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ARTICLE INFO ABSTRACT
Keywords: Numerical investigation of the mechanical behaviour of concrete-filled wire arc additively manufactured
Axial compressive strength (WAAM) steel tube under axial compression is presented in this paper. Typical structural performances of
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3D printing

concrete-filled WAAM steel tube are extensively analyzed based on the experimental results firstly. FE models are
established based on 3D models obtained by 3D laser scan technology, whilst the material anisotropy of WAAM
steel tube is taken into account. The sensitivity study on the finite element (FE) model parameters is developed to
assess their influence on the simulation results. The established FE models are verified against the test results
demonstrating their effectiveness in predicting the structural behaviour of the concrete-filled WAAM steel tube.
The composite action between the WAAM steel tube and inner concrete is analyzed through the validated FE
models, indicating that it should be emphasized within the strain range from 0.003 to 0.01. The influences of the
concrete and steel strengths are evaluated to investigate the confinement effect, showing that the concrete and
steel strength exhibit a negative and positive impact on the confinement effect, respectively, and a positive
correlation between the steel strength and biaxial stresses of the WAAM steel tube can be obtained. Finally, the
design method of concrete-filled WAAM steel tube under axial compression, which considers the effect of the
geometric undulations and material anisotropy of the WAAM steel tube, is proposed based on the theory of
confining effect. The comparison results indicate that the proposed method can predict the axial compressive
strengths of the concrete-filled WAAM steel tubes with reasonable accuracy.

the characterization of small specimens taken from planar sheets and
full-scaled tubes manufactured by MX3D using the WAAM process.
Advanced finite element (FE) modelling of the bridge and its compo-
nents has also been performed and presented [12].

Generally, the development in construction industry of WAAM
technology depends on a good standing on the structural behaviour and
the development of design guidelines for metal 3D printed components
and structures. Therefore, the mechanical behaviour and design of 3D
printed elements manufactured by PBF have been investigated [13-16].
Due to the potential application in large-scale structures, the research of
WAAM structures is mainly on experimental tests of material properties
[13], bolted [14,15] and T-stub [16] connections, square hollow sec-

1. Introduction

Among the various metal directed energy deposition (DED) tech-
nologies, the present study focuses on the wire arc additive
manufacturing (WAAM) process [1-6], as illustrated in Fig. 1. WAAM
has the potential for a significant impact on the construction industry
due to its ability to produce large parts compared with powder bed
fusion (PBF) technology. For example, the world’s first large-scale
construction of WAAM structural elements, i.e. the 3D-printed steel
foot bridge - see Fig. 2, was 3D printed by the Dutch start-up company
MX3D (www.mx3d.com) [7]. The structural behaviour of the bridge is tions (SHS) and circular hollow sections (CHS) components [4,5,12,
clearly beyond the scope of current steel structure design specifications 17-20], whilst the study on the mechanical behaviour of concrete-filled
[8-11]. The novel structure, therefore, has required extensive experi- WAAM steel is still rare.
mental and numerical research for its safety to be demonstrated. Laghi

. Concrete-filled steel tube (CFST) is one of the most widely used
et al. [4] and Gardner et al. [5] have conducted experimental tests for
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Nomenclature

Latin upper case letters

the average cross-section area of the WAAM steel tube
the cross-sectional area of inner concrete

the cross-sectional area of WAAM steel tube

the minimum cross-section area of the WAAM steel tube
the maximum cross-section area of the WAAM steel tube
the average outer diameter of the WAAM steel tube

the maximum outer diameter of the WAAM steel tube
the minimum outer diameter of the WAAM steel tube
the diameter of inner concrete
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Dcpm the damage factor introduced based on the continuum
damage mechanics (CDM)

DI the ductility index of the CFST specimen

E the energy dissipation of the whole CFST specimen

E, the elastic modulus of concrete being used

E, the elastic modulus of WAAM steel being used

(EA)y ryp the axial stiffness of the CFST specimen obtained by test
results

Gg the fracture energy of steel

Ko the elastic stiffness of the cross-section in the original state
without damage

K* the secant stiffness of cross-section damage

L, the length of the tested CFST specimens

N, the compressive strength of the concrete-filled WAAM steel
tube

Nyaisc  the predicted compressive strength of the concrete-filled
WAAM steel tube using AISC 360-16

Ny act the predicted compressive strength of the concrete-filled
WAAM steel tube using ACI 318

Ny an the predicted compressive strength of the concrete-filled

WAAM steel tube using ALJ
Nyas the predicted compressive strength of the concrete-filled
WAAM steel tube using AS 5100

NuEcs the predicted compressive strength of the concrete-filled
WAAM steel tube using EC4

Nugxp the experimental compressive strength of the CFST
specimens

Ny re the numerical compressive strength of the concrete-filled
WAAM steel tube

Nucs the predicted compressive strength of the concrete-filled
WAAM steel tube using GB 50936

Nypesign  the predicted compressive strength obtained from the

proposed design method
N(4) the axial load of the CFST specimen during the loading

stage
Rjj the anisotropic yield stress ratios
SI the strength index of the CFST specimens
T the average thickness of the WAAM steel tube
Trmax the maximum thickness of the WAAM steel tube
Trmin the minimum thickness of the WAAM steel tube
v the volume of the whole CFST specimen

Latin lower case letters

f the lateral confining pressure of concrete

fe the cylinder compressive strength of concrete being used
fex the characteristic strength of concrete

feu the cubic compressive strength of concrete being used

fy the yield strength of WAAM steel being used

fys the yield strength of WAAM steel tube

fys_00 the yield strength of the WAAM steel tube with a

deposition direction of 90°
fys_o the yield strength of the WAAM steel tube with a
deposition direction of 0°

fi the tensile fracture stress of concrete being used

fu the ultimate strength of WAAM steel being used

f(o) Hill’s potential function

Up.75 the axial displacement of specimen when the load attains
75% of the axial compressive strength in the pre-ultimate
stage

Up g5 the axial displacement of specimen when the load falls to
85% of the axial compressive strength

up the axial displacement of specimen when attainment of the
axial compressive strength

w the energy dissipation density of the CFST specimen

Greek case letters

a the ratio of the circumferential stress of the WAAM steel
tube to the yield stress fy oo

e the confinement factor of the CFST members

B the ratio of the longitudinal stress of the WAAM steel tube
to the yield stress f, s oo

[ the longitudinal stress of the inner concrete

Ocon the confinement stress of the inner concrete provided by
the steel tube

ojj the stress component of steel element

OsL the longitudinal stress of the WAAM steel tube

Osp the circumferential stress of the WAAM steel tube

o® fys_o the reference yield stress specified for the metal
plasticity definition

£0.75 the axial strain of the specimen when the load attains of
75% the ultimate load in the pre-ultimate stage

£0.85 the axial strain of the specimen when the load falls to 85%
of the ultimate load

Ep 80%

Ecc the axial strain of confined concrete at f,

& the fracture strain of WAAM steel being used

Eoh the hardening strain of steel

&y the ultimate strain of steel

&y the yield strain of steel

T bond stress critical value of steel tube and concrete
interface

70 the reference yield stress specified for the metal plasticity
definition

Vse the ratio of the circumferential strain to longitudinal strain

A the axial displacement of the CFST specimen during the

loading stage

composite components in CFST structures [21-29], such as CFST arch
bridges and CFST transmission towers. The steel tube and inner concrete
are capable of supporting each other meanwhile working together to
produce composite structural members with confinement effects be-
tween steel and concrete. For circular CFST subjected to the axial
compressive load, their compressive strength can be improved due to the
lateral confinement effect provided by the circular steel tube to the inner
concrete. Most of the current research is limited to the circular CFST

with conventional steel elements, in terms of experimental and numer-
ical studies [30-36]. The geometric characteristics of WAAM steel tubes
are more variable than those of rolled sections due to the surface un-
dulations arising from the printing process, rendering that the bond
strength between the WAAM steel tube and concrete can be significantly
enhanced [37]. Unlike CFST members fabricated from conventional
steel tubes (the seam welds running along the length of fabricated tubes)
where fracture of the steel tubes is often observed [38,39], the WAAM
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Fig. 1. Schematic diagram of the WAAM process.

tubes are composed of continuously printed ‘hoop’ and the resulting in
good deformation capacity, with a positive impact on the ductility of the
CFST with WAAM element after the attainment of ultimate capacities
[40]. The structural behaviour of concrete-filled WAAM steel tubes has
been rarely studied. When it comes to circular CFST elements, the
research has been limited to the investigation of the compressive and
interfacial bond behaviour of circular concrete-filled WAAM steel tubes
experimentally [37,40]. Seeking to fill this gap, the mechanical behav-
iour of circular concrete-filled WAAM steel tube under axial compres-
sion is investigated numerically in this paper.

The extensive experimental research and numerical investigation of
concrete-filled WAAM steel tubes are presented. Typical performance
measurements of concrete-filled WAAM steel tube, namely stiffness,
ductility, energy dissipation, damage and strain ratio, are extensively
analyzed based on the experimental results. The FE models are estab-
lished from the 3D models obtained by the 3D laser scanning, and the
material anisotropy of WAAM steel is taken into account. The sensitivity
study of the FE models is conducted to investigate the influence of
element type, element size, structural grid members and friction factor
on the FE model analysis. The established FE models are verified against
the existing test results. The composite action between the WAAM steel
tube and inner concrete is analyzed through the validated FE models.
The influences of the concrete strength and steel strength on element
stresses and axial compressive strength index of concrete-filled WAAM
steel tube are evaluated to study the confinement effect provided by the
steel tube to concrete. Finally, the design formulations of concrete-filled
WAAM steel tubes under axial compression, which consider the influ-
ence of geometric undulations and material anisotropy, are proposed
based on the theory of confining effect.
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2. Summary of experimental investigations
2.1. Test program

2.1.1. Specimens with WAAM technology

The production process of CFST specimens with WAAM technology is
illustrated in Fig. 3. Firstly, nine CHS steel tubes were printed with
WAAM technology based on the nominal diameter-to-thickness ratios in
the range 30-100 and nominal length to diameter ratios in the range
3.3-6.7. The applied welding torch of WAAM technology consisted of a
six-axis robot arm and a metal inert gas (MIG) welding machine. The
welding torch printed the component layer-upon-layer according to the
printing paths which were obtained from the computer-aided design
models. The wire feedstock supplied to the welding torch was heated,
melted and deposited onto a substrate plate of steel grade Q235B, as
shown in Fig. 1. Then the components were built up layer by layer. The
feedstock material was ER50-6 mild steel wire which is a widely used
solid wire for gas shielded welding. The tensile and yield strengths of
ER50-6 wire are larger than 500 MPa and 420 MPa, respectively. The
shield gas in the deposition process was a mixture of 97% Ar and 3%
COs.

3D laser scans were employed subsequently to obtain the geometry
of the printed steel tubes digitally. The digital models were then used to
acquire an accurate and detailed surface morphology which can be
imported to the ABAQUS [41] software for numerical analysis of the
CFST specimens, as shown in Fig. 3. After that, the concrete was filled
into the WAAM steel tube, allowing to cure for 24 days. Then, the upper
end plate of each WAAM steel tube was welded. After that the surfaces of
the WAAM steel tubes were treated and strain gauges were attached to
these tubes — see Fig. 3 (process 4). Therefore, the first CFST specimen
and concrete cube were tested soon after the completion of the 28 days
curing period. A 20 mm thick end plate was welded to each end of the
specimens to facilitate the application of the compressive load during
testing and to ensure load even distribution. Summary of the geometric
dimensions of the specimens which were obtained from the scanned
digital models [40], are reported in Table 1, where T, Tpin and Tpax are
the average, minimum and maximum thicknesses of the WAAM steel
tube, respectively; D, Dpi, and Dp,x are the average, minimum and
maximum outer diameters of the WAAM steel tube, respectively; A, Amin
and Apax are the average, minimum and maximum values of the
cross-sectional areas of the WAAM steel tube, respectively. The speci-
mens are varied through appropriate labelling, which includes the
nominal outer diameter, thickness and length of the WAAM steel tube.
To illustrate, the label "D180T3L600" signifies a specimen with a nom-
inal outer diameter of 180 mm, a nominal thickness of 3 mm and a
nominal length of 600 mm.

The monotonic tensile tests were conducted to obtain the material
properties of WAAM steel. Tensile coupons were cut from WAAM sheet
material at 0° and 90° to the deposition direction, as shown in Fig. 4, to

(a) Overall view

(b) Plan view

Fig. 2. MX3D (www.mx3d.com) bridge was presented at the Dutch Design Week 2018 in Eindhoven [12].
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Fig. 3. The production process of CFST specimens with WAAM technology.

Table 1

Summary of the real geometric dimensions of the CFST specimens as determined by the laser scans.
CFST specimens T Tmin Trnax D Diin Dinax A Anin Anax

(mm) (mm) (mm) (mm) (mm) (mm) (mmz) (mm2) (mmz)

D180T3L600 2.89 2.67 3.16 178.08 177.73 178.34 1591.16 1468.90 1739.27
D240T3L600 3.00 2.83 3.28 237.94 237.81 238.11 2214.03 2090.87 2417.61
D300T3L600 3.06 2.98 3.26 295.23 295.08 295.46 2844.25 2735.34 2989.63
D180T6L600 6.44 6.11 6.73 178.46 178.49 178.89 3478.71 3309.13 3638.19
D240T6L600 6.40 6.16 6.78 238.19 238.35 238.77 4661.17 4494.62 4939.92
D300T6L600 6.47 6.15 6.94 297.90 298.25 298.09 5928.27 5643.85 6344.65
D180T4L1200 3.53 3.15 3.87 178.91 178.69 179.23 1944.79 1734.64 2129.98
D240T4L1200 3.70 3.17 4.04 239.00 238.63 239.25 2732.96 2342.80 2986.09
D300T4L1200 3.66 3.18 3.99 298.57 298.46 298.89 3391.51 2953.88 3692.44

consider the WAAM material anisotropy. A summary of the average
material properties in 0° and 90° to the deposition directions for the
WAAM steel coupons are reported in Table 2, in which E; is the elastic
modulus of WAAM steel; f; and f, are the yield and ultimate strengths,
respectively; & represents the fracture strain. The material properties of
the filled concrete were determined by conducting compressive tests on
four concrete cubes. These tests allowed for the calculation of the mean
compressive strength of the concrete cubes. f., =41.33MPa is the cubic
compressive strength of concrete.

2.1.2. Axial compressive test

The experimental setup is shown in Fig. 5(a). Electric-hydraulic
compression equipment with a capacity of 10,000 kN was used for
applying the axial load [42,43], with a loading rate of 1 mm/min. To
guarantee a proper transfer of actions between the end plates of the
specimens and the loading plates, spherical hinge supports were
employed.

For CFST specimens shorter than 1000 mm in length, eight LVDTs

(D1-D8) were installed symmetrically at both the top and bottom ends to
measure the vertical displacement. In the case of specimens longer than
1000 mm, two additional LVDTs (D9 and D10) were included to mea-
sure the lateral displacement, as illustrated in Fig. 5(a). To measure both
vertical and horizontal strains, a total of twelve transverse strain gauges
(St1~ St12) and twelve sixteen longitudinal strain gauges (Sp1~ Sp12)
were installed on the specimens as shown in Fig. 5(b).Throughout the
test, data from the loading cells, LVDTs and strain gauges were gathered
using a DH3817 static data acquisition system at a frequency of 1 Hz [43,
44].

2.2. Test results

2.2.1. General structural behaviour

The load-end shortening curves resulting from the axial compression
tests of all CFST specimens are presented in Fig. 6. In the early loading
phase, the curves show a linear relationship between load and end
shortening and small deformations can be observed on the WAAM steel
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Fig. 4. Orientation of tensile coupons extracted from WAAM plate relative to
deposition direction.

Table 2
Material properties of the WAAM steel coupons.

0 t, (mm) E; (GPa) fy (MPa) fu (MPa) & Note
90° 6 205 405 513 0.20 As-built
199 420 535 0.17 Machined
3 198 408 515 0.09 As-built
0° 6 209 411 522 0.24 As-built
199 445 551 0.18 Machined
3 186 478 563 0.15 As-built

surface, indicating that the specimens were in the elastic stage. As the
load continued to increase, the specimens transitioned into the elastic-
plastic stage. In this stage, the WAAM tube started to yield with sub-
stantial deformation, and the stiffness of each specimen gradually
decreased. Eventually, the inner concrete was crushed, and the WAAM
tube showed pronounced local buckling deformation, resulting in the
specimens attaining their axial compressive strength [40].

Fig. 7 presents the failure modes of the specimens. From the defor-
mation of the outer surface of the steel tube, it can be found that the
concrete crushing failure modes included outward folding and shear

Axial
loading

Spherical
hinge support

Strain gauges

LVDTs<+—

Spherical

hinge support - = - -_Y_ e
e

(a) Test setup
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deformation [40]. Table 3 provides a summary of the axial compressive
strength Ny gxp of the specimens in the experiments. To evaluate the
composition action of inner concrete and steel tube, a strength index SI is
defined as follows:

Nu,Exp

Sl =—"——
JysAs + JeAe

@

where fys is the average yield strength of the WAAM steel tube;
fe= 0.8fy is the cylinder compressive strength; As and A, are the cross-
sectional area of the WAAM steel tube and inner concrete, respectively.
The strength index SI, therefore, is determined and listed in Table 3. It
can be seen that the values of strength indexes for all specimens are
stable at around 1.2, indicating that the interaction of tube and concrete
shall be considered in the axial compressive strength of the concrete-
filled WAAM steel tube. Thus the confinement factor shall be further
analyzed when proposing a new strength design method for the
concrete-filled WAAM steel tube under axial compression.

2.2.2. Typical mechanical behaviour

(1) Stiffness.

Generally, the load axial strain curves exhibited clear elastic-plastic
behaviour when the load reached approximately 60-75% of the ultimate
bearing capacity Nygxp, as shown in Fig. 6. The slope of the line
extending from the origin to 40% of Ny gy, was considered to determine
the axial stiffness (EA)sc exp of the CFST specimens [45]. Table 3 provides
a summary of the stiffness values from the test results, while Fig. 8(a)
shows both the experimental and calculated results of stiffness for all
specimens. It can be seen that the experimental stiffnesses for all spec-
imens are always somewhat larger than the corresponding calculated
values except for D180T6L600 and D240T6L600, indicating that the
composite stiffness of the specimen is larger than a simple summation of
the stiffness of concrete and tube. For D180T6L600 and D240T6L600
specimens, their experimental stiffnesses are somewhat lower than the
corresponding calculated values, this is because the calculated values
are overestimated based on the average cross-sectional area (A;) for the
WAAM steel tube due to less uniform cross-sectional areas of the thicker
WAAM steel tube.

(2) Ductility.

To investigate the ductility of the CFST specimens, a ductility index
DI [31,45-48] was adopted in this paper. The corresponding ductility
index is defined as follows:

=
» ——— ] L/4
12— g
Slei_ E1)— |SL10
e L/4
Sts— —Ste
Lo SLs{—— Srsgz— St
ST4:_:z :;STZ L/4
St4 —::251115;: St2

(b) Arrangement of strain gauges

Fig. 5. Setup and measurements of axial compressive test for the CFST specimens.
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Fig. 6. Comparison of load-end shortening curves between test and FE results.
pJ = £o8s ( tubes. Future research, therefore, needs to focus on comparing the
&b ductility of the WAAM steel tubes with conventional steel tubes.

where ¢ g5 is the axial strain of specimen when the load falls to 85% of
the axial compressive strength; eyis equal toep75/0.75, and &g 7sis the
axial strain of specimen when the load attains 75% of the axial
compressive strength in the pre-ultimate stage. It should be noted that
for the specimens without a 15% decrease in ultimate load after
attainment of the axial compressive strength, the strain of the limit point
£0.85 can be calculated by three times the displacements at their ultimate
load [46-48].

The ductility indexes DI calculated by Eq. (2) for all specimens are
shown in Table 3 and are plotted in Fig. 8(b) against the tube diameter to
wall thickness ratio D/T and compared with the ductility index of the
CFST members comprising conventional steel tubes [30,31,49-51]. The
results show that the range of calculated DI for the CFST specimen varied
from 4.50 to 7.06. For the conventional CFSTs with concrete grades of
C40-C50 [30,49,50], the ductility indexes of the CFST specimens and
conventional CFSTs are basically the same, with values around 6. For the
conventional CFSTs with a concrete grade of C30 [51], the ductility
indexes of the CFST specimens are less than that of the conventional
CFSTs. For the conventional CFSTs with a concrete grade of C80 [31],
the ductility indexes of the CFST specimens are greater than that of the
conventional CFSTs. It is attributed to the poor ductility of high-strength
concrete. It should be mentioned that the WAAM tubes being composed
of continuously printed ‘hoops’ with high ductility, it is able to effec-
tively resist the outward pressure from the confined concrete, in contrast
to the seam welds running along the length of conventionally fabricated

(3) Energy dissipation.

Energy dissipation density (w) is an important indicator reflecting
the ability of a CFST member to absorb energy from the origin to the
ductility being fully utilized [46]. Energy dissipation density can be
defined as follows:

E

W=y 3

where E = f(f N(A)dA is the value of energy dissipation of the whole
CFST specimen, as illustrated in Fig. 9(a); N(A) is the axial load of the
specimen; 4 is the axial displacement of the specimen; V is the volume of
the whole specimen. To ensure that all specimens can fully utilize their
ductility, the energy dissipation value corresponding to the 20 mm axial
displacement of each specimen is taken to calculate the energy dissi-
pation density based on the ductility definition in the previous summary,
as shown in Fig. 9(b).

Calculated energy dissipation densities are summarized in Table 3. It
can be seen that the energy dissipation density of the specimen decreases
with an increase in the specimen height and increases with an increase
in the steel ratio. The results demonstrate the stub specimen exhibits a
stronger ability to absorb energy than the long specimen, and the in-
crease in steel ratio can improve the energy absorption capacity of
concrete-filled WAAM steel tube, resulting in a better structural
behaviour of the CFST members.

(4) Damage.
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(a) D180T6L600 (b) D240T6L600

')

(¢) D300T6L600 (d) D180T4L1200

(e) D300T4L1200

Fig. 7. Comparison of failure mode between test and FE results.
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Table 3

Summary of the test results for the CFST specimens.
CFST specimens Ny pxp(kN) ST (EA)scxpX10° DI W (kJ/m>)
D180T3L600 1904 1.29 0.96 6.25 2278
D240T3L600 3010 1.27 1.67 7.06 1898
D300T3L600 4274 1.25 2.56 4.50 1613
D180T6L600 2428 1.16 1.17 5.39 3118
D240T6L600 3797 1.21 1.92 6.75 2568
D300T6L600 5460 1.24 2.96 5.79 2333
D180T4L1200 2002 1.23 1.12 5.23 1141
D240T4L1200 3208 1.23 1.80 5.39 1004
D300T4L1200 4791 1.29 2.66 4.93 948

The damage evolves along with concrete crushing and steel yielding
as the deformation increases of CFST members. To quantitatively
describe the damage evolution process and damage degree of the CFST
specimen, the damage factor Dcpy was introduced based on the con-
tinuum damage mechanics (CDM):

Dcpm =1 —I;—O

C))

where Kj is the elastic stiffness of the cross-section in the original state
without damage; K* is the secant stiffness of cross-section damage,
which takes the secant slope of the N-A curve.

Fig. 8(c) shows the damage evolution process against the deforma-
tion of the CFST specimen. At the initial stage of loading, the curve

o~
N

i (EA)SC,Cal:ESAS+ECAC
I Test

" T3L600

T6L600
= = 13

W

T4L1200

Experimental stiffness (EA4) g,,* 10°
\]
Calculated stiffness (EA), ¢, %1 0°

12
1 1
2|2 2
= s a
0 0
1 2 3 4 5 6 7 8 9
CFST specimens

(a) Stiffness

1.0
0.8 ‘ DIS0 D240 D300
E 0.6 -T -T - -
b
£ 0.4 0.2
<
A 0.1
0.2
0.0
0
0.0 1
0 10 20 50

End shortening (mm)

(c) Damage evolution process
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shows as a platform segment with a Dcpy value close to 0. This indicates
that the specimens are in the elastic stage without damage. When the
axial displacements reach 0.8-2.0 mm, damage to the specimens begins
to develop, resulting in cracks developing in the inner concrete and
yielding in the steel tube. The significant growth of Dcpy, subsequently,
can be found in the curves, as illustrated in Fig. 8(c), which indicates
that damage rapidly develops in these specimens at the elastic-plastic
stage. After that, the cross-sectional strength of the WAAM steel tube
reaches the yielding platform, resulting in the confinement effect of the
concrete being relatively stable and the damage development rate tends
to flatten out until the specimen fails. In addition, it can also be observed
that the damage development rate is relatively consistent for specimens
of the same height.

(5) Strain ratio.

Fig. 8(d) shows the relationship of the normalized axial load (N/N)
against the strain ratio (vy.) of all specimens. The strain ratio is defined
as the absolute value of the circumferential strain divided by the lon-
gitudinal strain of the steel tube at each gauged point and represents the
composite action between the steel tube and the inner concrete. With
larger the strain ratio is, there will be more significant composite actions
between the steel tube and the inner concrete [52].

It can be observed from Fig. 8(d) that at the initial loading stage, the
strain ratio is close to Poisson’s ratio of steel (about 0.25-0.3) and it
increases slowly until the load reach 10% of the axial compressive
strength. Although the stress ratio of the steel tube has increased at this
stage, the inner concrete is still hardly enhanced by the steel tube

12+ WAAM CFST tests: ¥ I

® Conventional CFST tests:
~ C30[51] C40-C50[30,49,50] C80[31]
Q @ ® 2 8@ ® ®
X 9tk
(9]
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2 X ®
A 51 %

B 8 se Be
40 80 120 160
D/T
(b) Ductility
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Fig. 8. Comparison of typical mechanical behaviours.
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J

Point cloud Grid model
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Fig. 10. Reverse reconstruction model process based on 3D scanning point cloud.

because Poisson’s ratio of the inner concrete is lower than that of the
steel tube during this stage. After that, the strain ratio decreases as the
load increases to 0.75N, at the elastic stage. It proves again that no
confinement exists during the initial loading stage, otherwise, the stress
ratio should continue to increase at the elastic stage. In addition, the
decrease in strain ratio may be due to the anisotropy of the WAAM steel.
After the load is greater than 0.75N,, the strain ratio increases signifi-
cantly with an increase in load. During this stage, the confinement effect
provided by steel tube to inner concrete increases as the strain ratio
increases. All specimens reach their compressive strength when the
strain ratio is about 0.4-0.6, and then the increase in strain ratio
(confinement effect) does not improve the axial compressive strength of
the specimens due to the concrete crushing and steel yielding in this
stage.

3. Finite element modelling and validation

The FE modelling was developed after the testing programme to
obtain an insight into the confinement effect between the steel tube and
inner concrete. The developed numerical model enabled further insight
into the more detailed structural response and was also used for
parameter analysis. The FE models were developed using ABAQUS [41].

3.1. Finite element modelling methodology and analysis

3.1.1. Structural model reconstruction

The process of reverse reconstruction model based on the 3D scan-
ning model is illustrated in Fig. 10. After the overall surface of the
printed steel tube was scanned completely, the 3D point cloud of the
whole specimen was obtained in a file of "asc" format. The output point
cloud file, subsequently, was wrapped to form a closed grid model in a
file of "stl" format, allowing the point data to be de-noised and optimized
and the holes in the surface of the steel tube were patched to form a
closed 3D surface model. The grid model, therefore, be further input into
the Rhinoceros [53], in which the polygon count was reduced to ensure
both actuarial accuracy (retaining the key geometrical features of the
steel tube) and computational efficiency. The grid model was converted
into the solid model in a file of "step" format. Finally, a 3D solid model of
the steel tube in "step" format was input to the FE software ABAQUS [41]
and the corresponding 3D solid model of inner concrete was established
using the surface morphology of the steel tube based on Boolean
operation.

3.1.2. Boundary conditions, elements, and constraints
The details of the developed FE model of the CFST specimen are
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Fig. 11. Schematic view of the FE model.

shown in Fig. 11. The boundary conditions were applied as the test set-
up where all degrees of freedom at both CFST column ends were coupled
to the Reference Points 1-2 (RPs 1-2), respectively. RP 2 was at the
bottom end of the column, and all degrees of freedom were constrained
except 'r;". RP 1 was at the top end of the column, and all degrees of
freedom were constrained except "d;" and "ri". The axial load was
applied to the RP 1 by displacement control and the loading speed was
consistent with the test.

The CFST specimen coupled with its high geometric complexity
presented challenges in defining the FE mesh. Thus a sensitivity study
shall be developed to assess the influence of element type, element size,
structural grid members and friction factor on the FE results. Due to the
random distribution of structural grids on the surface of the solid model,
as shown in Fig. 10, the FE model adopts free mesh division technology
for seeding and meshing. Two element types can be selected for the mesh
division technology [41], i.e. four-node linear tetrahedron solid element
(C3D4) and ten-node quadratic tetrahedron solid elements (C3D10). In
addition, the different element sizes (5 mm, 8 mm and 10 mm for steel;
10 mm, 15 mm and 20 mm for concrete) were also analyzed in the mesh
sensitivity study. For the concrete-tube interface, different friction
coefficients, from 0.2 to 0.8, in the tangential direction were assumed for
the Coulomb friction model and the hard contact behaviour in the
normal direction was employed. The bond stress critical value 7 limit
between the steel tube and inner concrete can be calculated by 7 =
2.314 — 0.0195(D./T), in which D, is the diameter of inner concrete; T
is the thickness of steel tube.

The sensitivity study results of FE model parameters are shown in
Fig. 12. To compare the computational efficiency of each model, a CPU
speed of 48 cores per hour was used to analyze each FE model. It can be
found that using various parameters had little effect on the load-
displacement curves but the models with more element and structural
grid members would cost longer calculation time. Although the C3D4
element can ensure higher computational efficiency, it may lead to
instability in model calculations. From the sensitivity study, C3D10 el-
ements with 10 mm and 20 mm size for steel and concrete, respectively,
were adopted as well as 5000 structural grid for scanned steel tubes and

a friction coefficient of 0.6 in the Coulomb friction model was employed,
providing a balance between an accurate representation of the key
geometrical features, computational efficiency and obtained satisfactory
results.

3.1.3. Material

The anisotropic yield model was used for the printed steel that ex-
hibits different yield behaviour in different directions, which was
introduced through defined stress ratios R;; that were applied in Hill’s
potential function. Hill’s potential function is a simple extension of the
Mises function, which can be expressed in terms of rectangular Cartesian
stress components as:

flo)= \/F(azz —0633)°+G(633—011)* +H(oy, —022)2+2L6§3 +2Mo?, +2No3,
)

where F, G, H, L, M and N are constants obtained by tests of the material
in different orientations. They are defined as:

L:%% ©
:%3 10
:21;2 an



Engineering Structures 301 (2024) 117294

D180T3L600:.=0.6,1=2.314-0.0195(D/T)

2400 | Element type:C3D10
Structural grid=5000
= 1800 |/
<
N
e}
g 1200
— Time Element FE Test
154min,steel=10,concrete=20 —— - - - -
600 295min,steel=8 ,concrete=15 ——
792min,steel=5 ,concrete=10 ——
0 1 1 1
0 10 20 30 40

End shortening (mm)

(b) Element size

Fig. 12. Sensitive study of FE model parameters.
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where oy is applied as the only nonzero stress component; z° and ¢%is the
reference yield stress specified for the metal plasticity definition; R;; are
anisotropic yield stress ratios. Anisotropic yield behaviour was modelled
through the use of yield stress ratios R;j, as expressed in Eqs. (5)-(11). In
the case of anisotropic yield ratios were defined with respect to a
reference yield stress ¢° (the yield stress with a deposition direction of
0'(fys.0) was defined as the reference yield stress ¢° in this paper), as
expressed in Eq. (12), such that if o is applied as the only nonzero stress,
the corresponding yield stress is R;fys_o or Ryfys o/ V3. It should be
noted that anisotropic yield ratios R;; must be positive in Hill’s potential
function, thus the yield function is always well-defined. Therefore, the
constitutive model of printed steel was defined as Hill’s potential

Eefore < g,
Sfyfore, <e < eg

€—€sh)+2<€—€sh>
Eu — En Eu — En

fle)=

1+ 400(
Eu — En

-

€ — &g

function associated with the flow rule with isotropic strain hardening,
which was determined by the measured stress-strain relationship of the
WAAM tensile coupon.

The bilinear plus nonlinear hardening model by Eq. (13), which was
typically used to capture the rounded stress-strain response of carbon
steel [54], was employed for modelling the material response of the
WAAM steel tube. In Eq. (13), ¢ and ¢ is the engineering stress and strain
respectively; e, = f, /E; is the yield strain; &, = 0.6(1 —f, /f,) is the ulti-
mate tensile strain;ey, = 0.1f, /f, —0.055 is the strain hardening strain.
For input into the developed solid FE model [41], the engineering
stresses and strains were converted into true stresses and strains.
Meanwhile, material anisotropy was accounted for, both in the elastic
and plastic material range, through use of the *Engineering Constants
and *Potential keywords [41] respectively. Residual stresses and ma-
terial defects, beyond those implicitly incorporated in the tensile cou-
pons, i.e. the initial imperfection of scanned steel tube, have already
been accounted for in the FE model.
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Table 4
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Comparison of specimen strengths obtained from tests, numerical analyses and design equations.

Axial compressive Nugxp B Nure GB AISC EC4 AS ACI318 BS5400  AIJ2001 Proposed design
specimens (kN) Nuexp 50936 360-16 5100
M Nu.FE M M M M M Nu.FE Nu.FE Nu.FE
Nu,GB Nu AISC Nu.ECA Nu./\S Nu./\C] N\\.BS N\L/\H Nu.]')cslgn,l, N\\.Dccign,M Nu.Dcﬂgn,U
D180T3L600 1904 0.78 0.96 0.96 1.31 1.08 1.13 1.34 1.27 1.29 1.1 1.08 1.06
D240T3L600 3010 0.77 0.97 0.97 1.40 1.09 1.07 1.35 1.29 1.34 1.11 1.09 1.06
D300T3L600 4274 0.74 0.97 0.99 1.54 1.06 1.05 1.35 1.32 1.37 1.08 1.07 1.04
D180T6L600 2428 0.91 1.02 0.93 1.24 1.00 1.05 1.25 1.06 1.10 1.05 1.03 1.01
D240T6L600 3797 0.92 1.02 0.92 1.27 1.03 1.02 1.31 1.10 1.19 1.02 1.01 0.98
D300T6L600 5460 0.88 0.99 0.91 1.26 1.00 0.99 1.31 1.12 1.23 0.99 0.97 0.94
D180T4L1200 2002 0.80 0.95 0.98 1.42 1.02 1.19 1.26 1.26 1.19 1.11 1.1 1.09
D240T4L1200 3208 0.81 0.98 0.97 1.44 1.06 1.14 1.31 1.28 1.27 1.12 11 1.08
D300T4L1200 4791 0.78 0.97 1.02 1.55 1.11 1.14 1.37 1.36 1.37 1.12 1.1 1.08
Mean 0.98 0.96 1.38 1.05 1.09 1.32 1.23 1.26 1.08 1.06 1.04
CoV 0.025 0.037 0.085 0.039 0.062 0.031 0.086 0.073 0.044 0.044 0.049

The plasticity behaviour of the confined concrete was determined by
five plasticity parameters [55,56] and the uniaxial stress-strain re-
lationships [57,58]. f. was used in defining the uniaxial compressive
stress-strain relationship by the confined concrete constitutive model
suggested by Saenz [57] before f. and Han et al. [58] for the post-peak
stage, as expressed in Eqgs. (14) and (15). & = 0.003(1 + 20.5fi/f.) is
the axial strain of confined concrete at f.; f is the lateral confining
pressure, as expressed in Eq. (16); fox = 0.67fcy, is the characteristic
strength of the concrete; the elastic modulus and Poisson’s ratio of
concrete were taken as E. = 4730\/17C [59] and 0.2. For the uniaxial
tensile stress-strain behaviour of concrete, a linear relationship was
adopted before reaching the tensile strength f; = 0.3(0.67fcu)2/ 3 601,
and the tension-softening behaviour was determined using the
fracture-energy-based cracking criterion by directly defining the frac-

ture energy value Gr = 73(f + 8)*'8 [60].
E.e

o.(e) = 5 S
4E; ecc Ec ecc Ec g

€/€ce

epon(€) =1. 7
{(fc)“-5 % (2.36x 10-3) [oass(ass/asu-079) w (e/ecc—1)"+e / Eee

(15)

21.7<D/T <47

47 < DJT <150 (16)

1=

(0.043646 — 0.000832 (D/T))f,
{ (0.006241 — 0.0000357 (D/T))f,

3.2. Validations

The comparison of the load-displacement curves obtained from the
test and FE analysis is presented in Fig. 6. The failure modes of speci-
mens obtained by the developed FE models were compared with the test
results, as shown in Fig. 7. Table 4 compares the axial compressive
strengths of CFST specimens between the test and FE analysis. The
average value and coefficient of variation (CoV) of Nyrr/ NyEgxp Were
0.98 and 0.025, respectively. The FE results follow the trends observed
in the physical testing, yielding accurate predictions of the experimental
results. This indicates that the FE model of reverse reconstruction, which
was established by real surface morphology, could satisfactorily simu-
late the axial compressive strength and failure mode of the specimens.
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4. Analysis of numerical results
4.1. Composite action analysis

4.1.1. Stress nephogram

Fig. 13 shows the stress nephogram of steel tube and concrete ele-
ments at the mid-section and two end sections for D180T3L600 and
D240T4L1200 specimen models obtained from FE analysis, in which the
von Mises stress was used as the equivalent stress for determining the
yield state of the WAAM tube, whilst the maximum principal stress was
used as the equivalent stress for determining the damage state of
concrete.

It is shown that the stresses of the concrete and steel elements at the
mid-section are more uniform than those at the two end sections. This
may be attributed to the compressive expansion of the concrete is easier
to catch up with that of the steel tube in the mid-section, resulting in a
stronger confinement effect of the steel tube in this location. Therefore,
the concrete elements at this position are in a state of triaxial stress,
leading to more uniform stress on it. On the other hand, the non-uniform
stress distribution on the two end sections for inner concrete is also
related to the influence of the load applied to the specimen, i.e. Saint
Venant’s principle. In addition, the non-uniform stresses on the steel
section at two ends indicate that the geometric fluctuations of the
WAAM steel tube will lead to the uneven confinement effect provided by
the steel tube to the inner concrete.

Generally, the stress distributions on concrete and steel elements at
the mid-section are very stable for the study of the compressive design of
the concrete-filled WAAM steel tube.

4.1.2. Stress-strain curve

The longitudinal and circumferential stresses (osrand o) of the
steel tube as well as the longitudinal stress (o..) of the inner concrete can
reflect the intensity of the confinement effect of steel tube provided to
concrete. With the increase of the circumferential stress of the steel tube,
the longitudinal stress of the inner concrete will be improved, resulting
in the strengthened confinement of the steel tube on the inner concrete.
Therefore, the stresses of steel tube and concrete were obtained from the
FE models of the CFST specimens at the mid-section. Noting that the
compressive behaviours in this paper were taken as positive, and the
circumferential stress should be negative.

The absolute value of longitudinal and circumferential stresses of the
steel tube as well as the stress ratios of concrete against the longitudinal
strain are shown in Fig. 14. It can be found that when the strain is less
than approximately 0.02, the circumferential stress of steel element
increases with the increase of strain, whilst the longitudinal stresses of
the steel tube and concrete increases linearly and then decreases as the
longitudinal strain. Within the strain range of 0.003-0.01, approxi-
mately, the transverse to longitudinal stress ratio increases and the
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Fig. 13. Stress nephogram of steel tube and inner concrete elements.
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Fig. 14. Stress-strain relationship of steel element.

longitudinal stress of concrete is greater than the compressive strength
of concrete. These indicate that the confinement effect (4.16.,,) from the
steel tube to the inner concrete continues to work at this stage, in which
ocon 1S the confining stress provided by the steel tube. Therefore, the
composite action between the steel tube and inner concrete should be
considered with great emphasis within the strain range of 0.003-0.01,
approximately, for the concrete-filled WAAM steel tube. For a few
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individual specimens, such as D180T6L600, D180T4L1200 and
D240T6L600, the longitudinal stress ratio of concrete is still greater than
1 after the strain range. This is attributed to the fact that when the
diameter-to-thickness ratio (D/T) of the steel tube is small enough, the
longer the confinement effect lasts.
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Fig. 15. The influence of concrete strength on the mechanical behaviour of column.

4.2. Parametric analysis

According to the confinement factor f, As/f.A. of concrete-filled
conventional steel tubular members from the design code of
GB50936-2014 [61], it can be seen that the material strengths and
cross-sectional areas of steel and concrete exhibit a direct effect on the
composite action between the steel tube and inner concrete. Therefore,
the influences of the strengths of steel and concrete on the confinement
effect provided by the WAAM steel tube to the inner concrete were
parametrically studied for the concrete-filled WAAM steel tube member
in this Section. Note that the effect of the cross-sectional area of steel
tube and concrete on the confinement effect of the concrete-filled
WAAM steel tube member will not be discussed in this paper. This is
because the cross-sectional area of the WAAM steel tube is related to
their thickness and size, but the data cannot be changed in existing
models. In addition, the models in the parametric study were built with
the same boundary conditions as the test specimens, and the same
element type and numbers for the steel and concrete as the verified FE
models. The yield strength ratios (fys 0 / fy,s 90) of the WAAM steel tubes
with a deposition direction of 0° —90° were kept the same with the CFST
specimens.

4.2.1. Effect of concrete strength

To further explore the influence of concrete strength on the
confinement effect of concrete-filled WAAM steel tube under axial
compression, parametric studies were performed including the
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following parameters: the nominal yield stress fy s 99 of steel tube with a
deposition direction of 90° was 345 MPa with the yield ratio of 0.7;
Young’s elastic module of steel tube was 203 GPa; the compressive
strength f. of concrete was 30 MPa, 40 MPa, 50 MPa, 60 MPa, respec-
tively. The reverse reconstruction FE models of specimens were used
again in the parametric study.

The average normalized stresses of steel tube and concrete at mid-
section of the CFST columns as well as the strength indexes (SI) of the
CFST columns are shown in Fig. 15. The stresses of steel tube and con-
crete are fetched when the CFST columns reach their compressive
strength. It can be seen that the average normalized longitudinal stresses
(051 /fys_00) of steel tube are within the range of 0.77-0.97, whilst the
average normalized circumferential stresses (o9 /fy s_oo) of steel tube are
maintained at around 0.08, as shown in Fig. 15 (a) and (b). This in-
dicates that the concrete strength exhibits little effect on the longitudinal
o, and circumferential o, g stresses of the WAAM steel tube. In addition,
as illustrated in Fig. 15 (c), it can be found that the average normalized
longitudinal stresses (o./f.) of inner concrete decrease as concrete
strength increases. Meanwhile, as concrete strength increases, the
compressive strength indexes of the CFST column have the same
downward trend, as presented in Fig. 15 (d). These demonstrate that the
confinement effect of the WAAM steel tube on inner concrete is weak-
ened as the concrete strength increases.

In general, the concrete strength exhibits a negative impact on the
confinement effect provided by the WAAM steel tube to the inner con-
crete but has a minor influence on the biaxial stresses of the WAAM steel
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Fig. 16. The influence of steel strength on the mechanical behaviour of column.

tube when the CFST column reaches compressive strength.

4.2.2. Effect of steel strength

The influence of steel strength on the confinement effect of concrete-
filled WAAM steel tube under axial loading was parametrically studied
including the following parameters: the compressive strength f. of
concrete was 40 MPa; the nominal yield stresses fy s 9o of steel tube with
a deposition direction of 90° was 345 MPa, 390 MPa, 420 MPa,
460 MPa with the yield ratio of 0.7, respectively; Young’s elastic module
of steel tube was 203 GPa.

The average normalized stresses of steel tube and concrete at mid-
section of the CFST columns as well as the strength indexes (SI) of the
CFST columns are shown in Fig. 16. The stresses of steel tube and con-
crete were obtained when the CFST columns reach their compressive
strength. It can be seen that the average normalized longitudinal stresses
(051 /fys_00) of steel tube are stable within the range of 0.73-0.92, whilst
the average normalized circumferential stresses (o, 6/fys_o0) of steel tube
are maintained at around 0.15, as shown in Fig. 16 (a) and (b). This
indicates a positive correlation between the steel strength and the lon-
gitudinal oy; and circumferential o stresses of the WAAM steel tube,
respectively. In addition, as illustrated in Fig. 16 (c), it can be found that
the average normalized longitudinal stresses (o./f.) of inner concrete
increase as steel strength increases. Meanwhile, as steel strength in-
creases, the compressive strength indexes of the concrete-filled WAAM

steel tube still have an upward trend as shown in Fig. 16 (d). These
demonstrate that the confinement effect of the WAAM steel tube on the
inner concrete is strengthened as the steel strength increases.

In summary, the steel strength exhibits a positive impact on the
confinement effect provided by the WAAM steel tube to the inner con-
crete when the CFST column reaches compressive strength.

5. Design recommendations of concrete-filled WAAM steel tube
5.1. Current design for CFST columns

The FE results were compared with the current design standards such
as GB 50936 [61], AISC 360-16 [9], EC4 [62], AS 5100 [63], ACI318
[59], BS 5400 [64] and ALJ [65], as presented in Table 4. The pre-
dictions were calculated by the design formulas in those design codes
using the average geometric dimensions and material properties of the
concrete-filled WAAM steel tube. Comparison results demonstrate that
the axial compressive strength design equations in design codes of GB
50936 and EC4 can reasonably well predict the ultimate strength of the
concrete-filled WAAM steel tube with mean values of N, yg/N,cs and
Ny re/Nugcs being 0.96 and 1.05, respectively. The predictions calcu-
lated by the design equation in AS 5100 are somewhat conservation with
mean values of N,pg/Nyas being 1.09. In addition, the predictions
calculated by the design equations in standards of AISC 360-16, ACI318,
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(b) Confinement stress of concrete provided by steel tube

Fig. 17. Stress state of steel tube and inner concrete under axial compression.
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BS 5400 and AlJ are quite conservative.

Although GB 50936, EC4 and AS 5100 can predict the compressive
strength of the CFST specimens within a relatively reasonable range,
their prediction accuracy still varies, i.e. the Cov of N, rg/Ny G, Nure/
N, gcs and N, g /Ny, a5 being 0.037, 0.039 and 0.062. This is attributed to
the geometric undulations and material anisotropy of the WAAM steel
tube. Therefore, they shall be taken into account for the design methods
of the compressive strength for the CFST specimens.

5.2. Proposed design method

5.2.1. General

The formulas for calculating the axial compressive strength of con-
ventional CFST columns in GB 50936, EC4 and AS 5100 have a common
characteristic, i.e. there is always a coefficient a,. next to the cross-
sectional resistance term of inner concretef.A.. Although the co-
efficients a,. are defined as different forms in different design codes
[61-63], the fundamental principle is the same, i.e. the confinement
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effect of the steel tube on the inner concrete. Thus, the formulas for
calculating the axial compressive strength from GB 50936, EC4 and AS
5100 can predict the compressive strength of CFST specimens with
reasonable accuracy because the confinement effect can be properly
considered in those formulas. However, as mentioned in Section 5.1, the
geometric undulations and material anisotropy of the used WAAM steel
tube cannot be ignored, especially for the WAAM steel tube that directly
provides a confinement effect for inner concrete. Therefore, the coeffi-
cient a,. urgently needs to be redefined for the concrete-filled WAAM
steel tube column in this paper.

5.2.2. Confinement effect based on the biaxial stress

In the initial stages of loading of the concrete-filled WAAM steel tube
column subjected to axial compression, Poisson’s ratio for the inner
concrete was lower than that for the WAAM steel tube, therefore a
separation between part of the steel tube wall and inner concrete took
place. The longitudinal strain of the column reached the critical strain
with an increase in the load applied in the column, resulting in the
compressive expansion of the inner concrete in contact with that of the
WAAM steel tube. After that, a tensile circumferential stress was
developed in the steel tube, which led to the inner concrete being in a
state of triaxial compression, as shown in Fig. 17(a), resulting in an in-
crease of the axial compressive strength of the concrete-filled WAAM
steel tube under axial compression.

Based on the above analysis, the design method for the compressive
strength of concrete-filled WAAM steel tube columns under axial
compression is obtained by the following procedure. The stress o.of
confined concrete in the WAAM steel tube is assumed to be given by Eq.
(17) [36,66]:

6. =fc+4.10cn a7
where 6., is the confining stress provided by the WAAM steel tube. As
mentioned in Section 4.2, a positive correlation between the steel
strength and the longitudinal o, and circumferential o, ¢ stresses of the
WAAM steel tube, respectively, can be found in the results of the para-
metric analysis. Moreover, the concrete strength has a minor influence
on the biaxial stresses of the WAAM steel tube when the concrete-filled
WAAM steel tube reaches its compressive strength. The biaxial stresses
of the WAAM steel tube when the column reaches its compressive
strength, therefore, can be assumed as expressed in Eq. (18):

651 = Pfyso0, Osp = Afys_00 (18)
where 0,1 and o,y is the longitudinal and circumferential stresses of
steel tube, respectively, as shown in Fig. 17(a); aandp are the coefficients
to be independent of material properties of the concrete-filled WAAM
steel tube members. The coefficients aandf in the steel stress assumption
at the ultimate state of the concrete-filled WAAM steel tube member
must satisfy Hill’s potential function (a simple extension of the von
Mises yield criterion for considering material anisotropy of the used
WAAM steel tube), as expressed in Eq. (19).

f(U)z = F(Gs.e)z + G(GS.L)Z +H(GS,L - 053)2 19)
f(‘f)2 = miﬂ(fy,s_9027fy,s_02) (20)
1 1

F=-|l41————— 2D
2 (f;/,s‘)i)/f;',sﬂ)2:|

GH11+14 (22)
2 (fy,s,f)()/fy,s,())z

e 23

f;'.s_90 ( )
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Table 5
Comparison of FE model strengths obtained from numerical analyses and design equations.
Axial compressive specimens fy.s_00 (MPa) feu (MPa) B Qse Ny e (kN) GB 50936 EC4 AS 5100 Proposed design
Nupe Nuge Nure Nure Nure Nure
Nucs Nygce Nuas Ny pesign_L Ny Design_M Ny pesign_U

D180T3L600-C30 345 30 0.79 1.24 1309 0.91 0.98 1.01 1.08 1.05 1.03
D240T3L600-C30 345 30 0.76 1.29 2118 0.92 0.99 0.98 1.04 1.02 0.99
D300T3L600-C30 345 30 0.79 1.28 3023 0.92 0.97 0.96 1.02 1.01 0.99
D180T6L600-C30 345 30 0.93 1.53 1988 0.98 0.97 0.99 1.02 1.00 0.98
D240T6L600-C30 345 30 0.97 1.63 2687 0.86 0.85 0.84 0.86 0.85 0.83
D300T6L600-C30 345 30 0.92 1.65 4122 0.93 0.91 0.90 0.92 0.90 0.88
D180T4L1200-C30 345 30 0.81 1.13 1387 0.87 0.93 1.07 1.09 1.06 1.05
D240T4L1200-C30 345 30 0.81 1.25 2237 0.88 0.96 1.02 1.06 1.01 0.99
D300T4L1200-C30 345 30 0.79 1.29 3130 0.87 0.96 0.97 1.01 0.97 0.94
D180T3L600-C40 345 40 0.77 1.18 1511 0.90 0.99 1.02 1.08 1.06 1.04
D240T3L600-C40 345 40 0.77 1.22 2464 0.90 1.00 0.99 1.04 1.02 1.00
D300T3L600-C40 345 40 0.79 1.21 3595 0.91 1.00 0.99 1.03 1.02 1.00
D180T6L600-C40 345 40 0.90 1.40 2169 0.96 0.98 1.00 1.02 1.00 0.98
D240T6L600-C40 345 40 0.92 1.47 2993 0.84 0.87 0.86 0.87 0.86 0.84
D300T6L600-C40 345 40 0.91 1.49 4694 0.92 0.94 0.93 0.94 0.92 0.90
D180T4L1200-C40 345 40 0.83 1.10 1548 0.84 0.92 1.05 1.06 1.04 1.02
D240T4L1200-C40 345 40 0.80 1.19 2584 0.87 0.96 1.03 1.05 1.01 1.00
D300T4L1200-C40 345 40 0.81 1.22 3667 0.86 0.97 0.98 1.01 0.97 0.95
D180T3L600-C50 345 50 0.78 1.14 1695 0.88 0.99 1.03 1.07 1.05 1.03
D240T3L600-C50 345 50 0.78 1.17 2825 0.89 1.02 1.00 1.04 1.03 1.01
D300T3L600-C50 345 50 0.79 1.17 4139 0.90 1.01 1.00 1.03 1.02 1.01
D180T6L600-C50 345 50 0.92 1.32 2360 0.95 0.98 1.02 1.03 1.01 0.99
D240T6L600-C50 345 50 0.96 1.38 3299 0.83 0.88 0.87 0.88 0.87 0.85
D300T6L600-C50 345 50 0.91 1.39 5269 0.92 0.97 0.95 0.95 0.94 0.92
D180T4L1200-C50 345 50 0.81 1.08 1721 0.83 0.92 1.05 1.05 1.03 1.01
D240T4L1200-C50 345 50 0.81 1.15 2933 0.86 0.97 1.04 1.05 1.02 1.00
D300T4L1200-C50 345 50 0.80 1.18 4219 0.85 0.98 1.00 1.01 0.98 0.96
D180T3L600-C60 345 60 0.78 1.12 1893 0.88 1.00 1.04 1.07 1.05 1.04
D240T3L600-C60 345 60 0.78 1.15 3169 0.88 1.02 1.01 1.04 1.03 1.01
D300T3L600-C60 345 60 0.79 1.14 4659 0.88 1.01 1.00 1.03 1.02 1.00
D180T6L600-C60 345 60 0.90 1.27 2541 0.94 0.99 1.02 1.03 1.01 1.00
D240T6L600-C60 345 60 0.97 1.31 3608 0.82 0.90 0.88 0.88 0.87 0.86
D300T6L600-C60 345 60 0.91 1.33 5835 0.91 0.98 0.97 0.97 0.96 0.94
D180T4L1200-C60 345 60 0.86 1.07 1864 0.81 0.91 1.03 1.02 1.00 0.99
D240T4L1200-C60 345 60 0.79 1.13 3258 0.85 0.97 1.03 1.04 1.01 1.00
D300T4L1200-C60 345 60 0.81 1.15 4750 0.85 0.98 1.00 1.01 0.98 0.97
D180T3L600-Q390 390 40 0.77 1.20 1598 0.89 0.99 1.02 1.08 1.05 1.03
D240T3L600-Q390 390 40 0.77 1.25 2593 0.90 1.00 0.99 1.03 1.02 0.99
D300T3L600-Q390 390 40 0.78 1.24 3747 0.90 0.99 0.98 1.02 1.01 0.99
D180T6L600-Q390 390 40 0.89 1.45 2631 1.10 1.09 1.13 1.14 1.12 1.09
D240T6L600-Q390 390 40 0.85 1.53 4022 1.06 1.09 1.07 1.08 1.07 1.04
D300T6L600-Q390 390 40 0.87 1.55 5176 0.95 0.97 0.96 0.96 0.95 0.92
D180T4L1200-Q390 390 40 0.82 1.11 1648 0.84 0.91 1.06 1.06 1.04 1.02
D240T4L1200-Q390 390 40 0.81 1.22 2728 0.86 0.96 1.03 1.05 1.01 0.99
D300T4L1200-Q390 390 40 0.77 1.25 3844 0.85 0.96 0.98 1.01 0.96 0.94
D180T3L600-Q420 420 40 0.77 1.22 1656 0.89 0.98 1.02 1.07 1.05 1.03
D240T3L600-Q420 420 40 0.77 1.27 2677 0.89 1.00 0.98 1.03 1.01 0.99
D300T3L600-Q420 420 40 0.79 1.26 3847 0.90 0.99 0.97 1.02 1.01 0.98
D180T6L600-Q420 420 40 0.89 1.49 2816 1.13 1.10 1.15 1.16 1.13 1.11
D240T6L600-Q420 420 40 0.88 1.57 4366 1.10 1.13 1.12 1.11 1.10 1.07
D300T6L600-Q420 420 40 0.87 1.59 5454 0.96 0.98 0.97 0.97 0.95 0.93
D180T4L1200-Q420 420 40 0.82 1.12 1716 0.84 0.91 1.07 1.06 1.04 1.02
D240T4L1200-Q420 420 40 0.81 1.23 2825 0.86 0.95 1.03 1.05 1.01 0.99
D300T4L1200-Q420 420 40 0.78 1.27 3965 0.85 0.96 0.98 1.00 0.96 0.94
D180T3L600-Q460 460 40 0.79 1.24 1732 0.88 0.97 1.02 1.07 1.05 1.02
D240T3L600-Q460 460 40 0.80 1.29 2792 0.89 1.00 0.98 1.03 1.01 0.98
D300T3L600-Q460 460 40 0.73 1.28 3986 0.89 0.98 0.97 1.01 1.00 0.98
D180T6L600-Q460 460 40 0.87 1.53 2999 1.14 1.10 1.16 1.15 1.13 1.11
D240T6L600-Q460 460 40 0.85 1.63 4683 1.12 1.15 1.13 1.12 1.11 1.08
D300T6L600-Q460 460 40 0.89 1.65 5765 0.97 0.98 0.97 0.96 0.95 0.92
D180T4L1200-Q460 460 40 0.82 1.13 1834 0.85 0.92 1.09 1.08 1.06 1.04
D240T4L1200-Q460 460 40 0.81 1.25 2952 0.85 0.95 1.03 1.05 1.00 0.98
D300T4L1200-Q460 460 40 0.81 1.29 4130 0.84 0.95 0.98 1.00 0.96 0.93

Mean 0.91 0.98 1.01 1.03 1.01 0.99

CoV 0.084 0.057 0.062 0.060 0.060 0.061

where F = (2—2)/2 and G = H = y?/2 are constants obtained by tests 0’, respectively. Rearranging Eqs. (18) and (23), the relationship of the
of the material in different orientations, as expressed in Egs. (21) to (23), coefficients aandp can be expressed in Eq. (20). Thus, the generalized
in which y is the ratio of the yield strength f,s_o to fys_o0; fy.s_00 and fys_o von Mises yield criterion, i.e. Eq. (24), is always well-defined. Noting
is the yield strength of WAAM steel with a deposition direction of 90" and that the coefficient a is negative and the coefficient j is positive,

18
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Fig. 19. Comparison between the compressive strength predictions from design codes, proposed design method and FE results.
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The yield strength of WAAM steel with a deposition direction of 0° is
always greater than that of WAAM steel with a deposition direction of
90" in this paper. Therefore, from Eq. (24), the coefficient acan be
calculated as follows:

— _ 2
rB—V4+rp 4rﬂ2<0

> (25)

a =

Because the confinement stress of concrete o, is provided by the
WAAM steel tube, as illustrated in Fig. 17 (b), the relation between the
circumferential stresses of the WAAM steel tube o, 5 and the confinement
stress of the inner concrete o.,, can be expressed as Eq. (26). It should be
noted that positive values indicate the compressive behaviour in this
paper.

2T

D -2T (26)

Ocon = 050

Rearranging Eqs. (17), (18), (25) and (26), the stress of confined
concrete o.when the concrete-filled WAAM steel tube reaches its
compressive strength can be expressed as follows:

_ 2T PB—A+7B — 48 Sys-90
e =1 (14.1D_2T / e @7)

It can be seen from Eq. (27) that the normalized longitudinal stress
(o./f.) of inner concrete is positively correlated with steel strength and
negatively correlated with concrete strength, which once again confirms
the conclusion in parameter analysis.

5.2.3. Axial compressive strength considering the confinement effect

Based on the static equilibrium of the composite cross-section, the
axial compressive strength as a composite section made of the WAAM
steel tube and concrete, induced by confined stress can be given by
method of Eq. (28) as below, in which a, is the confinement factor
provided by the WAAM steel tube to the inner concrete, as expressed in
Eq. (29):

Nu,Deaign = Asf;/,s_QO +Ac0-c = Asf;'.s_90 +Acﬁ:asc (28)
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The coefficient  can be determined by a regression analysis based on
the numerical models as described in Section 4.2. Fig. 18 shows the ratio
of the longitudinal stress (o) of the WAAM steel tube in the mid-section
to the yield stress (fy_o0) of the WAAM steel tube with a deposition
direction of 90" against the diameter-to-thickness ratio (D/T). The best-
fitting curves between the coefficient # and the diameter-to-thickness
ratio D/T of a power relationship with 95% prediction bands are
expressed in Eq. (30):

< 110)

1/ DY
F=3 (m)
It should be noted that the proposed equations, i.e. Egs. (28) to (30) are
validated within the range of the parametric study, ie. 30
MPa < f., <60MPa , 345MPa < f,, o < 460MPa and 20 < D/T < 110.
Noting that for Eq. (28), the concrete-filled WAAM steel tube member is
considered as a stub column without considering the reduction factor for the
buckling failure mode. If the buckling failure mode is involved in the failure
of the CFST member, then it is necessary to further introduce relevant
reduction factors based on Eq. (28).

ae =1-4.1 (29)

33 D

D
5000 T T

+1.0824 (20 < (30)

5.2.4. Formula validation

Eq. (28) are used to predict 72 FE models in Section 4.2, and the
predictions Ny, pesign_m are compared with the results of the FE simulation,
whilst the predictions of GB 50936 [61], EC4 [62] and AS 5100 [63] are
also compared with corresponding FE results, as presented in Tables 4 and
5and Fig. 19. It can be found that GB 50936, EC4 and AS 5100 can predict
the compressive strength of the concrete-filled WAAM steel tube column
within a reasonable range (—11% to 19%), as presented in Tables 4 and 5.
Considering the effect of geometric undulations of the used WAAM steel
tube, the upper limit of predictions N, pesgn_u and lower limit of pre-
dictions Ny pesign_1. calculated based on the minimum and maximum di-
mensions of the WAAM steel tube, respectively, are compared with the FE
results. It can be found that the proposed design equations (Eq. (28)) can
predict the axial compressive strengths of concrete-filled WAAM steel
tube columns with reasonable accuracy with 95% prediction bands.
Furthermore, the compared results of the mean values of N, rg /Ny pesign_u»
Nure/Nupesign.m and Ny pe/Nypesign_Lbeing 1.03, 1.01 and 0.99, respec-
tively, and the CoV being 0.06, 0.06 and 0.061 once again prove the above
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conclusion.
6. Conclusions

This paper investigated the structural behaviour of concrete-filled
WAAM steel tubes under compressive load. According to the results of
the experimental, numerical and theoretical studies, the following
conclusions can be drawn:

(1) The experimental result shows that the ductility of concrete-filled
WAAM steel tubes has some differences compared to that of concrete-
filled conventional steel tubes.

(2) The developed FE models based on 3D models obtained by the 3D
laser scan, which considers the material anisotropy of WAAM steel, are
verified against the existing test results. The FE results indicate that the
composite action should be significantly considered within the strain
range of 0.003-0.01.

(3) The parametric study shows that the concrete and steel strength
exhibit a negative and positive impact on the confinement effect,
respectively, and the biaxial stress ratios of the WAAM steel tube are
only related to the steel strength.

(4) The design method, which takes into account the influence of the
geometric undulations and material anisotropy of the WAAM steel tube,
is proposed based on the theory of confining effect, and the comparison
results show that the comparison results show that the proposed method
can predict the axial compressive strengths of the concrete-filled WAAM
steel tubes with reasonable accurate.
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