44 

performance and structural efficiency. 45 

 46 
Figure 1. Schematic diagram of the WAAM process 47 

WAAM, also known as wire-arc directed energy deposition (DED) technology, is indeed a metal 48 

3D printing technique that has gained recognition for several notable features, including high efficiency, 49 
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cost-effectiveness, flexibility in build scales, and suitability for various applications, including the 50 

construction sector [32-44]. In the WAAM process, as shown in Fig. 1, wire feedstock is melted and 51 

selectively deposited onto a substrate plate, layer by layer, until the material solidifies, and the final part 52 

is formed. Given the unique structural behaviour of WAAM components, which is beyond the scope of 53 

current design specifications [45-48], a thorough investigation was necessary for their safety assessment. 54 

To achieve this, extensive experimental and numerical studies were conducted to characterize the 55 

response of WAAM elements at the material [26,38,49-50] and cross-sectional levels [51,52], the 56 

member levels [53,54] and full structural levels [55]. The latter system level study involved the 57 

optimisation [56,57] of a series of WAAM tubular trusses. These elements were also produced using 58 

the same WAAM process employed in constructing the World’s first 3D printed metal bridge [37,43,44]. 59 

Although WAAM technology has great potential for the construction industry, the extensive and 60 

successful application requires the establishment of design guidelines tailored to the manufacturing 61 

method. Currently, research on the structural behaviour of 3D printed structures has predominantly 62 

focused on structural elements produced through powder bed fusion (PBF) technology [58,59]. For 63 

WAAM structural elements, the conducted research primarily pertains to the compressive behaviour of 64 

square and circular hollow sections (SHS and CHS) components [36,51,52] and the mechanical 65 

behaviours of bolted [39-43] and T-stub [60] connections. Moreover, when it comes to CFST elements, 66 

the compressive behaviour of circular concrete-filled WAAM steel tubes has been investigated 67 

numerically and experimentally, indicating that the WAAM tubes being composed of continuously 68 

printed ‘hoop’, resulting in less prone to fracture. This had a positive impact on the ductility of the CFST 69 

with WAAM element after the attainment of their ultimate load [61,62], unlike CFST members 70 

fabricated from conventional steel tubes (the seam welds running along the length of fabricated tubes) 71 

where fracture of the steel tubes is often observed [63,64]. 72 

More comprehensive studies are needed to understand the structural behaviour of WAAM-73 

produced elements in various loading conditions and configurations. The performance of CFST 74 

members relies significantly on the combined effect of the steel tube and the inner concrete, which is 75 

influenced by the interfacial bond behaviour between these components. However, the interfacial bond 76 
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behaviour of CFST elements with WAAM steel tubes has not been extensively studied. To address this 77 

gap, a series of push-out tests on CFST with WAAM steel elements were conducted and presented in 78 

this study. 79 

The manufacturing process of the WAAM CHS and oval steel tube was first presented. The methods 80 

adopted for the determination of as-built geometric properties of the examined specimens, featuring hand 81 

measurements and 3D laser scanning, are described. A factor of surface undulation was proposed to 82 

evaluate the roughness of the WAAM steel tube. The results of complementary material tests, undertaken 83 

for the determination of the mechanical properties of the concrete and WAAM material were then 84 

summarised. A detailed description of the push-out tests on the CFST specimens was provided, while the 85 

test results are analysed and discussed. The influence of the factor of surface undulation, diameter-to-86 

thickness ratio and interface length was also presented. Comparisons between the bond strength of the 87 

push-out specimens and existing structural design standards [46,65-67] highlighted the need to consider 88 

the effects of the surface undulations of the WAAM steel tube. Finally, based on the nonlinear regression 89 

of the test data generated in the present study, an empirical equation was proposed for predicting the 90 

average ultimate bond strength for concrete-filled WAAM steel tubes. 91 
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(b) 4 mm coupons (c) 8 mm coupons 

Figure 2. Orientation of tensile coupons relative to deposition direction 

2. WAAM Steel Component 92 

2.1. Production 93 

A total of twelve push-out test specimens were fabricated with varying nominal diameters (150 mm, 180 94 

mm, 210 mm, and 240 mm) and lengths (300 mm, 400 mm, and 500 mm). These tubes were manufactured 95 

with two different nominal thicknesses (4 mm and 8 mm), resulting in nominal diameter-to-thickness 96 

ratios ranging from 18 to 60. Additionally, two oval steel tubes with flat sides were also produced, with 97 

nominal thickness of 4 mm and 8 mm, respectively. These oval tubes were used for extracting planar 98 

elements to create tensile coupons. To label the WAAM steel tubes, a symbol system was defined based 99 

on the length, diameter, and thickness of the specimens. As an illustration, the label "L300D150T4" 100 

indicates that the WAAM steel tube with a nominal length, diameter, and thickness of 300 mm, 150 mm, 101 

and 4 mm, respectively. Similarly, the labelling for the tensile coupons utilizes the first letters of 102 

"horizontal" (90° to the deposition direction), "vertical" (0° to the deposition direction) and "oblique" (45° 103 

to the depositions direction) as the start of the specimen's name. For instance, the label "O4-1" represents 104 

the first oblique tensile coupon with a thickness of 4 mm, extracted from the WAAM oval steel tube at a 105 

45° angle to the deposition direction - see Fig. 2. 106 

0° 45° 90° 0° 45° 90° 
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(a) Printing of a subset of the WAAM CHS steel 

tubes 
(b) Printed CHS steel tubes 

Figure 3. Printing equipment and printed components of WAAM 

Fig. 3(a) illustrates the printing process of a selected subset of WAAM CHS steel tubes. The WAAM 107 

components were produced utilizing a welding torch connected to a six-axis robotic arm and a metal inert 108 

gas (MIG) welding machine. A shielding gas mixture of 98% Ar and 2% CO2 was utilized during the 109 

process. The key process parameters applied during WAAM are summarized in Table 1. The 110 

environmental conditions of the motor room, including temperature and humidity, ranged from 12 °C to 111 

21 °C and 50% to 65%, respectively. The printing process involved layer-by-layer fabrication, following 112 

the cross-section slice traces defined in their as-design models created in Rhino 3D [68]. Carbon steel 113 

welding wire ER70S-6 was used as the feedstock material, and it was deposited onto a substrate plate 114 

made of Q235 steel grade. After fabrication, the WAAM CHS and oval steel tubes were separated from 115 

their build platform using a plasma arc cutter. Subsequently, both ends of the WAAM steel tubes were 116 

machined to be flat and parallel, while their exterior surfaces were subjected to sandblasting with glass 117 

beads to eliminate any welding residue from the WAAM process, as shown in Fig. 3(b). 118 

2.2. Geometric Properties 119 

2.2.1. Geometrical Measurements 120 

In contrast to conventionally produced CHS steel tubes, the geometric characteristics of the WAAM 121 

steel tubes, such as wall thickness and inner and outer diameters, were varying along the tube length due 122 
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to the undulations of WAAM surface. Consequently, conventional measuring techniques were deemed 123 

impractical for assessing these variations. To obtain the as-built geometric properties of the WAAM 124 

steel tubes, two measuring techniques were employed: the hand measurements and 3D laser scanning. 125 

         126 

Figure 4. Locations of hand measurement of WAAM CHS steel tubes127 
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Table 1 Process parameters used for WAAM specimens 128 

Nominal thickness 
(mm) 

Welding speed 
(m/min) 

Wire feed rate 
(m/min) 

Deposition rate 
(kg/h) 

Wire feedstock 
diameter (mm)  

Current  
(A) 

Arc voltage 
(V) 

Layer  
thickness 

(mm) 
4 0.6 2.3 1.2 1.2 75 19.6 1 
8 0.3 4.0 2.1 1.2 110 21.3 2.1 

Table 2 Measured average geometric properties of WAAM steel tubes 129 

Steel tubes nL
(mm) 

nD  
(mm) 

nT  
(mm) 

 hL  
(mm) 

hD  
(mm) 

hT  
(mm) 

Hand,Tm  
(kg) 

ScanL  
(mm) 

ScanD  
(mm) 

ScanT  
(mm) 

Scan,TA
(mm2) 

Scan,TV  

(mm3) 


(kg/m3) 
Scan,T

Hand,T

V
V

 

L300D150T4 300 150 4 318.5 152.38  4.13  4.69 317.2 152.42 4.03 1879.10 598891.39 7831.14  0.98  
L300D150T8 300 150 8 317.0 157.72  7.96  9.16 317.5 155.93 7.95 3697.08 1176008.34 7789.06  0.99  
L300D180T4 300 180 4 301.0 185.57  3.98  5.36 301.8 182.36 4.07 2281.51 690741.96 7759.77  1.01  
L300D180T8 300 180 8 304.5 187.72  7.81  10.43 304.6 185.69 7.86 4394.13 1343527.41 7763.15  1.00  
L400D180T4 400 180 4 417.0 183.82  3.99  7.30 416.9 182.15 3.99 2232.47 931959.45 7832.96  0.99  
L400D180T8 400 180 8 400.0 187.48  7.87  13.81 399.9 185.73 7.91 4426.17 1769881.45 7802.78  1.00  
L400D210T4 400 210 4 408.0 214.14  3.98  8.46 406.8 212.39 4.08 2669.59 1088272.20 7773.79  1.02  
L400D210T8 400 210 8 403.9 217.25  7.73  16.03 403.9 215.43 7.80 5095.09 2063459.81 7768.51  1.00  
L500D210T4 500 210 4 525.0 213.75  4.10  10.88 524.3 212.13 4.10 2677.96 1407695.08 7728.95  0.99  
L500D210T8 500 210 8 495.0 216.77  7.78  19.81 499.8 215.29 7.78 5073.60 2537803.17 7805.96  1.00  
L500D240T4 500 240 4 519.0 243.51  4.14  12.29 518.8 241.99 4.17 3113.16 1568762.48 7834.20  0.97  
L500D240T8 500 240 8 520.0 247.22  7.81  23.44 520.5 244.92 7.66 5712.01 2980750.80 7863.79  0.98  

            Mean 7796.17  0.99  
            CoV 0.005  0.014  

130 

Table 3 Measured average geometric properties of WAAM steel coupons 131 

Coupons nb  (mm) nt  
(mm) 

Hand,Cm  
(g) 

Scanb  
(mm) 

Scant  
(mm) 

Scan,CA
(mm2) 

Scan,CV
(mm3) 

A  
(mm2) min

A
A

 
max

A
A

 
(kg/m3) 

As-
built 

0° V4-1 12.5 4 71.44 12.54 3.52 44.14 9137.49 44.14 1.02 0.97 7818.34 
0° V4-2 12.5 4 71.33 12.60 3.69 46.51 9130.70 46.51 1.03 0.97 7812.11 
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0° V4-3 12.5 4 71.52 12.55 3.49 43.81 9060.84 43.81 1.04 0.95 7893.31 
0° V4-4 12.5 4 71.01 12.61 3.47 43.76 9123.80 43.76 1.02 0.98 7782.94 

45° O4-1 12.5 4 71.51 12.49 3.46 43.22 8996.14 43.22 1.03 0.96 7948.96 
45° O4-2 12.5 4 71.51 12.51 3.48 43.55 9070.98 43.55 1.02 0.98 7883.38 
45° O4-3 12.5 4 71.32 12.50 3.49 43.61 9039.69 43.61 1.01 0.98 7889.65 
45° O4-4 12.5 4 71.23 12.44 3.45 42.91 8846.96 42.91 1.03 0.97 8051.35 
90° H4-1 12.5 4 71.57 12.47 3.52 43.88 9198.05 43.88 1.04 0.97 7781.00 
90° H4-2 12.5 4 70.98 12.51 3.49 43.67 8953.09 43.67 1.05 0.90 7927.99 
90° H4-3 12.5 4 70.75 12.40 3.47 43.03 8941.76 43.03 1.02 0.94 7912.31 
90° H4-4 12.5 4 71.77 12.52 3.40 42.58 8887.80 42.58 1.03 0.98 8075.11 
0° V8-1 20 8 339.16 20.00 8.41 168.20 43333.39 168.20 1.03 0.97 7826.76 
0° V8-2 20 8 338.02 20.04 8.30 166.31 42664.20 166.31 1.04 0.95 7922.80 
0° V8-3 20 8 341.67 19.98 8.55 170.87 44079.91 170.87 1.05 0.96 7751.15 
0° V8-4 20 8 342.86 19.99 8.53 170.48 43974.16 170.48 1.04 0.95 7796.85 

45° O8-1 20 8 333.38 20.00 8.24 164.77 42779.89 164.77 1.03 0.96 7792.91 
45° O8-2 20 8 334.89 19.95 8.13 162.18 42160.94 162.18 1.06 0.94 7943.13 
45° O8-3 20 8 330.89 19.80 8.30 164.30 42477.53 164.30 1.05 0.95 7789.77 
45° O8-4 20 8 331.50 19.88 8.25 163.99 42289.52 163.99 1.04 0.96 7838.82 
90° H8-1 20 8 334.47 20.00 8.33 166.62 42959.95 166.62 1.06 0.92 7785.62 
90° H8-2 20 8 338.14 19.95 8.35 166.62 43021.73 166.62 1.05 0.93 7859.75 
90° H8-3 20 8 339.23 19.97 8.35 166.75 43329.01 166.75 1.04 0.92 7829.17 
90° H8-4 20 8 338.71 20.02 8.34 166.99 43130.41 166.99 1.06 0.96 7853.16 

            Mean 7865.26 
            CoV 0.011 

132 
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(1) Hand Measurement 133 

A digimatic micrometre of 0.001 mm accuracy and a measuring tape were employed to provide baseline 134 

geometric data for the WAAM steel tubes, the wall thickness Th was determined as the average value of 135 

eight measurements taken at eight locations equally spaced along the section diameter, utilising the 136 

digimatic micrometre-as shown in Fig. 4. Similarly, measurements of the perimeter Ch of the outer 137 

surface of each steel tube were taken at five locations evenly distributed along the member length, and 138 

their mean value was used to determine the average outer diameter Dh. Finally, the length Lh of each 139 

steel tube was determined based on four length measurements, taken at the locations indicated in Fig. 4. 140 

In addition, an electronic balance was used to weigh the WAAM tensile coupons and tubes (with their 141 

messes labelled mHand,C and mHand,T), in order to determine the density ρ of the WAAM components, in 142 

line with Eq. (1). The average geometric properties of the steel tubes as determined by the hand 143 

measurements are listed in Tables 2 and 3, where VHand,T is the volume calculated using the measured 144 

values. 145 

Hand

Scan

m
V

                                                                  (1) 146 

(2) 3D Laser Scanning 147 

A 3D laser scanning was employed to capture the digital geometry of the WAAM steel components, in 148 

order to obtain an accurate and detailed replication surface morphology prior to testing. A SCANTECH 149 

3D laser scanner, capable of capturing up to 500,000 points per second with an accuracy of 0.05 mm, 150 

was employed to scan all the WAAM steel tubes and coupons - see Fig. 5(a). Following calibration of 151 

the scanner (see Fig. 5(b)), markers were attached to the surfaces of the WAAM steel tubes and base 152 

plate, respectively, to facilitate alignment of the relative coordinate systems of the 3D point clouds 153 

during the coordinate conversion process, as shown in Fig. 6. After scanning, the point cloud data were 154 

processed by the computer scan software. The morphology of the overall surface of each WAAM 155 

component was obtained by merging the different scan views acquired, using the mutual red markers 156 

between adjacent scans - see Fig. 6. Merging of the different point clouds was operated based on point 157 
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cloud registration, whereby the coordinates of all data points were transformed from their initial 158 

individual coordinate systems into a common global coordinate system.  159 

  
(a) Handheld 3D laser scanner (b) Calibration of the scanner 

Figure 5. SCANTECH 3D laser scanner 

 
Figure 6. Scanning principle 

For the WAAM tensile coupons, the surface profile was obtained with one continuous scan, as 160 

shown in Fig. 7 (a). The acquisition spacing of the captured 3D points was 0.05 mm for the WAAM 161 

steel coupons. For the WAAM steel tube, the outer surface profile of the steel tubes was scanned with 162 

one continuous scan, as shown in Fig. 7 (b), while the inner surfaces at both tube ends were scanned 163 

separately, and then merged to form the complete inner surface, as shown in Fig. 8. The acquisition 164 

spacing of the captured 3D points was 0.2 mm for the WAAM steel tubes.  165 

Typical comparisons between the scanned surface morphologies and the corresponding WAAM 166 

components are shown in Fig. 9. The scanned 3D models (.stl) were subsequently imported into the 167 

software of Geomagic Wrap [69], where the scanned point cloud was optimized, de-noised and the grid 168 

processed to form a 3D surface in the software again. Any possible holes in the surface were patched to 169 

Scanning view 

Calibration  
plate 

Handheld 3D laser scanner 

Markers 

Scan view 2 

 
 

Scan view 1 

P1 

P2 
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form a closed 3D surface model (.stl), for determination of its volume. Note that the volumes of the 170 

WAAM steel tubes VSan,T and of the steel coupons VSan,C were determined based on the laser scans and 171 

are presented in Tables 2 and 3, respectively. Following a closed 3D surface model formed, the grid 172 

files were imported into the software of Rhino 3D [68], while the detailed geometric dimensions of the 173 

WAAM components were determined. The average values of DScan, TScan and AScan,T, along with the 174 

column length LScan of each steel tube are listed in Table 2. Meanwhile, the average values of bScan, tScan 175 

and AScan,T for the typical section of each coupon are listed in Table 3. 176 

  
(a) Coupon specimens (b) Typical steel tube 

Figure 7. 3D laser scanning of the specimens    

 
Figure 8. Merging the inner surface of both tube ends 

2.2.2. Comparison 177 

The measured volumes of the WAAM steel tubes obtained by hand measurements and 3D laser scanning 178 

are compared in Table 2. The volumes measured by hand VHand,T was similar to the volume VScan,T 179 

 0.021 

Surface profiles of end Ⅰ 

Surface profiles of end Ⅱ 

Three referenced 
makers 
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determined by the laser scans with the mean value of the VScan,T/VHand,T ratio being 1.00 and the 180 

coefficient of variation (CoV) being 0.012, providing verification of the 3D laser scanning method. 181 

Overall, the 3D laser scanning method was considered the most suitable for obtaining accurate 182 

measurements of the detailed geometric dimensions of WAAM steel components. The hand 183 

measurements could be used as references for engineering design. 184 

 
(a) Coupons 

  
(b) Steel tubes 

Figure 9. Comparisons of scanned surface profiles with respective specimens 

2.2.2. Determination of Cross-sectional Dimensions 185 

The 3D models of the WAAM steel components obtained by the laser scans were imported into Rhino 186 

3D [68] for geometric analysis. Contouring of each component along its length was first undertaken to 187 

accurately obtain its cross-sectional dimensions. Contours of typical WAAM components in Rhino 3D 188 

is shown in Fig. 10. A sensitivity study was undertaken to determine the most suitable contour spacing 189 

for the examined WAAM steel components. Typical WAAM components (considering the influence of 190 

different deposition directions and thicknesses), were contoured with the spacing of 2.0 mm, 1.0 mm, 191 

0.5 mm, 0.2 mm and 0.1 mm and their cross-sectional area was subsequently determined. The obtained 192 
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results are shown in Fig. 11, in which the mean, minimum and maximum values of the cross-sectional 193 

areas (A, Amin and Amax) obtained from the different contour spacings were normalised against the 194 

corresponding values from a contour spacing dx=0.1 mm. It is shown that the values of Amin and Amax 195 

were sensitive to the contour spacing compared to the mean value of A. A value of dx=0.2 mm was 196 

adopted for the conducted geometric analyses. It should be noted that the spacing of 0.2 mm was still 197 

smaller than the WAAM layer thickness, which was approximately 2.1 mm for the 8 mm thick 198 

component and 1.0 mm for the 4 mm thick component. 199 

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

Figure 10. Scanned 3D model and cross-sectional contours of typical WAAM steel components 

  
(a) Tensile coupons at 0° to the deposition 

direction 

(b) Tensile coupons at 45° to the deposition 

direction 
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(c) Tensile coupons at 90° to the deposition 

direction 
(d) WAAM steel tube 

Figure 11. Results of sensitivity analysis on contour spacing dx 

Tables 3 and 4 present a summary of the geometric properties of the WAAM steel tubes. where T, 200 

D and L are the mean values of the wall thicknesses, outer diameter and length of the WAAM steel 201 

tubes, respectively; and A, Amin and Amax are the mean, minimum, and maximum values of the cross-202 

sectional areas. 203 

Table 4 Summary of the geometric properties of the WAAM steel tubes as determined by the laser 204 

scans 205 

WAAM steel 
components 

L  
(mm) 

D  
 (mm) 

T   
(mm) 

A  
(mm2) min

A
A

 
max

A
A

 su  

L300D150T4 317.2 152.42 4.03 1879.10 1.06 0.95 0.36  
L300D150T8 317.5 155.93 7.95 3697.08 1.06 0.89 0.95  
L300D180T4 301.8 182.36 4.07 2281.51 1.05 0.95 0.17  
L300D180T8 304.6 185.69 7.86 4394.13 1.03 0.97 0.72  
L400D180T4 416.9 182.15 3.99 2232.47 1.03 0.96 0.14  
L400D180T8 399.9 185.73 7.91 4426.17 1.08 0.95 1.31  
L400D210T4 406.8 212.39 4.08 2669.59 1.03 0.97 0.15  
L400D210T8 403.9 215.43 7.80 5095.09 1.05 0.82 1.30  
L500D210T4 524.3 212.13 4.10 2677.96 1.04 0.96 0.13  
L500D210T8 499.8 215.29 7.78 5073.60 1.04 0.96 0.66  
L500D240T4 518.8 241.99 4.17 3113.16 1.04 0.96 0.27  
L500D240T8 520.5 244.92 7.66 5712.01 1.03 0.89 0.92  

2.3. Factors of Surface Undulation 206 

Tables 3 and 4 provide comparisons between the values of the mean to minimum and mean to maximum 207 

cross-sectional areas (i.e., A/Amin and A/Amax). The distribution of normalised cross-sectional areas Ai/A 208 

along with the component longitudinal length for typical tensile coupons and steel tubes is shown in Fig. 209 
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12. It can be seen that the surface undulations of the WAAM steel components were substantial, 210 

especially for the thicker WAAM steel tube. Geometric undulations could be observed in the specimen 211 

surface of the WAAM steel component as illustrated in Fig. 13. Furthermore, it can be observed that the 212 

maximum difference between the average cross-sectional areas of the WAAM steel tubes within a 213 

longitudinal length of 100 mm at both ends and the average cross-sectional area of the entire steel tube 214 

did not exceed 3%. This suggests that surface morphology within a length range of 100 mm at both ends 215 

could provide a good estimation with reasonable accuracy. 216 

  
(a) WAAM steel coupons (4 mm) (b) WAAM steel coupons (8 mm) 

  
(c) WAAM steel tubes (L400D180T4 and 

L400D180T8) 

(d) WAAM steel tubes (L500D240T4 and 

L500D240T8) 

Figure 12. Distribution of normalised areas Ai/A along with the component length 

Since the surface geometric undulation of the WAAM steel tube is related to the statistical cross-217 

sectional area of the steel tube, it is necessary to analyse the variation of the cross-sectional area along 218 

the length of the WAAM steel tubes (see Fig. 14) to assess the effects of geometric undulations on their 219 
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surface both qualitatively and quantitatively. It can be observed that, except for the L300D180 series, 220 

the statistical dispersion of the normalized cross-sectional area of these WAAM steel tubes is positively 221 

correlated with their thickness, indicating that the greater the thickness of these WAAM steel tube, the 222 

more pronounced the statistical dispersion of its normalized cross-sectional area. In addition, from the 223 

actual morphology of the steel tube surface shown in Fig. 13, it is evident that for the WAAM steel tubes 224 

in this paper, the geometric undulations of the surface of the WAAM steel tubes become more prominent 225 

as the tube thickness increases. This is due to the thicker printed layer Ty in thicker steel tubes (Ty=2.1 226 

mm for 8 mm thick steel tubes and Ty=1 mm for 4 mm thick steel tubes - see Table 1), which results in 227 

significant geometric undulations on the surface of the WAAM steel tube. Furthermore, as illustrated in 228 

Fig. 15, the deposition diagram during the printing process reveals that the surface geometric 229 

undulations of the WAAM steel tube are also influenced by their diameter. It can be seen that for 230 

WAAM steel tubes with different diameters, the lengths of the surface deposited during the same 231 

printing time are denoted as Δl1=v1t and Δl2=v2t, respectively, where v1 and v2 represent the welding 232 

speed of the WAAM process. If the thicknesses of the printed steel tubes are the same, then v1 equals v2 233 

(as mentioned in Table 1), which means Δl1=Δl2 (i.e., for WAAM steel tubes with the same thickness, 234 

the deposition lengths of the welding gun are equal during the same printing time). Therefore, for 235 

WAAM steel tubes with the same thickness and welding speed but different diameters, the smaller the 236 

diameter, the greater the turning angle of the welding gun, leading to a larger circumferential curvature 237 

of the small-diameter steel tube and more pronounced geometric undulations on its surface. 238 

 239 
Figure 13. Typical surface profiles of WAAM steel sheets with a thickness of 8 mm and 4 mm 240 

In conclusion, the geometric undulation on the surface of the WAAM steel tubes is influenced by 241 

three factors: the statistical dispersion of the cross-sectional areas of the steel tube, the thickness of the 242 

8 mm 4 mm 
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printed layer of the steel tube and the diameter of the steel tube. To facilitate the qualitative evaluation 243 

of the geometric undulations on the surface of steel tubes, the surface undulation factor su  of the 244 

WAAM steel tube is introduced, as expressed in Eq. (2). 245 

sd
su y

A T
D

                                                                     (2) 246 

 2

1
sd =

n

iA A
A

n


                                                            (3) 247 

Where Asd is a discrete coefficient of the cross-sectional areas of the WAAM steel tube; Ty is the 248 

thickness of the printed layer of the WAAM steel tube; Ai is the cross-sectional area of each contour 249 

spacing for the WAAM steel tube; n is the number of contour spacing. As a result, the surface undulation 250 

factor of the WAAM steel tubes was calculated using Eqs. (2) and (3), and the values are presented in 251 

Table 4. 252 

3. Material Test 253 

3.1. Tensile Test 254 

The material properties of the WAAM steel coupons and their overall stress-strain response were 255 

determined following the guidelines of GB/T 228.1-2010 [70]. Tensile coupons were extracted from the 256 

WAAM ovals at three different angles (0°, 45°, and 90°) with respect to the deposition direction, as 257 

shown in Fig. 2, to assess material anisotropy. Two sets of coupons, with nominal thicknesses of 4 mm 258 

and 8 mm respectively, were tested. The study aimed to analyse the impact of geometric undulations on 259 

material properties, comparing the response of as-built and machined coupons. In total, 24 tensile tests 260 

were carried out to achieve this objective. Fig. 16 illustrates the use of an extensometer and a digital 261 

image correlation (DIC) system [37] to obtain precise surface strain measurements for both the 262 

machined and as-built coupons. To ensure comprehensive strain calculation across the entire parallel 263 

length, white paint was applied to all coupons, followed by a random black speckle pattern before testing. 264 

The tensile test was conducted using a 250 kN INSTRON testing machine, operating under displacement 265 

control at a rate of 0.8 mm/min. Load and extensometer measurements were recorded at a frequency of 266 
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5 Hz, while the DIC system captured the tensile force through two analogue-to-digital converters, 267 

acquiring images at the same frequency of 5 Hz. 268 

  
(a) L300D150 series (b) L300D180 series 

  
(c) L400D210 series (d) L400D210 series 

  
(e) L500D210 series (f) L500D240 series 

Figure 14. Variation of the cross-sectional area within WAAM steel tubes 
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 269 
Figure 15. Schematic diagram of undulation degree related to the diameter of WAAM steel tube 270 

 
 

(a) Tensile test setup (b) Plan view of DIC setup 

Figure 16. Coupon setup of tensile test and DIC 

Fig. 17 shows the fractured coupons, while Fig. 18 shows their respective longitudinal strain plots 271 

at the point of fracture, providing a typical example. It was observed that the longitudinal surface strain 272 

pattern of as-built coupons was significantly influenced by their inherent anisotropy (namely, coupons 273 

exhibit non-uniform distributions of longitudinal surface strain). Despite efforts to remove surface 274 

undulations and create prismatic coupons of similar geometry, the machined coupon surfaces still 275 

exhibited deformations during testing that aligned with their building direction. This behaviour can be 276 

attributed to the anisotropy originating from the preferential crystallographic alignment along the 277 
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highest thermal gradient, which occurs during the rapid solidification of the melted material [37,38]. 278 

As a result, the material behaviour was highly dependent on the direction of loading. 279 

  
(a) 8 mm tensile coupons (b) 4 mm tensile coupons 

Figure 17. Close-up views of coupons after testing 

WAAM material displays heterogeneity due to its non-uniform distributions of properties, as 280 

depicted in Fig. 18. However, in this study, the constitutive response of WAAM material was 281 

investigated by focusing on its average macroscopic properties. Therefore, the mechanical properties 282 

were assumed uniformly distributed within the specimens. Figs. 19 and 20 present the engineering 283 

stress-strain and stress vs. the Poisson's ratio curves, respectively. Positive strain values indicated 284 

material elongation, while negative values indicated material contraction. Additionally, a linear 285 

regression analysis (LRA) method was employed to calculate the elastic modulus Es. A summary of 286 

the average material properties of the as-built and machined steel coupons, grouped by deposition 287 

direction (i.e., 0°, 45° and 90°) is reported in Table 5; where Es is the elastic modulus, fy is the yield 288 

strength, fu is the ultimate strength, and u is the fracture strains. In general, the mechanical properties 289 

of the as-built coupons were observed to be slightly inferior to those of the machined coupons. This 290 

finding highlights the negative impact of the surface undulations resulting from the Wire Arc Additive 291 

Manufacturing (WAAM), as these properties are highly sensitive to the loading direction in relation to 292 

the deposition direction. Additionally, some degree of mild anisotropy was noted, with thinner coupons 293 

exhibiting a more pronounced anisotropic behaviour. Moreover, the Poisson's ratio s  of the coupons 294 

generally fell within the range of 0.2 to 0.45. Notably, during the elastic-plastic stage, the Poisson's 295 

ratio of most coupons remained stable at approximately 0.35. 296 

Machined As-built 

90° 45° 0° 90° 45° 0° 90 0° 45
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(a) 8 mm-0° (b) 8 mm-45° (c) 8 mm-90° 

   

(d) 4 mm-0° (e) 4 mm-45° (f) 4 mm-90° 
Figure 18. Typical longitudinal strain fields of coupons before coupons fracture 
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Table 5 Average material properties of WAAM steel coupons 297 

  nt (mm) Es (GPa) fy  (MPa) fu  (MPa) u  Note 

90° 8 
190.10 324.77 446.97 0.19 As-built 
194.94 364.38 483.45 0.18 Machined 

4 184.05 433.53 535.98 0.15 As-built 

45° 8 200.58 339.92 460.55 0.16 As-built 
208.73 357.20 471.51 0.15 Machined 

4 210.10 442.98 511.56 0.15 As-built 

0° 8 191.62 355.69 464.86 0.17 As-built 
196.90 368.38 482.06 0.21 Machined 

4 199.40 444.28 535.98 0.15 As-built 

  
(a) 4 mm thick coupon 

  
(b) 8 mm thick coupons 

Figure 19. Stress-strain curves obtained from tensile coupon tests: full curve (left), initial range 

(right) 
3.2. Concrete Cubic Tests 298 

To determine the material properties of the inner concrete, three concrete cubes were tested. The 299 

compressive strength of the concrete cubes was determined at the age of 28 days [71] by testing them at 300 

a constant displacement rate of 0.25 mm/min. The mean compressive strength of the concrete cubes was 301 
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measured as fcu=37.43 MPa. The compressive strength of the inner concrete was taken as fc=0.8fcu=29.94 302 

MPa, and the elastic modulus was taken as c c4730 =25881.36 MPaE f . 303 

  

(a) 4 mm thick coupons (b) 8 mm thick coupons 

Figure 20. Poisson’s ratio obtained from tensile coupon tests: average value of DIC 

4. Push-out Tests 304 

4.1. Specimen Design and Preparation  305 

A total of twelve concrete-filled WAAM steel tube specimens were designed and tested, while the main 306 

test parameters included: 1) diameter to thickness ratio of WAAM steel tube (D/T); 2) length to diameter 307 

ratio of WAAM steel tube (Le/D). The geometric dimensions of the WAAM steel tube determined by 308 

Rhino [68] based on the scanned 3D models were used for the CFST specimens, as shown in Table 6, 309 

in which the labels of CFST specimens were defined by the order of member type and the dimensions 310 

of WAAM steel tube, and Le is the interface length of the tube to the concrete. The label "CF" refers to 311 

a concrete filled WAAM steel tube. The other labels are defined similarly to those in the WAAM steel 312 

tube, as mentioned in Section 2.1. 313 

After the concrete was mixed, it was poured into the WAAM steel tubes and compacted using a 314 

poker vibrator. To allow for slip between the concrete and the tube during the testing arrangement, the 315 

WAAM steel tubes were filled to a length 45 mm longer than the height of the inner concrete. Following 316 

28 days of standard curing, the length difference between the steel tube and inner concrete was measured 317 

to account for the shrinkage effect of the latter. 318 
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Figure 21. Test setup of axial compressive tests on push-out CFST specimens 

 
Figure 22. Arrangement of strain gauges on push-out CFST specimens 

4.2. Test Setup and Instrumentation 319 

The experimental layout adopted for the conducted tests is shown in Fig. 21. A 10,000 kN electric-320 

hydraulic jack was used for the application of the axial load, tested at displacement rates of 0.25 mm/min 321 

for pre-peak stage and 0.5 mm/min for post-peak stage [72,73], respectively. A steel cylinder block was 322 

placed on the top of the push-out specimen to transfer the load, where the outer diameter of the block 323 

was slightly smaller than that of the inner concrete. Spherical hinge supports were employed at the steel 324 

cylinder block to ensure that the axial force was evenly transferred between the CFST specimens and 325 

the loading plates. The inner concrete was then pushed out together during testing. Note that the 326 

geometric centroids of the ends for the specimens were aligned with the centroid of the loading plate to 327 

avoid eccentric loading as much as possible. 328 

Two LVDTs (D1-D2) were symmetrically positioned at the specimen loading end to measure 329 
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vertical displacements, while one LVDT (D3) was installed at the free end of the specimen, as shown 330 

in Fig. 21. Ten transverse and ten longitudinal strain gauges (ST1~ ST10 and SL1~ SL10) were attached 331 

uniformly to the CFST specimens - see Fig. 22, to measure the horizontal and vertical strains. The strain 332 

gauges spaced at 60 mm, 85 mm and 110 mm intervals were installed along the length of the steel tube 333 

for specimens with a length of 300 mm, 400 mm and 500 mm, respectively. Prior to attaching the strain 334 

gauges, the surface of the WAAM steel tube shall be slightly polished to provide a smooth surface for 335 

the attachments. During the testing, the load was stopped when the displacement of the load cell reached 336 

30 mm for L300 and L400 series and 40 mm for L500 series, respectively. The load cell, LVDTs and 337 

strain gauges reading were taken at a frequency of 1 HZ. 338 

4.3. Results and Discussions 339 

4.3.1. Experimental Observations 340 

Figs. 23 presents the failure modes of specimens, while local observations on the interface are also 341 

presented in Figs. 23(b)-(d), along with the general failure mode of the tested specimens. As shown in 342 

the figures, the inner concrete moved along the WAAM steel tube, while some of the concrete on the 343 

contact surface fell off at the loading end.  344 

After the push-out test, scratches were observed on the interfacial surfaces of the WAAM steel tube 345 

and inner concrete. Meanwhile, some concrete debris was found at the contact surface of the tube, as 346 

the shear failure layer was formed, and more concrete remained on the thicker steel tube, as shown in 347 

Figs. 23(b)-(c). This is due to the fact that the surface of the WAAM steel tube was rougher for the 348 

thicker tube wall. In addition, at the free end, specimens had slippage at the interface, and the integrity 349 

of the inner concrete was maintained as shown in Fig. 23(b). Furthermore, it can also be observed that 350 

except for the CF-L500D240T4 specimen, no obvious deformation or bulking was found in the WAAM 351 

steel tube. Local buckling, which occurred at the bottom of the steel tube near the air gap, can be 352 

observed in the CF-L500D240T4 specimen, as shown in Fig. 23 (d). This is owing to the high push-out 353 

force transferred from the inner concrete to the WAAM steel tube and the local tube wall being too thin 354 

with geometric undulations. 355 
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(a) Loading and free ends of the specimens before and after the test 

  
(b) Typical interfacial surfaces of tube and 

concrete after push-out test 

(c) Comparison of loading ends with different 

tube thickness 

 

 

(d) Local buckling of CF-L500D240T4 

specimen 
 

Figure 23. Failure modes of the push-out specimens 

4.3.2. Load-Slip Relationship and Bond Strength 356 

The load versus slip curves of the push-out specimens are plotted in Fig. 24, in which the slip value of 357 

the loading end was calculated by the average readings of D1 and D2, and the slip value of the free end 358 

was measured by D3. It can be found that the load increased linearly and rapidly with the slip 359 

displacement in the initial stage of loading. In the initial stage, the interfacial bond behaviour of the 360 

WAAM steel tube and concrete was mainly composed of chemical adhesion and interlocking, where 361 

the chemical adhesion is formed by intermolecular forces between the cement gel and the steel tube, and 362 

the interlocking force is the mechanical interaction between the tube and concrete caused by the 363 
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geometric undulations of WAAM steel tube. After reaching the peak load, a slowly descending region 364 

appeared until a relatively stable residual load was achieved, which could be explained by the fact that 365 

the broken concrete filled the undulations surface of the WAAM steel tube leading to the reductions of 366 

chemical adhesion and minor reduction of the interlocking force and hence the bond strength. It is 367 

somewhat different from the research results of the push-out specimens fabricated by conventional steel 368 

tubes [22,24-26,28,29,31] where a rapidly declining region can be found caused by the disappearance 369 

of chemical adhesion and significant reduction of the micro-interlocking force in this stage. This is 370 

attributed to the fact that conventional steel tubes, such as stainless steel and low-carbon steel, have a 371 

relatively smooth surface whilst the WAAM steel tubes exhibiting an undulated surface. 372 

  
(a) Specimens with 4 mm thick wall (b) Specimens with 8 mm thick wall 

Figure 24. Load-slip curves of push-out CFST specimens 

In addition, it can also be seen from Fig. 24 that when reaching the same load level, the slip 373 

displacement of the loading end was greater than that of the free end, and the larger the thickness of the 374 

WAAM steel tube, the greater the difference between the slip displacements of the loading and free 375 

ends. Similarly, for the specimens with identical nominal diameter and length, the larger the thickness 376 

of the WAAM steel tube, the smaller the slip displacements of the free end when reaching the peak load, 377 

as shown in Fig. 25. These reveal that the thicker the WAAM steel tube, the increase in compressive 378 

deformation of inner concrete itself and the decrease in the slip displacements of free end led to an 379 

increase in the compressive load. This is due to the fact that the factor of surface undulation for the 380 

WAAM steel tube is positively correlated with the tube wall thickness, as described in Section 2.3. It 381 

should be noted that the slip at the peak load for all push-out specimens in this paper meets the 382 
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requirement that the allowable slippage is usually kept to less than 2% of the effective contact length Le 383 

to ensure the applicability of real structures [22,28,29,31], as shown in Fig. 25. The slip displacement 384 

of the free end was used as the slip amount of the inner concrete. 385 

 386 

Figure 25. Slip of push-out CFST specimens 387 

The average and residual bond stresses were adopted to quantify the interface bond behaviour, 388 

which was defined by dividing the push-out load by the contact area of the inner interface. Assuming 389 

that the bonding stress is evenly distributed on the contact area, the interfacial average and residual bond 390 

strengths ( u  and u_2% ) in concrete-filled WAAM steel tubes can be defined as Eqs. (4) and (5): 391 
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where Nu is the peak load of the push-out specimens, Nu_2% is the residual load when the slip reaches 2% 394 

of the interface length Le at the post-peak segment [22,28,29,31]. The average u  and residual u_2%  395 

bond stresses are summarised in Table 6, where Su is the slip at the free end when reaching the peak 396 

load; s u s/N A   is the axial stress of the WAAM steel tube within the air gap; As is the average cross-397 

sectional area of the WAAM steel tube. It can be found that the axial stresses of the WAAM steel tubes 398 
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within the air gap were less than their corresponding yield strengths, indicating that the WAAM steel 399 

tubes of the push-out specimens were not failed under compression. The average bond stresses of the 400 

push-out specimens were far greater than those of the push-out specimens fabricated by conventional 401 

steel tubes [22,24-26,28,29,31] and even checkered steel tubes [23]. This is because the roughness 402 

caused by the surface undulations of WAAM steel tubes is more significant than conventional and 403 

checkered steel tubes, which can improve the bond strengths of the CFST specimens with WAAM 404 

elements. In addition, the average ratio of the residual and average bond stress was 0.96, with CoV of 405 

0.024, demonstrating only a minor reduction of the interlocking force between the WAAM steel tube 406 

and inner concrete until the attainment of the 2%Le slip. 407 

  
(a) L300D150T4 (b) L300D180T4 

  
(c) L400D180T8 (d) L400D210T4 
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(e) L500D210T4 (f) L500D210T8 

Figure 26. Strain distribution of the WAAM steel tube of specimens  

4.3.3. Strain and Stress Distribution of WAAM Steel Tube 408 

The longitudinal and transverse strain distributions of the WAAM steel tubes for the push-out specimens 409 

at four loading stages, namely 25%, 50%, 75% and 100% of the peak load, are illustrated in Fig. 26. 410 

The vertical axis is the length of the tube wall from the free end to loading end along the longitudinal 411 

direction. In these plots, positive strain values indicate material contraction, while negative values 412 

indicate material elongation. It can be seen that the longitudinal strain values of the WAAM steel tube 413 

increased with an increase in the compressive load, while the longitudinal strain values at the free end 414 

of the specimen were larger than those at the loading end, basically. This indicates the shear load was 415 

transferred to the tube from the concrete through accumulative bond stress. The negative transverse 416 

strain values indicate that the confinement was provided by the WAAM steel tube to the inner concrete. 417 

The transverse strains increase along the height direction from loading end to free end of the specimens 418 

is attributed to the shear load being transferred to the tube along the height and compressive expansion 419 

of the inner concrete near the free end. Some of the strain values did not conform to the above 420 

distribution, this might be due to local buckling caused by geometric undulations on the surface of the 421 

WAAM steel tube. 422 
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(a) L300D150T8 (b) L300D180T8 

  
(c) L400D180T4 (d) L400D210T4 

  
(e) L500D210T8 (f) L500D240T4 

Figure 27. Stress distribution of the WAAM steel tube of specimens 

The calculated stresses of the WAAM steel tubes (see Table 6) indicate that the steel tubes of all 423 

specimens generally remained elastic during the push-out test except for local buckling at the bottom of 424 

the steel tube near the air gap. Therefore, the influence of yield stress on the bond behaviour can be 425 

ignored. Based on the longitudinal and transverse strains measured along the length of a specimen and 426 
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the assumption that the steel tube remained in the elastic stage during the whole loading process, the 427 

longitudinal stress L  of WAAM steel can be derived according to Eq. (6) [20,24,29]: 428 

 s
L L θ2

s1
E  


 


                                                             (6) 429 

where L  and θ  are the longitudinal and transverse strains of the WAAM steel tube, respectively. The 430 

longitudinal stress distributions of specimens are shown in Fig. 27. As predicted, the longitudinal stress 431 

generally increases from the loading end to the free end due to the shear load being transferred from the 432 

inner concrete to the WAAM steel tube. The calculated stress at some strain gauge positions, which are 433 

greater than the material yield stress, are not shown in Fig. 27, because local buckling occurred at these 434 

strain gauge locations which is not conform to the assumption of elastic state. It should be noted that at 435 

the height of these strain gauges, the full cross-section of the WAAM steel tube was not all reached yield 436 

stress state, as evidenced by the average stresses of the WAAM steel tubes in Table 6. 437 

4.3.4. Influence of Different Parameters of the WAAM Steel Tube 438 

(1) Geometric undulations 439 

Steel tubes with different surface geometric undulations su  were used to study the effects of surface 440 

roughness on bond strength. Fig. 28(a) shows the influence of surface geometric undulation on the bond 441 

strength u . As predicted, a significant positive correlation between bond strength and the factor of the 442 

geometric undulation can be found in Fig. 28(a), indicating that the bond strength was greater when the 443 

geometric undulation of the WAAM steel tube was larger. This is due to the fact that the friction effect 444 

can be improved by the geometric undulation, resulting in the enhanced interfacial bond strength. 445 

(2) Diameter to thickness ratio 446 

The diameter-to-thickness ratio of the WAAM steel tube (D/T) significantly influences the interfacial 447 

bond strength in CFST members with conventional steel tubes [22,24,28,28,31]. In this paper, the D/T 448 

still had a significantly effect on the average bond strength for the concrete-filled WAAM steel tube 449 

specimens, as shown in Fig. 28(b). Like the CFST members with conventional steel tubes, the average 450 

bond strength of specimens generally decreased with an increase of D/T. This is attributed to the 451 
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decrease of the confinement effect provided by the WAAM steel tube to inner concrete as D/T increased 452 

and hence the bond strength. 453 

  
(a) Geometric undulation (b) Diameter to thickness ratio 

 

 

(c) Interface length  

Figure 28. Influence of different parameters on the interfacial bond stress 

(3) The interface length 454 

The trend of the average bond strengths of specimens with different effective lengths (Le) is shown in 455 

Fig. 28(c). It can be found that the increase of Le led to a moderate decrease in the average bond strength, 456 

which was consistent with the results of push-out specimens with conventional steel tubes [29,31]. 457 

This might be due to the uneven distribution of bonding stress on the contact area, while the contact 458 

area was determined in terms of the effective length, therefore the average bond strength decreased with 459 

longer interfacial effective length.460 
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Table 6 Comparisons of design predictions and experimental results of CFST specimens 461 

Specimens ID 
 su  eL  

(mm) 
uS  

(mm) 
uN  

(kN) 
s  

(MPa) 
u  

(MPa) 
u_2%  

(MPa) 
u_ 2%

u




 

AISC 
360-16 EC4 AS 

5100 AIJ Proposed 
design 

p

u,AISC

u,Ex


 
x

u,EC4

u,E p


 
u,Exp

u,AS




 
x

u,AIJ

u,E p


 
p

u,Design

u,Ex


 

CF-L300D150T4 0.36 272.2  2.95 606 322.56  4.65  4.38  0.94  0.20  0.12  0.09  0.05  0.95  
CF-L300D150T8 0.95  274.5  1.44 1077 291.40  8.01  7.42  0.93  0.17  0.07  0.05  0.03  1.10  
CF-L300D180T4 0.17  257.8  3.34 579 253.98  3.92  3.82  0.97  0.17  0.14  0.10  0.06  0.95  
CF-L300D180T8 0.72  261.6  2.49 1138 259.16  7.46  7.10  0.95  0.16  0.07  0.05  0.03  0.98  
CF-L400D180T4 0.14  371.9  4.69 628 281.21  2.95  2.87  0.97  0.22  0.19  0.14  0.08  1.15  
CF-L400D180T8 1.31  353.9  2.79 1349 305.28  6.53  6.15  0.94  0.19  0.08  0.06  0.03  1.06  
CF-L400D210T4 0.15  359.8  4.17 754 282.39  3.14  3.09  0.98  0.15  0.18  0.13  0.07  0.95  
CF-L400D210T8 1.30  353.9  3.74 1462 287.35  6.10  6.00  0.98  0.15  0.09  0.07  0.04  0.96  
CF-L500D210T4 0.13  478.3  5.12 865 322.82  2.71  2.48  0.92  0.18  0.20  0.15  0.08  1.02  
CF-L500D210T8 0.66  452.8  4.82 1620 319.41  5.29  5.18  0.98  0.17  0.10  0.08  0.04  1.04  
CF-L500D240T4 0.27  473.8  6 925 296.90  2.57  2.50  0.97  0.15  0.21  0.16  0.09  0.96  
CF-L500D240T8 0.92  470.5  5.33 1768 309.66  4.88  4.72  0.97  0.14  0.11  0.08  0.05  0.95  

       Mean 0.96 0.17  0.13  0.10  0.05  1.00  
       CoV 0.024 0.135  0.395  0.395  0.395  0.069  

462 
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5. The Interfacial Bond Strength of Concrete-filled WAAM Steel Tube 463 

In this section, the average bond strengths of the push-out specimens were also initially compared 464 

against the bond strength predictions of the CFST member comprising of conventional steel tube (such 465 

as carbon steel or stainless steel) by current design codes, namely AISC 360-16 [46], EC4 [65], AS 5100 466 

[66]and AIJ [67]. In addition, the design equation of the average bond strength of concrete-filled WAAM 467 

steel tubes was proposed, while the geometric undulations of the WAAM steel tubes (as aforementioned 468 

in Section 2.3) were considered. The applicability of the proposed equation was subsequently evaluated. 469 

  

(a) Influences of su  and D/T (b) Influence of eL  

Figure 29. Predictions of the average bond strengths 

5.1. Current Design Codes 470 

The specified design bond strength in AISC 360-16 [46] are expressed in Eq. (7), while the design bond 471 

strengths in EC4 [65], AS 5100 [66] and AIJ [67] are 0.55 MPa, 0.4 MPa and 0.225 MPa for the circular 472 

CFST members, respectively. Since the specified bond strengths were proposed based on CFST 473 

members with conventional steel tubes, there is a need to check the validity of the specifications, 474 

especially to consider the effect of surface roughness on the bond strength. 475 
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in Table 6. The results show that the predictions in standards of AISC 360-16, EC4, AS5100 and AIJ 478 

were overly conservative compared to the experimental bond strength of the specimens, namely, the 479 

maximum predicted value from these codes is less than 25% of the corresponding experimental value. 480 

This highlights that special attention should be paid when using the specified design bond strengths in 481 

the current standard to design the CFST member comprising WAAM steel tubes. The bond strength of 482 

the concrete-filled WAAM steel tube is enhanced by the geometric undulation of the surface, and hence 483 

the factor of the surface undulation should be taken into account for the prediction of bond strength. 484 

5.2. Proposed Bond Strength 485 

The parameters of the factor of geometric undulation su  , the diameter-to-thickness ratio D/T and 486 

interface length Le exhibit a significant influence on the bond strength of the concrete-filled WAAM 487 

steel tube. Therefore, the bond strength of the concrete-filled WAAM steel tube could be predicted by 488 

using the design equations presented in Eqs. (8) and (9). The relationship of criterion bond strength 0  489 

with the parameter of the factor of geometric undulation su , or the diameter-to-thickness ratio D/T is 490 

shown in Fig. 28(a), while the best-fitting curve of a power relationship with 95% prediction band is 491 

presented in Fig. 29(a). The relationship of normalized bond strength u,Design 0/   with the parameter 492 

of the interface length Le is shown in Fig. 29(b). 493 

1.0641.064
sd

0
su

=197.67 =197.67 yA TD
T T




   
  

   
                                       (8) 494 

u,Design 0
0

( 0.188 1.233)eL
L

                                                   (9) 495 

where 0  is the criterion bond strength of concrete-filled WAAM steel tube without considering the 496 

influence of interface length Le; 0 =300 mmL  is a reference length. The predictions calculated using the 497 

proposed design approach of the concrete-filled WAAM steel tube specimens were compared with the 498 

experimental results u,Exp , as shown in Table 6. It can be seen that the predictions calculated by the 499 

proposed approach were close to the experimental bond strength of the specimens with the mean value 500 
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of pu,Design u,Ex/   being 1.00, and the CoV being 0.069. Generally, the proposed design equation can 501 

predict the average bond strength of the concrete-filled WAAM steel tubes with reasonable accuracy. It 502 

should be noted that the proposed equations are validated within the range of the parametric study, i.e. 15 503 

≤D/T ≤ 60 and 300 550L  . Further research is required for the wider applicability of the design of 504 

the concrete-filled WAAM steel tube. 505 

6. Conclusions 506 

In this paper, the geometric characteristics and material properties of the WAAM steel components were 507 

intensively examined. Subsequently, the experimental research was carried out to elucidate the interfacial 508 

bond behaviour of the concrete-filled WAAM steel tube. A design approach for predicting bond strength 509 

was introduced. The summarised findings from this investigation can be outlined as follows: 510 

(1) The comparison results indicate that the 3D laser scanning method was the most suitable 511 

approach for achieving precise measurements of WAAM steel element geometry. The factor of surface 512 

undulation was proposed to quantitatively evaluate the roughness of the WAAM steel tube. 513 

(2) Material properties of the WAAM steel coupons which were extracted from different deposition 514 

direction, were acquired through monotonic tensile tests. Mild anisotropy was evident, with a more notable 515 

effect observed in the thinner coupon specimens. 516 

(3) The experimental results demonstrate that: 1) after reaching the peak load, a slowly descending 517 

region appears until a relatively stable residual load was achieved, which is somewhat different from 518 

the research results of the push-out specimens fabricated by conventional steel tubes; 2) the average 519 

bond stresses of the push-out specimens were far greater than that of the push-out specimens fabricated 520 

by conventional steel tubes and even checkered steel tubes; 3) the strain values at the free end of the 521 

specimen were larger than those at the loading end, indicating the shear load being transferred to the 522 

tube from the concrete through accumulative bond stress. 523 

(4) The parameters of the factor of geometric undulation su , the diameter-to-thickness ratio D/T 524 

and interface length Le exhibited a significant influence on the bond strength of the concrete-filled 525 

WAAM steel tube. 526 
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(5) The predictions of bond strengths in the current codes of AISC 360-16, EC4, AS5100 and AIJ 527 

were quite conservative for the specimens with WAAM elements. A design approach for the bond strength 528 

of the specimen was proposed. The comparison results demonstrate the proposed design equation could 529 

reasonably predict the bond strength of the specimens. 530 
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Notation  698 

The following symbols are used in this paper: 699 

Latin upper case letters 

A  = the average cross-section area of WAAM steel component; 

iA  = the cross-sectional area of each contour spacing for the WAAM steel tube; 

maxA  = the maximum cross-section area of WAAM steel component; 

minA  = the minimum cross-section area of WAAM steel component; 

sA  = the cross-sectional area of the WAAM steel tube; 

sdA  = the standard deviation of the cross-section area; 

Scan,TA  = the average cross-sectional area of the WAAM steel tube determined by laser scans; 

Scan,CA  = the average area of the typical cross-section of the WAAM tensile coupon determined 

by laser scans; 

hC  = the outer perimeter of the WAAM steel tube determined by hand measurement; 

D  = the average outer diameter of the WAAM steel tube; 

hD  
= the average outer diameter of the WAAM steel tube determined by hand 

measurement; 

nD  = the nominal outer diameter of the WAAM steel tube; 

ScanD  = the average outer diameter of the WAAM steel tube determined by laser scans; 

cE  = the elastic modulus of concrete being used; 

sE  = the elastic modulus of WAAM steel being used; 

L  = the average length of the WAAM steel tube; 

eL  = the interface length of the push-out specimen; 

hL  = the average length of the WAAM steel tube determined by hand measurement; 

nL  = the nominal length of the WAAM steel tube; 

oL  = 300, the reference length of the CFST specimen; 

ScanL  = the average length of the WAAM steel tube determined by laser scans; 

uN  = the peak load of the push-out specimen obtained in the experiments; 

u_2%N  
= the residual load when the slip reaches 2% of the interface length eL  at the post-peak 

segment; 

uS  = the slip corresponding to the peak load of the push-out specimen; 
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T  = the average thickness of WAAM steel tube; 

hT  = the average thickness of the WAAM steel tube determined by hand measurement; 

nT  = the nominal thickness of the WAAM steel components; 

ScanT  = the average thickness of WAAM steel tube determined by laser scans; 

yT  = the thickness of the printed layer; 

Hand,TV  = the volume of the WAAM steel tube determined by hand measurement; 

Scan,TV  = the volume of the WAAM steel tube determined by 3D laser scans; 

Scan,CV  = the volume of the WAAM tensile coupon determined by 3D laser scans; 

Latin lower case letters 

nb  = the nominal width of WAAM steel coupon; 

Scanb  = the width of WAAM steel coupon determined by 3D laser scans; 

cf  = the cylinder compressive strength of concrete being used; 

cuf  = the cubic compressive strength of concrete being used; 

yf
 = the yield strength of steel being used; 

uf  = the ultimate strength of WAAM steel being used; 

Hand,Tm  = the weight of the WAAM steel tube; 

Hand,Cm  = the weight of the WAAM tensile coupon; 

n  = the number of contour spacing; 

t  = the time of the WAAM process; 

nt  = the nominal thickness of WAAM steel coupon; 

Scant  = the thickness of WAAM steel coupon determined by 3D laser scans; 

1 2,  v v  = the welding speed of the WAAM process; 

Greek case letters 

1 2,  l l   = the welding arc length of the WAAM process; 

  = the density of the WAAM steel element; 

L  = the longitudinal stress of the WAAM steel tube; 

0  = the criterion bond stress of the concrete-filled WAAM steel tube; 

u  = the average bond stress of the concrete-filled WAAM steel tube; 

u_2%  
= the residual bond stress when the slip reaches 2% of the interface length eL  at the post-

peak segment; 
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u,AIJ  = the predicted bond strength of CFST specimen in AIJ; 

u,AISC  = the predicted bond strength of CFST specimen in AISC 360-16; 

u,AS  = the predicted bond strength of CFST specimen in AS 5100; 

u,Design  = the design bond strength calculated by the proposed approach; 

u,EC4  = the predicted bond strength of CFST specimen in EC4; 

u,Exp  = the bond strength of the CFST specimen obtained in the experiments; 

L  = the longitudinal strain of the WAAM steel tube; 

u  = the fracture strain of WAAM steel being used; 

θ  = the transverse strain of the WAAM steel tube; 

s  = the Poisson's ratio of the WAAM steel tube; 

su  = the factor of surface undulation for the WAAM steel tube. 
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