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Although concrete-filled double-skin stiffened steel tubular (CFDSST) members have been researched and
applied in recent years, their use in truss T-joints has been lacking. This paper therefore examines the mechanical
behaviour of CFDSST chord-to-hollow steel section (SHS) brace T-joints under axial brace loading. Detailed finite
element models for CFDSST-to-SHS T-joints are firstly validated by assessing the modelling approaches against
recent tests for CFDSST columns and other types of T-joints. The models are subsequently used to conduct
parametric assessments into the influence of key factors, including the brace-to-chord width ratio, brace-to-chord
thickness ratio, material strengths, hollow ratio of CFDSST chord, and the axial load applied on the chord. It is
shown that the ultimate load capacity of the T-joints increases with the increase in the brace-to-chord width ratio
as well as with higher steel tube and sandwiched concrete material strength, with a much less pronounced in-
fluence from the brace-to-chord thickness ratio. A new parameter representing the flexural stiffness-to-member
length ratio of the chord to the brace is also introduced, based on which the failure modes are separated into two
categories related to either the failure of the brace or of the chord. Using the detailed results and observations,
existing methods for determining the bearing capacities of T-joints are evaluated, leading to the development of a
new design approach. The proposed design procedure is shown to provide accurate predictions for CFDSST-to-
SHS T-joints, indicating its suitability for use in practical application.

1. Introduction

Compared to steel and concrete members, concrete-filled steel
tubular (CFST) elements provide improved performance in terms of
stiffness, capacity, ductility, fire resistance, and seismic behaviour
because due to the combined benefits of both materials [1,2]. The
Ganhaizi extra-large bridge (Fig. 1(a)) is an example of the numerous
modern structural engineering applications for traditional CFST struc-
tures, which include bridges and tall buildings [3]. More recently, to
improve the performance of CFST, use has been made of high and
ultra-high-strength materials [4], stiffeners [5,6], and inner steel tubes
[7,8]. By adding stiffeners, concrete-filled stiffened steel tubular
(CFSST) columns, such as shown in Fig. 1(b), have provided higher

strength compared to conventional CFST members [5,6,9]. Moreover,
concrete-filled double-skin steel tubular (CFDST) members, formed from
two concentrically placed steel tubes, with concrete infill in-between,
have been examine and adopted in practice [10-12], as shown in
Fig. 1(c). Importantly, CFDST possesses the merits of CFST members, but
with less weight as well as improved fire resistance as the inner steel
tube is protected by the surrounding concrete.

Concrete-filled double-skin stiffened steel tubular (CFDSST) mem-
bers are a relatively recent development and are fabricated as illustrated
in Fig. 2. Four lipped angles of cold-formed plates are typically welded to
form the outer steel tube and stiffeners at the same time, with a square or
circular steel tube employed as an inner tube. The final composite cross-
section can, however be used in two forms: (i) concrete-filled dual steel
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tubular (CFDT) form, which has both sandwiched concrete and core
concrete, and (ii) concrete-filled double-skin steel tubular (CFDSST)
form, which only has sandwiched concrete. They have the same benefits
as conventional CFST members, but perform better under axial loading
[13,14], eccentric loading [15], at both ambient and elevated temper-
atures [16]. Recent investigations have focused on the behaviour of
stocky and slender CFDSST columns [17-21], and demonstrated their
favourable mechanical properties.

T-joints represent a common form of brace to column connections.
Several previous studies have assessed the behaviour of CFDST and CFST
T-joints, as these regularly form important components in truss bridges,
such as the Ganhaizi bridge, see Fig. 1(a). Through testing and numer-
ical analysis, Diao et al. [22] examined the behaviour of CFST chord
with PBL stiffeners-to-SHS brace T-joints. The behaviour of the T-joint
with CFDST chord-to-SHS brace was also investigated by Yang et al.
[23], from which the T-joint with CFDST chord was found to have
enhanced performance relative to T-joints with CFST or SHS chords. The
influence of various parameters on the bearing capacity of a rectangular
CFST T-joint was also investigated by Li et al. [24]. In addition, Ma et al.
[25] investigated the axial stiffness of CFST truss joints, and provided
relationships for determining the axial stiffness of concrete filled rect-
angular steel tubular (CFRST) T, Y and K joints, which were adopted to
predict the flexural stiffness of CFRST trusses. In contrast, no research
has examined the application of CFDSST members in T-joints, which are
formed by welding a SHS brace at the centre of a CFDSST chord. As the
brace is subjected to axial loading, the bending capacity of the chord has
a significant influence on the load carrying capacity of the T-joint. It is
also noteworthy that, compared to CFDT, if the core concrete in the
inner steel tube is removed in CFDSST chords, the self-weight reduces
and the bending capacity is not notably affected due to the proximity of
the infill to the neutral axis, which is examined in this paper through
strength and strength-to-weight ratio comparisons.

This paper focuses on assessing the behaviour of novel CFDSST-to-
SHS T-joints of the form shown in Fig. 3, which have not previously
been studied. Detailed finite element (FE) models are constructed and
validated by assessing the modelling procedures against recent tests on
CFDSST columns and other types of T-joints (e.g. concrete filled steel
tube (CFST) with PBL stiffeners chord-to-SHS brace T-joints). The
models are then used to conduct parametric assessments into the in-
fluence of key factors on the behaviour, in order to address the lack of
experimental data and gain detailed insights into the mechanical prop-
erties of this type of joint. The parameters considered include the brace-
to-chord width ratio, brace-to-chord thickness ratio, material strengths,

(a) Traditional CFST

(b) Square CFSST

Engineering Structures 330 (2025) 119858

hollow ratio of CFDSST chord, and the axial load applied on the chord.
Using the detailed results and observations, existing methods for
determining the bearing capacities of T-joints are evaluated, leading to
the development of a new proposed design approach.

2. Numerical modelling

The nonlinear analysis program ABAQUS [26] was used to develop
the finite element (FE) models used for simulating and investigating the
response of CFDSST-SHS T-joints. This section outlines the procedure for
constructing the FE models and the validation studies carried out by
comparison against available experimental data.

2.1. Material models

2.1.1. Structural steel

The study of Tao et al. [27] showed that the ultimate strength of
CFST columns was not significantly affected by the adopted material
models for steel. For CFDSST columns, Wang et al. [17] employed an
elastic-perfectly plastic steel model and strain hardening was not
accounted for. However, in T-joints, as the brace is under axial load and
the chord is in bending, Diao et al. [22] indicated the importance of
using a more representative model, and adopted an elastic-plastic ma-
terial constitutive model for steel, as shown in Fig. 4, which is also
employed in this paper. Four piece-wise linear segments are in the
stress-strain relationship, namely: oa, ab, bc, and cd, which represent
elastic, yielding, strain hardening, and ultimate strength, respectively.
The strain e1 represents the initiation of yielding, ¢2 (¢2 = 10¢1) repre-
sents the start of hardening, €3 (¢ = 10¢2) corresponds to the ultimate
strength. The parameters f, and f, in Fig. 4 represent the yield strength
and ultimate strength of steel, respectively. Young’s modulus E; is
assumed as 206 GPa according to the Chinese design standard [28].

2.1.2. Concrete material model

In the joint configuration considered, as the brace is under axial load,
the CFDSST chord will undergo bending and the concrete in the
compression side of the section will be confined by the steel tubes. This
is similar to square CFDSST slender columns [29], where the confine-
ment effect of the steel tube improves the strength of CFDSST columns.
Accordingly, the stress-strain relationship (given by Eq. 1) proposed by
Tao et al. [27], was adopted to simulate the compressive behaviour of
the confined concrete, as shown in Fig. 5, where ¢ and ¢ are the stress
and strain, respectively, f, is the concrete cylinder compressive strength

Tapered CFDST

(c) CFDST

Fig. 1. Examples of applications for steel-concrete composite members.



Y. Diao et al.
taken as 0.79f, with f, being the concrete cubic compressive strength,
fr is the residual stress, assumed as 0.1 f’c, and E, is the elastic modulus of
the concrete, considered as 4700\/fTC.
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where X = /e, A = E.e0/f, and B = (A —1)?/0.55-1.
In Eq. 1, @ is a parameter based on &, which is the confinement factor
of the CFST, and both are expressed using Eq. 2 and Eq. 3, respectively:

a = 0.005 + 0.0075¢, (2)
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= 3
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where A; and f, are the cross-sectional area and yield strength of the
steel tube, respectively; A, and fx (= 0.67f,) are the cross-sectional
area and characteristic strength of concrete, respectively; e, and &
are expressed by Eq. 4 to Eq. 7, as follows:
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where m is a model parameter, taken as 0.92.

2.2. Modelling procedure

Fig. 6 illustrates the T-joint model, which is made up of the core
concrete, sandwiched concrete, inner and outer steel tubes, and brace
element. To increase the computational efficiency, shell elements (S4R)
were used for the steel tubes and eight-node brick elements (C3D8R)
were employed for the concrete. Based on mesh sensitivity analysis, as
used in a previous work [29], the mesh size was chosen as roughly
one-tenth of the section size. Moreover, the interaction between the steel
and the concrete was modelled using a "surface-to-surface contact," with
a Mohr-Coulomb friction model with a coefficient of 0.6 in the tangen-
tial direction and a "hard contact" in the normal direction to permit
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separation under tensile stress [6,27]. As illustrated in Fig. 6, the
boundary conditions comprised hinges at both chord ends, with the
translational degrees of freedom restricted perpendicular to the axial
direction, while an axial load is applied to the brace. It is noteworthy
that because the effect of residual stresses due to welding and corner
strengthening on the behaviour and strength of CFDSST columns was
found to be relatively low [30], residual stresses were not incorporated
into the FE model. Moreover, no steel fracture was found in the corners
and welds of the test specimens, thus ensuring that the welds had no
effect on the strength and behaviour of CFDSST columns [30].

2.3. Validation studies

Available test data for CFDSST members and conventional T-joints
was used for validation of the FE models, as there is currently no test
data for CFDSST chord-to-SHS brace T-joints. The following tasks were
carried out as part of this validation exercise: (i) The steel and concrete
material models were validated using CFDSST short columns with inner
square tubes [30,31], as these columns fail due to cross-sectional ca-
pacity rather than overall buckling; (ii) the bending behaviour of the
chord in T-joints was verified using slender CFST columns with curling
stiffeners [19]; and (iii) T-joints with CFST chords, including longitu-
dinal [22] and diagonal stiffeners [23], were validated against experi-
mental data to ensure that the FE models adequately capture the main
behavioural characteristics.

The geometrical properties of the specimens are shown in Table 1.
Apart from PBL-3 and TDP6, the specimens used in the validation were
members subjected to axial compressive loading. In the table, By and t,
are the width and thickness of outer steel tube, respectively, B; (D) and
t; are the width (diameter) and thickness of the inner steel tube,
respectively, and L is the length of the columns or the chords of the T-
joints. The test ultimate loads (Ngy,) and those predicted by the FE
model (Ngg) in the case of T-joints were taken as the load applied to the
brace, while for the columns, the test and FE ultimate values were their
ultimate loads directly. The validation involved comparing the load-
displacement curves as well as the failure modes.

Figs. 7-9 and Table 1 show the comparison between the experi-
mental results and numerical results. The Nrg /NEy, ratio indicates close
agreement between test and numerical strengths, with an average of
0.98 and a standard deviation of 0.015, as shown in Table 1. However,
some discrepancy is observed in terms of stiffness for Specimens CFST1
and CCFST1-2 tested by Wang et al [19], which is attributed to the
idealisation of the boundary conditions and the assumed concrete
stiffness. The load-displacement curves (Fig. 7) and failure modes (Fig. 8
and Fig. 9) demonstrate that the FE models faithfully represent the
experimental behaviour, including local buckling and large bending
deformations. As shown in Fig. 8, the FE model accurately depicted the
overall buckling of the slender column CCFST1-2 [19] and the local
buckling of the CFDSST short column SS-160-1 [30] as those obtained

N CFDT
Inner steel tube
+
Weld Concrete filled
Cold formed -
Steel plate /
I
Weld /
CFDSST

Fig. 2. Fabrication process of CFDSST.
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Fig. 3. Typical CFDSST-to-SHS T-joint and deformation under load.
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Fig. 5. Stress-strain relationship for concrete [27].

experimentally. Moreover, as Fig. 9 illustrates, the substantial bending
deformations of the chord of T-joints PBL-3 and TDP6 are also captured
well by the analysis. Overall, these validations indicate that the FE
models, which are used to examine the behaviour of CFDSST
chord-to-SHS brace T-joints utilizing specimens PBL-3 [22] and TDP6
[32] can be reliably used in examining the behaviour and strength of the
CFDSST chord-to-SHS brace T-joints.

3. Parametric assessments

In this section, several parametric studies were generated to assess
the behaviour and strength of CFDSST-to-SHS T-joints. A total of 92
finite element (FE) simulations covering a range of parameter variations
were established in order to address the lack of experimental data and
gain a better understanding of the mechanical properties of these joints.
Table 2 provides the details of these FE models. The 3D schematic of the
CFDSST-to-SHS T-joint shown in Fig. 3(a) defines the different geo-
metric characteristics. The key parameters examined include the brace-
to-chord width ratio (4 = 0.5 ~ 1.0), brace-to-chord thickness ratio (z =
0.83 ~ 2.00), concrete strength (f, = 40 ~ 80MPa), steel yield strength
(fy = 235 ~ 460MPa), chord stiffener depth (h; = 20 ~ 70mm), and

axial load on the chord relative to its capacity [31] (A’,\C’; = 0.0 ~0.6).

The chord length-to-width ratio (Lo/Bo) was varied between 5.56 and
7.50, while the SHS length-to-width ratio (L; /B;) ranged from 2.50 to
5.00. The slenderness ratio of the chord’s outer tube ranged from 11.11
to 30.43, and this ranged from 5.56 to 35.00 for the SHS. The hollow
ratio of the double-skin chord (y) varied from 0.04 to 0.41. Due to the
presence of the concrete infill, inward local buckling (LB) of the outer
steel tubes of the chord is avoided when the brace is subjected to an axial
compression force, while inward and outward LB is eliminated in the
inner steel tubes. However, because the brace is devoid of concrete,
standard width-to-thickness ratio restrictions are used, as determined
from Eq. 8 following GB 50017-2017 [28]:

B - 26) / - 40,2 ®
fy

where 1 is the slenderness ratio of the brace, and f, is the yield strength
of the steel for the brace. The overall resistance N; is determined as
given in Eq. 9 [28]:

Ny = pAfy ©)]

where A is the cross-sectional area of the brace and the stability coef-
ficient (¢) is expressed as:
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(a)

Fig. 6. Mesh, load application and boundary conditions for: (a) steel tubes, (b) concrete components, and (c) T-joint.

(b)
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l, Axial load
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Table 1
Geometric properties and strengths of the test specimens used in the validation.
Ref. Specimens Type Bo to B (D) t L Ngop Nz Nre/Nexp
(mm) (mm) (mm) (mm) (mm) (kN) (kN)
[31] SS—180-2 Short column 180 2.0 80 4 540 2441 2404 0.98
[30] SS—-160-1 Short column 160 1.9 50 2.76 480 1728 1648 0.95
[19] CFST1 Short column 160 2.1 - - 1190 1344 1337 0.99
CCFST1-2 Slender column 160 2.1 110 1.95 1190 2242 2190 0.98
[22] PBL-3 T-joint 120 3.5 - - 740 350 347 0.99
[32] TDP6 T-joint 120 4.0 - 740 349 345 0.99
Average 0.98
Standard Deviation 0.015
- _ . . . . )
1-al (1<0.215) EiI; and Eyly are their corresponding flexural stiffnesses. It is note

@ = 1 o R = _
— {az +asd+ 7 — /(@ +asi+ 1) —47° | (1<0.215)
27

(10)

where a1, a3, and a3 are coefficients obtained from Table 3 depending
on the cross-section type. The type of cross-section is determined by its
shape, dimensions, and the production method used (such as rolling,
welding, or flame cutting). In this study, the brace is classified as Type b.
On the other hand, 4 is the normalized slenderness ratio, which is given
as:

I:A/AO:A\/JE/E

4. Main behavioural characteristics

1D

4.1. Failure modes

The T-joint is composed of two primary elements: the brace and the
chord. The strength relationship between these elements influences the
failure mode of the joint. When the brace is in axial compression, it
experiences compressive deformation while the chord is subjected to
bending (refer to Fig. 3(b)). In this illustration, N indicates the load
applied to the brace, and A represents the axial displacement at the top
of the brace tube. A parameter K is introduced herein to predict the
failure mode, which characterises the ratio of flexural stiffness relative
to the lengths of the brace and chord members, and is represented as:

(Erh)/Ly

K= (Eolo)/Lo a2

where L; and L are the lengths of the brace and chord, respectively, and

worthy that a parameter like K has not previously been proposed in the
available literature for T-joints of different configurations. The flexural
stiffness of the chord is the sum of the stiffnesses of its constituent parts,
with the concrete contribution reduced by 40 %, as per DBJ/
T13-51-2010 [33]. Thus, the flexural stiffness of the chord can be
expressed as:

Eoly = Exolio + Eqli + Egslog + 0.6 (Eeles + Ecilei ) (13)
where E,, E, Ess, Ecs and E.; are the moduli of elasticity of the outer
steel tube, inner steel tube, stiffeners, sandwiched concrete, and core
concrete, respectively. Similarly, I, I, L, Is, Is and I; are the second
moments of area of the cross-sections of the brace, outer steel tube, inner
steel tube, stiffeners, sandwiched concrete, and core concrete, respec-
tively.

Fig. 10 shows how parameter K affects the N,/N'F ratio, N, is the
compression resistance of the brace determined by Eq. 9 and N'F is the
ultimate axial compression load derived from the FE analysis. In addi-
tion, Table 4 shows the corresponding N-A curves, as well as the
deformed shapes at maximum and final loads. The maximum load is
specified in the following section for Models S1, which do not show a
discernible descending segment in the later stages of their response
curves. The maximum load for these models is assumed at a displace-
ment of Ly/50. Based on the FE analysis, failure modes, and associated
N-A curves, a failure mode boundary of K = 0.18 is proposed as repre-
sented by the straight-line trendline shown in Fig. 10.

With ratios ranging from roughly 0.95-1.05, the values of N, and N'2
to the left of K= 0.18 boundary are quite close. This implies that the
calculated brace resistance and the joint total capacity are quite similar.
This occurs because the brace, which controls the joint capacity, is
weaker in specimens with K < 0.18 in relation to the chord. The dif-
ferences between specimens with K < 0.18 and those with K > 0.18
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2000
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(b) SS-160-1

2500
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(d) CCFSTI1-2
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4004 —8— Finite element model
—=a#— Experiment(TDP6)
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T
0 5 10 15 20 25 30 35
Displacement (mm)

(f) TDP6

Fig. 7. Comparison of load-displacement curves obtained from tests and FE models.

become noticeable later on, especially in the final deformations and the
N-A curves (as shown in Table 4), even if the deformations at maximum
load are not considerably different. Specimens with K < 0.18 exhibit
final deformations with minimal chord bending and significant local
buckling failure in the brace, as indicated in Table 4(a). Model S102
clearly exhibits this failure mechanism (K = 0.154). The joint quick loss

of load-bearing capability as a result of bracing failure is indicated by the
abrupt drop in the latter portion of the load-displacement curve. It is
important to note that the failure mode changes when K approaches a
value of 0.18, indicating that the brace flexural stiffness increases in
relation to the chord, which is shown by S88(K = 0.176) in Table 4(b).

On the other hand, N, > N’ occurs to the right of the K = 0.18
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(a) SS-160-1
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(b) CCFSTI1-2

Fig. 8. Comparison of failure modes from tests and FE models for: (a) short column SS-160-1 [30] and (b) Slender column CCFST1-2 [19].

@

Fig. 9. Comparison of failure modes from 1 tests and FE models for T-joints: (a) PBL-3 [22] and (b) TDP6 [32].

boundary in Fig. 10, suggesting that the brace does not fail before the T-
joint reaches its ultimate load-bearing capability. Significant chord
bending deformation without brace buckling is the main failure mode
for T-joint models S97 and S1, as indicated in Table 4(c) and (d). In these
situations, the primary role of the brace is to transfer the applied load,
and the chord bending capacity determines the joint load-bearing ca-
pacity. Furthermore, there is no noticeable decreasing segment in the
load-displacement curves for these models, indicating that the joint
capacity to support loads has not been compromised and that the brace
did not fail. These results show that when K = 0.18, the failure modes of
CFDSST-to-SHS T-joints under axial compression of the brace vary.
When K is less than 0.18, the CFDSST-to-SHS T-joint is governed by
brace failure due to local buckling and overall instability; in contrast,
when K is greater than 0.18, the chord fails through significant bending
deformation.

4.2. Bearing capacity of T-joints

As discussed above, the load-displacement response of CFDSST-to-

(b)

SHS T-joints can be divided into two types based on the value of K,
considering the results of the preceding section. This is illustrated in
Table 4, where N'F represents the ultimate load and 4, is the corre-
sponding displacement. N'F is the peak load the curve for the first
response type, which occurs when K < 0.18 and the brace determines
the joint bearing capacity, as shown in Table 4(a) and (b), which rep-
resents the load-displacement curve of T-joint S102(with K = 0.154) and
S88(with K = 0.176), respectively. In this case, the joint bearing ca-
pacity NIF is similar to the value of the brace computed resistance N.
Therefore, N, can be calculated using Eq. 9 to determine the bearing
capacity of the CFDSST-to-SHS T-joint in cases when K < 0.18. On the
other hand, when K > 0.18, the second type of load-displacement curve
occurs, as presented in Table 4 (c¢) and (d) for T-joint S97(with K =
0.184) and S1(with K = 0.203), respectively. The most obvious
distinction from the first curve type is the absence of a sharp decline in
load because the brace does not fail in this case. The chord experiences
considerable deformation in this situation and, although the FE models
may replicate this behaviour, they do not depict the fracture or crack
formation in the chord tube. A typical characteristic of FE models for
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Table 2
Details for the parametric study on CFDSST-to-SHS T-joints.
Group FE CFDSST chord member SHS brace member
model
Outer steel tube and sandwiched concrete of chord Inner steel tube and concrete p T x N, K Ny NIE
core (kN) (kN) (kN)
Bo to Lo feo fyo hg By tz fy2 B; 5] fn L
(mm) (mm) (mm) (MPa) (MPa) (mm) (mm) (mm) (MPa) (mm) (mm) (MPa) (mm)
G1 S1 160 7.2 960 40 355 20 80 3 355 80 7.2 355 400 0.50 1.00 0.28 0 0.203 727 619
S2 160 7.2 960 40 355 20 80 3 355 100 7.2 355 400 0.63 1.00 0.28 0 0.418 935 637
S3 160 7.2 960 40 355 20 80 3 355 120 7.2 355 400 0.75 1.00 0.28 0 0.749 1142 659
S4 160 7.2 960 40 355 20 80 3 355 140 7.2 355 400 0.88 1.00 0.28 0 1.221 1348 681
S5 160 7.2 960 40 355 20 80 3 355 160 7.2 355 400 1.00 1.00 0.28 0 1.859 1554 673
G2 S6 180 7.6 1080 40 355 30 80 3 355 90 7.6 355 450 0.50 1.00 0.22 0 0.199 871 704
S7 180 7.6 1080 40 355 30 80 3 355 112.5 7.6 355 450 0.63 1.00 0.22 0 0.409 1109 717
S8 180 7.6 1080 40 355 30 80 3 355 135 7.6 355 450 0.75 1.00 0.22 0 0.731 1347 737
S9 180 7.6 1080 40 355 30 80 3 355 157.5 7.6 355 450 0.88 1.00 0.22 0 1.189 1585 768
S10 180 7.6 1080 40 355 30 80 3 355 180 7.6 355 450 1.00 1.00 0.22 0 1.808 1823 771
G3 S11 280 9.2 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 1.00 0.08 0 0.199 1678 1343
S12 280 9.2 1680 40 355 40 80 3 355 175 9.2 355 700 0.63 1.00 0.08 0 0.405 2101 1363
S13 280 9.2 1680 40 355 40 80 3 355 210 9.2 355 700 0.75 1.00 0.08 0 0.719 2544 1393
S14 280 9.2 1680 40 355 40 80 3 355 245 9.2 355 700 0.88 1.00 0.08 0 1.164 2988 1440
S15 280 9.2 1680 40 355 40 80 3 355 280 9.2 355 700 1.00 1.00 0.08 0 1.762 3431 1424
G4 S16 160 3.6 960 40 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.180 383 364
S17 160 3.6 960 40 355 20 80 3 355 80 4.5 355 400 0.50 1.25 0.25 0 0.218 472 367
S18 160 3.6 960 40 355 20 80 3 355 80 5.4 355 400 0.50 1.50 0.25 0 0.252 559 368
S19 160 3.6 960 40 355 20 80 3 355 80 6.3 355 400 0.50 1.75 0.25 0 0.284 644 369
S20 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.314 727 369
G5 S21 280 4.6 1680 40 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.171 868 814
S22 280 4.6 1680 40 355 40 80 3 355 140 5.75 355 700 0.50 1.25 0.08 0 0.208 1074 820
S23 280 4.6 1680 40 355 40 80 3 355 140 6.9 355 700 0.50 1.50 0.08 0 0.244 1278 825
S24 280 4.6 1680 40 355 40 80 3 355 140 8.05 355 700 0.50 1.75 0.08 0 0.278 1477 828
S25 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.309 1678 831
G6 S26 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.314 727 370
S27 160 4.5 960 40 355 20 80 3 355 80 9 355 400 0.50 2.00 0.26 0 0.319 885 438
S28 160 5.4 960 40 355 20 80 3 355 80 10.8 355 400 0.50 2.00 0.26 0 0.318 1034 503
S29 160 6.3 960 40 355 20 80 3 355 80 12.6 355 400 0.50 2.00 0.27 0 0.314 1174 567
S30 160 7.2 960 40 355 20 80 3 355 80 14.4 355 400 0.50 2.00 0.28 0 0.308 1305 626
S31 160 3.6 900 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.294 727 391
S32 160 3.6 1000 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.327 727 349
S33 160 3.6 1100 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.360 727 315
S34 160 3.6 1200 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.392 727 288
S35 160 3.6 960 50 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.306 727 378
S36 160 3.6 960 60 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.299 727 385
S37 160 3.6 960 70 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.294 727 391
S38 160 3.6 960 80 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.288 727 397
S39 160 3.6 960 40 235 20 80 3 235 80 7.2 235 400 0.50 2.00 0.25 0 0.314 485 265
S40 160 3.6 960 40 420 20 80 3 420 80 7.2 420 400 0.50 2.00 0.25 0 0.314 857 423
S41 160 3.6 960 40 460 20 80 3 460 80 7.2 460 400 0.50 2.00 0.25 0 0.314 936 456
S42 160 3.6 960 40 355 25 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.309 727 382
S43 160 3.6 960 40 355 30 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.305 727 393
S44 160 3.6 960 40 355 35 80 3 355 80 7.2 355 400 0.50 2.00 0.25 0 0.302 727 405
S45 160 3.6 960 40 355 20 60 3 355 80 7.2 355 400 0.50 2.00 0.13 0 0.322 727 365
S46 160 3.6 960 40 355 20 70 3 355 80 7.2 355 400 0.50 2.00 0.19 0 0.319 727 368
S47 160 3.6 960 40 355 20 90 3 355 80 7.2 355 400 0.50 2.00 0.32 0 0.309 727 369
S48 160 3.6 960 40 355 20 100 3 355 80 7.2 355 400 0.50 2.00 0.41 0 0.303 727 363

(continued on next page)
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Group FE CFDSST chord member SHS brace member
model
Outer steel tube and sandwiched concrete of chord Inner steel tube and concrete p T X N, K N, NIE
core (kN) (kN) (kN)
Bo to Lo feo fyo hs B, tz fy2 B; t fn Ly
(mm) (mm) (mm) (MPa) (MPa) (mm) (mm) (mm) (MPa) (mm) (mm) (MPa) (mm)
S49 160 3.6 960 40 355 20 80 2 355 80 7.2 355 400 0.50 2.00 0.26 0 0.320 727 353
S50 160 3.6 960 40 355 20 80 4 355 80 7.2 355 400 0.50 2.00 0.24 0 0.308 727 387
S51 160 3.6 960 40 355 20 80 5 355 80 7.2 355 400 0.50 2.00 0.23 0 0.303 727 403
S52 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 149 0.314 727 366
S53 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 299 0.314 727 360
S54 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 598 0.314 727 341
S55 160 3.6 960 40 355 20 80 3 355 80 7.2 355 400 0.50 2.00 0.25 897 0.314 727 291
G7 S56 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.309 1678 831
S57 280 5.75 1680 40 355 40 80 3 355 140 11.5 355 700 0.50 2.00 0.08 0 0.321 2056 977
S58 280 6.9 1680 40 355 40 80 3 355 140 13.8 355 700 0.50 2.00 0.08 0 0.326 2423 1116
S59 280 8.05 1680 40 355 40 80 3 355 140 16.1 355 700 0.50 2.00 0.08 0 0.328 2758 1246
S60 280 9.2 1680 40 355 40 80 3 355 140 18.4 355 700 0.50 2.00 0.08 0 0.326 3113 1371
S61 280 4.6 1600 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.295 1678 879
S62 280 4.6 1700 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.313 1678 821
S63 280 4.6 1800 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.332 1678 763
S64 280 4.6 1900 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.350 1678 719
S65 280 4.6 1680 50 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.299 1678 858
S66 280 4.6 1680 60 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.289 1678 883
S67 280 4.6 1680 70 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.282 1678 907
S68 280 4.6 1680 80 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.275 1678 930
S69 280 4.6 1680 40 235 40 80 3 235 140 9.2 235 700 0.50 2.00 0.08 0 0.309 1110 599
S70 280 4.6 1680 40 420 40 80 3 420 140 9.2 420 700 0.50 2.00 0.08 0 0.309 1985 954
S71 280 4.6 1680 40 460 40 80 3 460 140 9.2 460 700 0.50 2.00 0.08 0 0.309 2174 1029
S72 280 4.6 1680 40 355 50 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.305 1678 858
S73 280 4.6 1680 40 355 60 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.302 1678 883
S74 280 4.6 1680 40 355 70 80 3 355 140 9.2 355 700 0.50 2.00 0.08 0 0.299 1678 9206
S75 280 4.6 1680 40 355 40 60 3 355 140 9.2 355 700 0.50 2.00 0.04 0 0.311 1678 826
S76 280 4.6 1680 40 355 40 70 3 355 140 9.2 355 700 0.50 2.00 0.06 0 0.310 1678 829
S77 280 4.6 1680 40 355 40 90 3 355 140 9.2 355 700 0.50 2.00 0.10 0 0.309 1678 835
S78 280 4.6 1680 40 355 40 100 3 355 140 9.2 355 700 0.50 2.00 0.12 0 0.308 1678 840
S79 280 4.6 1680 40 355 40 80 2 355 140 9.2 355 700 0.50 2.00 0.08 0 0.310 1678 819
S80 280 4.6 1680 40 355 40 80 4 355 140 9.2 355 700 0.50 2.00 0.07 0 0.309 1678 843
S81 280 4.6 1680 40 355 40 80 5 355 140 9.2 355 700 0.50 2.00 0.07 0 0.308 1678 854
S82 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 379 0.309 1678 847
S83 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 759 0.309 1678 848
S84 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 1517 0.309 1678 823
S85 280 4.6 1680 40 355 40 80 3 355 140 9.2 355 700 0.50 2.00 0.08 2276 0.309 1678 721
G8 S86 160 3.6 960 40 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.180 383 364
S87 160 3.6 900 40 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.169 383 384
S88 160 3.6 960 50 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.176 383 372
S89 160 3.6 960 60 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.172 383 378
S90 160 3.6 960 70 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.168 383 383
S91 160 3.6 960 80 355 20 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.165 383 390
S92 160 3.6 960 40 355 25 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.177 383 375
S93 160 3.6 960 40 355 30 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.175 383 382
S94 160 3.6 960 40 355 35 80 3 355 80 3.6 355 400 0.50 1.00 0.25 0 0.173 383 392
S95 160 3.6 960 40 355 20 920 3 355 80 3.6 355 400 0.50 1.00 0.32 0 0.177 383 361
S96 160 3.6 960 40 355 20 100 3 355 80 3.6 355 400 0.50 1.00 0.41 0 0.174 383 352
597 160 3.6 960 40 355 20 80 2 355 80 3.6 355 400 0.50 1.00 0.26 0 0.184 383 348
S98 160 3.6 960 40 355 20 80 4 355 80 3.6 355 400 0.50 1.00 0.24 0 0.177 383 379

(continued on next page)
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Table 2 (continued)

Group FE CFDSST chord member SHS brace member

model

Outer steel tube and sandwiched concrete of chord Inner steel tube and concrete B T X N, K N, NTE

core (kN) (kN) (kN)

By to Lo feo fyo hs B> tz fy2 B; t n L

(mm) (mm) (mm) (MPa) (MPa) (mm) (mm) (mm) (MPa) (mm) (mm) (MPa) (mm)
S99 160 3.6 960 40 355 20 80 5 355 80 3.6 355 400 0.50 1.00 0.23 0 0.174 383 392
S100 160 3.6 960 40 355 20 80 3 355 80 3.4 355 400 0.50 0.94 0.25 0 0.171 363 359
S101 160 3.6 960 40 355 20 80 3 355 80 3.2 355 400 0.50 0.89 0.25 0 0.163 342 350
§102 160 3.6 960 40 355 20 80 3 355 80 3.0 355 400 0.50 093 0.25 0 0.154 322 336
S103 180 3.8 1080 40 355 30 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.177 456 438
S104 180 3.8 1000 40 355 30 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.164 456 468
S105 180 3.8 1080 50 355 30 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.172 456 448
S106 180 3.8 1080 60 355 30 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.168 456 457
S107 180 3.8 1080 70 355 30 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.164 456 464
S108 180 3.8 1080 80 355 30 80 3 355 920 3.8 355 450 0.50 1.00 0.20 0 0.161 456 471
S109 180 3.8 1080 40 355 35 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.175 456 450
S110 180 3.8 1080 40 355 40 80 3 355 90 3.8 355 450 0.50 1.00 0.20 0 0.173 456 460
S111 180 3.8 1080 40 355 45 80 3 355 920 3.8 355 450 0.50 1.00 0.20 0 0.172 456 469
S112 180 3.8 1080 40 355 30 60 3 355 90 3.8 355 450 0.50 1.00 0.10 0 0.180 456 430
S113 180 3.8 1080 40 355 30 70 3 355 90 3.8 355 450 0.50 1.00 0.15 0 0.178 456 435
S114 180 3.8 1080 40 355 30 90 3 355 920 3.8 355 450 0.50 1.00 0.25 0 0.175 456 442
S115 180 3.8 1080 40 355 30 100 3 355 90 3.8 355 450 0.50 1.00 0.32 0 0.173 456 443
si16 180 3.8 1080 40 355 30 80 2 355 90 3.8 355 450 0.50 1.00 0.20 0 0.179 456 423
S117 180 3.8 1080 40 355 30 80 4 355 90 3.8 355 450 0.50 1.00 0.19 0 0.175 456 451
S118 180 3.8 1080 40 355 30 80 5 355 920 3.8 355 450 0.50 1.00 0.18 0 0.173 456 462
S119 180 3.8 1080 40 355 30 80 3 355 90 3.6 355 450 0.50 095 0.20 0 0.169 432 434
S$120 180 3.8 1080 40 355 30 80 3 355 90 3.4 355 450 0.50 0.89 0.20 0 0.160 409 424
S121 180 3.8 1080 40 355 30 80 3 355 920 3.2 355 450 0.50 0.84 0.20 0 0.152 386 406
S122 280 4.6 1680 40 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.171 868 814
S123 280 4.6 1600 40 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.163 868 851
S124 280 4.6 1680 50 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.165 868 836
S125 280 4.6 1680 60 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.160 868 860
S126 280 4.6 1680 70 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.156 868 882
S127 280 4.6 1680 80 355 40 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.152 868 902
S128 280 4.6 1680 40 355 50 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.169 868 837
S129 280 4.6 1680 40 355 60 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.167 868 857
$130 280 4.6 1680 40 355 70 80 3 355 140 4.6 355 700 0.50 1.00 0.08 0 0.165 868 874
S131 280 4.6 1680 40 355 40 80 3 355 140 4.4 355 700 0.50 0.95 0.08 0 0.164 830 808
S132 280 4.6 1680 40 355 40 80 3 355 140 4.2 355 700 0.50 091 0.08 0 0.157 793 799
S133 280 4.6 1680 40 355 40 80 3 355 140 4.0 355 700 0.50 0.87 0.08 0 0.151 757 781
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Table 3
Coefficients ay, as, and a3 [28].
Cross-section Type 2 condition o az as
a - 0.41 0.986 0.152
b - 0.65 0.965 0.300
c 1<1.05 0.73 0.906 0.595
7>1.05 1.216 0.302
d 71<1.05 1.35 0.868 0.915
7>1.05 1.375 0.432

concrete-filled steel tubes (CFST) in bending is that the curve tends to
flatten in the later phases of loading [34]. As seen in Table 4(d), the
ultimate load N'F typically corresponds to a mid-span deflection of
Lo/50.

4.3. Load-strain response

Herein, the load-strain diagrams of T-joints with different K values
are compared in order to further assess the behaviour of T-joints with
various failure modes, as shown in Fig. 11. The T-joints considered are
$102 (K=0.154), S88 (K=0.176), S97 (K=0.184) and S1 (K=0.203). In
the figure, strain is given in the horizontal axis, and the load applied to
the brace is in the vertical axis. The longitudinal strains are measured at:
(i) the brace steel tube midpoint, (ii) the compressive side at the top of
the cross-section in the chord mid-span, and (iii) the tensile side at the
bottom of the cross-section in the chord mid-span. Tensile strains are
shown as positive values in the diagrams, whereas compressive strains
are shown as negative values.

From Fig. 11, it is evident that all specimens experience yielding in
the chords before the brace. The primary distinction is that the brace
strains in T-joints S102 and S88(with K < 0.18) eventually reach
yielding, whereas those in T-joint models S97 and S1 (with K > 0.18) do
not. When the T-joint reaches its maximal load (N*=336 kN and 372 kN
for S102 and S88, respectively), the strain in the brace reaches the yield
strain (1690pe) for S102 and S88 as seen in Fig. 11(a) and (b), respec-
tively. This suggests that the brace is the primary factor influencing the
T-joint bearing capability. The load drops as soon as the brace yields, but
the strain inside the brace keeps rising because of severe local buckling
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failure. This buckling lessens the chord bending and occasionally even
causes a small recovery in deformation. As a result of brace failure, the
chord tensile and compressive strains diminish.

On the other hand, as examined in Section 4.1, T-joints S97 and S1,
with K > 0.18, exhibit significant chord bending deformation without
brace buckling. Fig. 11(c) and (d) show that the brace strain falls short of
the yield level. The chord experiences substantial bending deformation,
which results in greater strains at the ultimate load capacity (N'F). The
strain in the chord at failure increases with the K value.

4.4. Influence of key parameters

This section examines the influence of key parameters on the overall
response of the T-joints. Each parameter is considered in isolation in
order to determine their effect directly.

4.4.1. Chord cross-section configuration

Herein, a comparison is made between the effect of different chord
cross-section configurations on the ultimate load N'F and the strength-
to-weight (S/Wr) ratio of the T-joints, the latter of which has not been
considered elsewhere. FE Models S1, S6, and S46 were used as a refer-
ence, and other T-joints with hollow steel stiffened tube (HSST), CFSST
and CFDT chords were generated. These cross-sections are provided in
Table 5, where W¢ and Wy are the weight of the chord and the T-joint,
respectively. The weight calculations of the joints were based on the
cubic meter self-weights of plain concrete and steel, which were taken as
2400 kg/m® and 7850 kg/m?, respectively. The load-displacement
curves of the T-joints with different chord configurations are pre-
sented in Fig. 12, where it is shown that they all exhibit similar load-
displacement responses.

The analysis illustrates that using concrete are/or inner steel tubes
affects the value of N'F of the T-joint, but the differences do not exceed
10 %, except for the “Hollow steel stiffened tube” chord configuration,
whose ultimate load is less than half of the CFDSST T-joint load. This is
because the T-joint failed by web crippling of the chord tubular section
under the concentrated transverse force of the brace in the latter
configuration [35], as shown in Fig. 13. This mode is defined as the
interior-one-flange (IOF) web crippling load condition according to the
North American Specification NAS [36], which requires attention in

3.0
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Fig. 10. Relationship between K and N/N*E.
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Table 4

Overall load-deflection (N-A) responses and failure modes of the T-joint specimens.

N-A response
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Deformation at ultimate load Final deformation
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Fig. 11. Load-strain curves of T-joints with different K values for: (a) S102 (K =0.154), (b) S88 (K =0.176), (c) S97 (K =0.184) and (d) S1 (K =0.203).

Table 5
Comparisons between T-joints with different chord configurations.
Specimens Chord type feo fro B, ty f2 We Wr NI (kN) S/Wr
(MPa) (MPa) (mm) (mm) (MPa)

Bp = 160 mm, t; = 7.2 mm, Ly = 960 mm, f,o = 355 MPa
S1-1 HSST - 355 - - - 398 469 289 0.62
S1-2 CFSST 40 355 - - - 860 931 608 0.65
S1 CFDSST 40 355 80 3 355 782 853 619 0.73
S1-3 CFDT 40 355 80 3 355 905 976 658 0.67
B = 180 mm, t; = 7.2 mm, Ly = 1080 mm, f,o = 355 MPa
S6-1 HSST - 355 - - - 482 577 332 0.58
S6-2 CFSST 40 355 - - - 1137 1232 676 0.55
S6 CFDSST 40 355 80 3 355 1047 1142 704 0.62
S6-3 CFDT 40 355 80 3 355 1186 1281 723 0.56
Bp = 280 mm, t; = 4.6 mm, Ly = 1680 mm, f,o = 355 MPa
S46-1 HSST - 355 - - - 782 1060 171 0.16
S46-2 CFSST 40 355 - - - 3630 3908 795 0.20
S46 CFDSST 40 355 80 3 355 3491 3768 831 0.22
S46-3 CFDT 40 355 80 3 355 3706 3984 839 0.21
KEY:

I
= =

1
HSST CFSST CFDSST CFDT
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Fig. 12. The load-displacement curves of the T-joints with different chord
configurations.

(a) (b)

Fig. 13. Failure mode of T-joint with hollow steel stiffened tubular chord
(S1-1): (a) isometric view and (b) cross-section of chord at mid-span.

future research. In contrast, all other T-joints failed by flexure of the
steel-concrete composite chords. Hence, this highlights the importance
of utilising a steel-concrete composite chord in T-joints. As indicated in
Table 5, the CFDT-to-SHS T-joint exhibits the highest load carrying ca-
pacity compared with other composite chord configurations. However,
choosing the most effective composite chord configuration would be
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related to the S/Wry ratios of the different T-joints, which indicates that
the CFDSST-to-SHS T-joint provides the highest ratio, and in turn rep-
resents the most efficient solution.

4.4.2. Brace-to-chord width ratio ()

In this section, the FE data from three different groups: G1 (S1-S5),
G2 (S6-S10), and G3 (S11-S15) is evaluated in order to determine the
effect of the brace-to-chord width ratio g (where = B1/Bj) on the
behaviour and ultimate bearing capacity of CFDSST-to-SHS T-joints.
Fig. 14(a) depicts the load-displacement curves for various By values in
relation to changes in g, while Fig. 14(b) displays the relationship be-
tween the ultimate bearing capacity of the T-joint (N*F) and f for three
groups of joints with different # values. As noted, NF stands for the
ultimate bearing capacity, and Ly/50, as established in Section 3.2, is the
corresponding displacement 4. The data clearly show that N*F becomes
higher as g increases. For a By value of 160 mm, N'E increases by 8.7 %,
from 619 kN to 673 kN, as $ increases from 0.5 to 1. Similarly, N'F in-
creases by 9.5 % and 6.0 %, respectively, when By is 180 mm and
280 mm. Nevertheless, for all the cross-sections considered herein, N
reduces quite marginally when f rises from 0.875 to 1.0, as indicated in
Fig. 14(b). The chord and brace are the same width at # = 1.0. As shown
in Fig. 15, the chord steel tube cross-section corners have a cold-formed
bending angle, leaving two non-contact sections at the brace-to-chord
intersection location, hence g is, in effect, less than unity. Moreover,
the brace load is transmitted through two edges only, and therefore
concentrated over a smaller area. As a result, the brace cross-section
experiences an uneven force distribution, which eventually lowers the
T-joint bearing capacity.

4.4.3. Brace-to-chord thickness ratio (z)

The results from three distinct cross-sections are examined in order
to assess the influence of the brace-to-chord thickness ratio (t) on the
ultimate load of CFDSST-to-SHS T-joints. This ratio is determined as

Non-contact

/ area

———

Non-contact

/ area

Fig. 15. Schematic of the non-contact area (f=1).
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Fig. 14. Influence of # on the behaviour of CFDSST-to-SHS T-joints including: (a) load-displacement responses and (b) effect on N'E.
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Fig. 16. Effect of 7 on N’ZE for different cross-sections including: (a) G4, G5 and Ref. [22] and (b) parametric study results.

7=t1/typ, where t; and t;, are the brace and chord thicknesses,
respectively.

Referring to Table 2, these cross-sections are depicted in Fig. 16(a)
and consist of specimens from Ref. [22], with By = 120 mm, as well as
G4 (S16-S20), with By = 160 mm, and G5 (S21-S25), with By = 280 mm.
The relationship between 7 and the ultimate bearing capacity N'F for the
three T-joint groups is shown in Fig. 16(b). Notably, the chord types
vary: the specimens from Ref. [22] are made up of regular CFST with
longitudinal stiffeners, whereas G4 and G5 are CFDSST members. N'*
increases from 364 kN to 369 kN for Group G4, where By = 160 mm, ast
increases from 1.0 to 2.0, signifying a 1.37 % increase in capacity.
Likewise, for Group G5 with By = 280 mm, t rises from 1.0 to 2.0,
causing N'F to increase by 2.1 %, from 814 kN to 831 kN. With By = 120
mm, T increases from 1.0 to 1.75 for the specimens from Ref. [22], and
N'E increases from 350 kN to 361 kN, indicating a 3.1 % capacity
enhancement. These findings clearly show that the influence of 7 on the
final load NP is relatively limited. This effect seems to hold true for
chords of varying cross-sectional diameters.

4.4.4. Concrete strength

Ten T-joints with different sandwiched concrete strengths (fco)
ranging from 40 MPa to 80 MPa were performed in order to investigate
the effect of concrete strength on the performance of CFDSST-to-SHS T-
joints; T-joints S46 and S55-S58 with By= 280 mm and T-joints S26 and
$35-S38 with Bp= 160 mm. The influence of concrete strength on the
load of CFDSST-to-SHS T-joint is assessed in terms of: (a) load-

1000

900

800 1 —— 546 B,=280 /. ,~40MPd
- -~ 555 B,=280 /,,=50MPa|

7004 - 8§56 B,=280f,,~60MPa|

600

-~ §58 B,=280 f,,=80MPa

=
< 5004
N~
Z 4004 _—
;
i, 526 B,~160 ,,~40MPd
300] 4§/ .
i/ -~ 5§35 B,~160,,~50MPa
200 §, 536 B,=160 £.,~60MPd|
i - 837 B,=160f,,=70MPa
1004 -~ 538 B,=1601,,~80MPa
0 T T T T T T T
0 5 10 15 20 2% 30 35 10
A (mm)

(@

displacement responses and (b) influence of concrete strength on NiE
as illustrated in Fig. 17. As can be noticed, the ultimate load-bearing
capacity of the CFDSST-to-SHS T-joint model increases when the
strength of the sandwiched concrete increases. As the strength of the
sandwiched concrete increased, the ultimate bearing capacity N~ for T-
joints with Bp= 280 mm improved by 11.9 %, from 831 kN to 930 kN.
Likewise, N'F increased by 7.3 % from 370 kN to 397 kN for T-joints
with Bp= 160 mm. As expected, given the increased volume of concrete,
these results show that joints with larger cross-sectional dimensions are
more significantly affected by the increase in the value of f.

4.4.5. Steel grade

Four specimens with different steel strengths (f, = 235 MPa,
355 MPa, 420 MPa, and 460 MPa) were designed for two distinct cross-
sections (Bp=160 mm and 280 mm) in order to investigate the influence
of steel strength on the performance of CFDSST-to-SHS T-joints, as seen
in Table 2. The load-displacement curves for various By values in rela-
tion to variations in steel strength are shown in Fig. 18(a), while the
relationship of N'F vs f, are presented in Fig. 18(b). The results show that
as the steel strength increases, so does the CFDSST-to-SHS T-joint ulti-
mate load-bearing capacity. As the steel strength increased from
235 MPa to 460 MPa, the ultimate bearing capacity (NF) for Bo= 160
mm increased from 265 kN to 456 kN. Over the same range of steel
strengths, the ultimate bearing capacity for By)= 280 mm increased from
599 kN to 1029 kN. When the steel yield strength increased from
235 MPa to 355 MPa, 420 MPa, and 460 MPa, N'F increased by 40 %,
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Fig. 17. Influence of concrete strength on the capacity of CFDSST-to-SHS T-joint including: (a) load-displacement response and (b) influence of concrete strength

on NE,
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Fig. 18. Influence of steel grade on: (a) load-displacement response of different sections and (b) ultimate capacity Ni-.

60 %, and 72 %, respectively, for T-joints with Bo= 160 mm. For T-joints
with Bp= 280mm, the corresponding increases were 39 %, 59 %, and
72 %, respectively. The significance of steel characteristics on the
response of CFDSST-to-SHS T-joints is highlighted by these results,
which clearly show that the steel strength influences the ultimate
bearing capacity more than the concrete strength, although the presence
of concrete is vital in terms of preventing or delaying local buckling.

4.4.6. Axial load in the chord

The application of axial force causes a significant change in the
mechanical behaviour of concrete-filled steel tube (CFST) structures.
Therefore, several axial forces were applied to the chord in the FE model
in order to investigate the influence of the chord axial load on the per-
formance of CFDSST-to-SHS T-joints. The load-displacement curves for
the axial force magnitudes, which were determined to be 0.0, 0.1, 0.2,
0.4, and 0.6 times the CFDSST chord ultimate axial load-carrying ca-
pacity (N, 1), are plotted in Fig. 19(a) for comparison, while Fig. 19(b)
shows the relationship between the ultimate strength N** and the axial
load ratio of the chord (N./N, ratios). The results of the axial load
applied to the chord (N.) for Models S46, S62-S65, S26, and S42-S45 are
given in Table 2, while N is determined as follows [31]:

Now = (Asy_,eﬁ +Am) (1 18+ 0.85550) foas - (Asi +ACC) (1.18 + 0.85551-)
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wherefy; and fu; are the compressive strengths of the core and
sandwiched concrete, respectively; Asyeff, Acs, Asi; Acc and Ay are
effective cross-sectional area of the outer steel tube, sandwiched con-
crete area, inner steel tube area, core concrete area and stiffeners area,
respectively; and &, and & are confinement factors of outer steel tube
and inner steel tube, respectively [31]. It is clear from Fig. 19 that the
load-displacement behaviour of the T-joints is influenced by the axial
load in the chord. The ultimate load-carrying capacity of the joint de-
clines with increasing axial load, hence affecting the overall stiffness.
This behaviour is in line with findings in other CFST structures, which
show that the chord resistance to bending and shear forces decreases
with increasing axial load. The relationship between the axial force and
joint strength hence needs to be explicitly accounted for in design
procedures.

Fig. 19 illustrates two key features with respect to the influence of
the axial load on CFDSST-to-SHS T-joints. First, as the axial load applied
to the chord increases, the ultimate load NF clearly changes and pro-
gressively decreases. When By= 160 mm, the ultimate load drops from
370 kN to 291 kN. Likewise, N*F decreases from 831 kN to 721 kN for
Bo= 280 mm. It should be mentioned, though, that when the axial load
acting on the chord is less than 0.2 times the ultimate axial load-carrying
capacity N, the reduction in ultimate load is only slight. This suggests
that the T-joint retains a significant amount of its load-bearing capacity
at lower axial loads. The second feature is the phase of plastic behaviour,
with the load-displacement curves exhibiting a more noticeable
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Fig. 19. Influence of N. on: (a) load-displacement responses and (b) ultimate strength NﬁE.
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downward trend as the axial load applied to the chord increases from 0.0
to 0.6N, . This implies that the degradation in load-carrying capacity
during the plastic phase is more pronounced with higher the axial load
on the chord. This behaviour suggests that the joint undergoes a more
rapid decline in performance after reaching the ultimate load because it
enters the plastic phase earlier and experiences more significant stiffness
degradation under higher axial loads. These findings indicate that
although the axial load does affect the ultimate load capacity, its effects
are most noticeable during the plastic phase, where the performance
declines more sharply as the axial forces increases.

The load-strain responses for CFDSST-to-SHS T-joint configurations
with varying axial loads on the chord members are shown in Fig. 20. The
chord upper and lower sides first show compressive strain at low applied
axial load N, levels. The compressive strains increase with increasing N..
T-joints S45 and S65 exhibit the highest axial loads at 0.6N,,. As a
result, the specimens are already experiencing considerable compressive
strain before any bending deformation from the brace load takes place,
noting that their load-strain curves begin on the leftmost side of the
horizontal axis.

The axial force applied to the brace causes bending deformation in
the chord, resulting in tensile strain on the chord lower side and
compressive strain on its upper side. The initial compressive strain
brought on by the axial load is superimposed on top of these strains. As a
result, the tensile side (lower side) gradually transitions from
compressive to tensile strain, while the upper side reaches yield earlier
due to the accumulation of superimposed compressive strains. Because
of the combined effects of axial load and bending deformation, the upper
side strain for T-joints with high axial force in the chord (such as S45 and
S65) enters the yield stage earlier. Compared to joints with lower or no
axial load, these joints exhibit a quicker progression towards yielding
and, as a result, have lower load-bearing capacities. When higher axial
loads are applied, this early yielding results in lower joint ultimate load-
carrying capacity. In conclusion, the axial load in the chord has a major
influence on the strain behaviour, instigating the compressive side
yielding and lowering the T-joint overall load-bearing capacity. The
closer the axial load gets to 0.6N,,;, the more severe this effect becomes.

4.4.7. Stiffener width

The stiffeners in CFDSST chords are usually made by rolling the steel
edges. This can improve the composite action by increasing the contact
area between the concrete and the steel tube, strengthening the bond
between the two materials, and reducing the relative slip. However, the
minimum width h; i, of the stiffeners for CFDSST chords should comply
with Eq. 15 [29]:
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Herein, eight distinct stiffener widths (hs) and two cross-section sizes
(Bp=160 mm, 280 mm) were investigated, as shown in Fig. 23. Note that
the minimum A i, values are 18 mm and 39 mm for T-joint cases of
Bo= 160 mm and Bp= 280 mm, respectively, in accordance with Eq. 23.
Therefore, h; values ranged from 20 to 35 mm for T-joints with Bp= 160
mm, and from 40 to 70 mm for T-joints with By= 280 mm. The figure
illustrates the influence of different stiffener widths on: (a) load-
displacement responses and (b) ultimate strength N.°. It is observed
that the ultimate capacity N* increases for relatively higher h; values.
Arrangements with Bp= 160 mm and h; = 20 mm or 35 mm result in a
9.5 % increase in N'* from 370 kN to 405 kN. When Bo= 280 mm and hs
= 40 mm or 70 mm, the corresponding values are 831 kN and 906 kN,
respectively (9.0 % increase). Based on these results, it is determined
that increasing hy may be beneficial in enhancing the capacity of the
CFDSST-to-SHS T-joints.

4.4.8. Size of the inner steel tube

To explore the influence of varying inner steel tube dimensions on
the ultimate load N'E, two groups of specimens with different inner steel
tube widths (By) and thicknesses (t,) were designed, with widths ranging
from 60, 70, 80, 90 and 100 mm and thicknesses of 2, 3, 4 and 5 mm,
respectively. As shown in Fig. 22, for specimens with By= 160 mm, as
the inner steel tube width increased from 60 mm to 80 mm, the ultimate
bearing capacity N rose from 365 kN to 370 kN (1.4 % increase);
however, when the width further increased from 80 mm to 100 mm, NﬂE
reduced from 370 kN to 363 kN (1.9 % decrease). For case of T-joints
with Bo= 280 mm, as the inner steel tube width increased from 60 mm
to 100 mm, N'F increased from 826 kN to 840 kN (1.7 % improvement).
For arrangements with By= 160 mm, as the inner steel tube thickness
increased from 2 mm to 5 mm, N°F increased from 353 kN to 403 kN
(14.2% increase). When the chord width was Bo=280mm, N
increased from 819 kN to 854 kN (4.3 % improvement) for a greater
steel tube thickness. In addition, increasing B and t» did not affect the
failure modes; the brace did not fail before the T-joints reaching their
maximum load-bearing capacity, consistently exhibiting the same fail-
ure mode.

5. Design predictions for joint capacity

In accordance with the failure modes and the criteria discussed in
Section 4.2, the load bearing capacity of CFDSST-to-SHS T-joints is
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Fig. 20. Load-strain curves of T-joints with different axial load on the chord including arrangements with B, of: (a) 160 mm and (b) 280 mm.
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Fig. 21. Influence of different stiffener widths on: (a) load-displacement responses and (b) ultimate strength NﬁE.
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Fig. 22. The influence of width of inner steel tube on (a) load versus displacement and (b) the ultimate strength NﬁE.

governed by two cases: (i) brace-dominated failure (K < 0.18), where
the capacity is predicted by the brace compression resistance, Ny, ac-
cording to Eq. 9, and (ii) chord-dominated failure (K > 0.18), where the
resistance is based on the chord flexural capacity. For the latter, estab-
lished design procedures and guidelines, such as those from DBJ/
T13-51 [33], ALJ [37], AISC-LRFD [38], EC4 [39] and BS-ISO [40] are
used to determine the flexural bearing capacity of the CFDSST chord.
These approaches differ in terms of assumptions regarding material
characteristics, steel-concrete interaction, and failure mechanisms
considered, as discussed below. The flexural capacities for CFDSST
chords based on these various approaches are shown in Table 6.

Table 6
Comparison of capacity between design methods and FE results.

Statistical DBJ AlJ AISC [38] BS Limit balance
parameters [33] [37] /EC4 [39] [40] theory [22]
Mups Myau My aisc Muss My 1T
ME MFE MFE MFE MFE
Mean 0.73 0.92 1.11 0.89 0.95
SD 0.034 0.058 0.060 0.098 0.041
Max 0.86 1.08 1.42 1.16 1.22
Min 0.67 0.77 0.83 0.75 0.86

18

5.1. DBJ/T13-51
The method for determining the bending capacity of a square CFST
according to DBJ/T13-51 [33] is given by Eq. 16:

Mu,DBJ = Vmwscfsc + Ws(fx 7]{95)

where y,, represents the section bending plastic development coef-
ficient, which is determined by the confinement coefficient (6,.). The
values of y,, and 6, are calculated using Eq. 17 and Eq. 18, respectively:

a7

(16)

Ym = 1.04+0.48In(0, +0.1)

O = A, /Aqfck

In these equations, f, and f.x denote the material strengths of the steel
tube and the concrete infill, respectively. W, is the section bending
modulus within the plane of bending, while W; refers to the section
modulus of stiffeners, which is described by Eq. 19:

(18)

W, = nyt;hy(D — 2t — hy) (19)

In the equation, f;. and f; are section combined bending strength and
stiffener strength, respectively. In addition, hy, t; and n; represent the
width, thickness, and number of stiffeners, respectively, while D and t
are the width and thickness of the square steel tube.
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5.2. AJ

The flexural bearing capacity of CFSTs is calculated by the Japanese
AlJ code [37] based solely on the contribution of the steel tube, without
considering the contribution made by the concrete. The ultimate resis-
tance M, ary can be expressed as Eq. 20:

Myay = CZyfy (20)

where C, is the moment-gradient factor, and its value for a central point
load applied on the simply supported beam can be taken as 1.35. f, and
Z, represent the yield strength of the steel and the plastic section
modulus about x-axis, respectively, determined as Eq. 21:

2 _ _ 2
_bn*  (b—2t)(h—2t) @1

Y4 4
where b, h and t represent the width, height, and thickness of the square
steel tube, respectively.

5.3. AISC-LRFD and EN1994-1-1

The design moment resistance My, gc4 is determined by plastic theory
which adopts a full plastic stress distribution in the composite section.
The stress of steel tube in tension or compression is taken as yield stress
fy, and the stress of concrete is assumed to be 0.85f.4, while the concrete
stress under tension is ignored. Accordingly, the design rules by EC4
[39] for bending resistance are the same as those of the compact sections
implemented in the AISC [38]. According to the width-to-thickness ratio
of the compression steel elements in composite members, AISC-LRFD
[38] divides composite members subjected to bending into three types:
compact, noncompact, and slender. The joints considered in this paper
are compact and noncompact sections, whose bending capacity for
CFST, My, aisc, can be expressed by Eq. 22 and Eq. 23, respectively:

(a) For compact sections:

Myaisc = M, (22)
where M, is the moment corresponding to plastic stress distribution over
the composite cross-section. M, could be determined by plastic stress
distribution, assuming that steel components have reached a stress of f,
in either tension or compression, and concrete components in
compression due to flexure have reached a stress of 0.85f,, where f, is
the specified compressive strength of concrete.
(b) For noncompact sections:

A=A
MuAISC = Mp - (Mp - My) (/1 — ;)
T P

where 4, 1, and /4, are the slenderness ratios [38], M, is the yield moment
corresponding to yielding of the tension flange and first yield of the
compression flange. The capacity at first yield is calculated assuming a
linear elastic stress distribution with the maximum concrete compres-

(23)

sive stress limited to 0.70f, and the maximum steel stress limited to f,.
The M, a15¢ value needs to consider the moment-gradient factor C, under
mid-span applied concentrated force, which is taken as 1.35. This is
similar to EC4 [39], which employs the same approach.

5.4. BSISO 16521

The method for determining the bending capacity M, ps of a square
CFST chord according to BS ISO 16521 [40] is given in Eq. 24:

Mu,BS = }'mWsc]fsc (24)

where f;. is the design compressive strength of a single CFST chord, 7,, is
the plastic development factor of the bending resistance and Wy is the
section modulus of a single chord. For CFSTs with a square cross-section,
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¥m and Wy are expressed as given in Eq. 25 and Eq. 26, respectively:

Ym = 1.04+0.48In(¢+0.1) (25)
B3
chl = E (26)
where B is the outside width of the square CFST chord.
¢ is the confinement coefficient, which is calculated as:
¢~ (a4) [ (aads) @7)

In these equations, f, and f are the characteristic material strengths
of the steel tube and the concrete infill, respectively and . is the
strength adjustment coefficient.

5.5. Limit balance approach

A method for determining the ultimate moment capacity based on
the limit balance theory was proposed by Diao et al. [22] and this is
examined herein. The method is based on the balance of internal forces
in the chord cross-section. The compressive and tensile forces acting on
the mid-span cross-section of a CFDSST T-joint are depicted in Fig. 23.
According to Eq. 28, the total horizontal forces in the cross-section
compression and tension zones must be equal in this analysis.

Nee +yNo1 + Noz + Nig +Ng = Niz + No3 + Nog + Nio+Ni3 (28)

where N, is the resultant compressive force of concrete; N,; and
Nos are the compressive force in the upper flange of the outer steel
tube and the tensile force in the lower flange, respectively; N,; and
No3 are the compressive and tensile forces in the web plates of the
outer steel tube, respectively; Nj; and Nj, are the resultant forces on the
compressed zone and the tensile zone on the inner steel tube, respec-
tively; Ng, Ns2, N3 are the resultant forces in the stiffeners in the
compressed zone and tensile zone, respectively; and y is a reinforcement
coefficient. Using the limit balance theory, the moment capacity M, 1pr
of the CFDSST-to-SHS T-joint is computed as:

My 1pr = Mcc + Moy + Moa+Mi + Mg + Miz + Moz + Mog + Mgz + M3
29

where M, is the moment capacity of concrete in compression; M,; and
M, are the moment capacities of the outer steel tube in compression
zones, and M,3, M,4 are in tension zones; M;;and M, are the moment
capacities of the inner steel tube in compression and tension zones,
respectively; and Mg, My, andM;; are the moment capacities of the
stiffeners. These moment capacities are derived by multiplying the in-
dividual forces (from Eq. 28) by their respective distances from the
neutral axis in Fig. 23. Thereafter, Eq. 29 can be expanded to Eq. 30 and
by solving Eq. 28 and Eq. 30 simultaneously, the bending moment ca-
pacity M,, ;g is obtained as:

My 18T = Mcc +Mo1 + Mpa+Mi + Mg + Mz + Mos + Mos + Mg + Mgz

1 1 1
=Jcc <BO - 2t0>x2 ~+yowBoto <x+§t0) JrD'rvl'o)C2 + oty |:Bz <X717§t2>

+(xflft2)2}

1 1
+20uto (hs - fo) (X - Ehs +§to> +fyto(Bo — 2t — x)? +fyBoto

(Bo — %to — X>



Y. Diao et al.

Engineering Structures 330 (2025) 119858
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Bo 1\ force force

Fig. 23. Compression and tensile forces in the cross-section at mid-span.

1
+fits KBz—xH) <Bz—t2—x+l> +B2<B2 —Etzfxﬂﬂ +4fto
1
(hs —to) (530 ) —X)

3 1 1
+2f,t (hs - to) (BO —5to —x—5h3> - if“ (Bz - 2t2) (x+tp—1—1tp)?
(30)

The brace reinforcement and confinement to the concrete in the
compression zone are two crucial factors that affect the bearing capacity
of CFDSST-to-SHS T-joints in the method. The strength of confined
concrete (f..) and the reinforcement coefficient (y) are used to quantify
these two factors, where y is determined using Eq. 31:

y=1+1.5p° (€3]
where f equals B1/B, as given before and 7 = t;/ty, with t; and ty rep-
resenting the thicknesses of the brace and the chord, respectively. This
coefficient effectively enhances the confinement effect of the brace on
the chord, especially at the top flange, and amplifies the load-bearing
capacity of the joint. The more reinforcement provided by the brace,
the greater the value of y.

The second key factor is the confinement effect on the concrete in the

N\

X effectively confined area

ineffectively confined area

| 45° T

y= (N Hw/4

Zy compression
g / 2 zone
) veutral axfs ‘
tension zone

1 |

Fig. 24. Effectively-confined area of concrete.
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compression zone of the chord. Diao et al. [22] adopt the approach
proposed by Mander et al. [41] to calculate the strength of confined
concrete (f..) which considers the confining forces applied by the sur-
rounding steel and brace reinforcement. The strength of confined con-
crete can be calculated using Eq. 32:

fo=f. ( —1.254+2.254,/1 + (7.94f,/f.) — zﬁ/fc)

where f; is the characteristic compressive strength of concrete deter-

(32)

mined as f; = O.4fZL{6; f1 is the effective confining stress of concrete in
compression zone given by f; = kf;; and k. is calculated as k. =
Ace/A: = (Ac — Aw)/Ac. On the other hand, A, A, and A, represent
different zones within the compression region of the concrete, which
directly influence the load-bearing capacity of the joint including the
area of concrete in the compression zone, the area of effectively confined
concrete and the area of ineffectively confined concrete, respectively, as
shown in Fig. 24. The latter is determined as A, =2 X wl-2 /6, where w; is
the width of the effectively confined region.

It is noteworthy that the effectiveness of the confinement reduces
toward the sides, where the chord steel tube’s side walls provide less
confinement, as noted by the weaker confinement effect on these por-
tions of the concrete. The distinction between these areas helps to assess
the contribution of different parts of the concrete more accurately to the
bearing capacity of the CFDSST-to-SHS T-joint. The reinforced brace
increases the confinement effect, especially at the top of the concrete,
leading to a stronger performance of the joint.

The solution of Eq. 32 requires the determination of the term f;
which is the lateral pressure of concrete, given from Eq. 33:

20mty :ﬂ(Bo — 4t0)

This expression assumes the distribution of equivalent stresses in the
steel tube and confined concrete as shown in Fig. 25, noting that oy, is
the transverse stress of the steel tube wall.

It is possible to disregard the stress along the wall thickness direction
by assuming that the steel tube and stiffeners are in a plane stress state,
as suggested by Sakino et al. [42] and Zhou et al. [43]. Ge and Usami
[44] state that when the ultimate bending capacity of a steel plate is

reached, local buckling can be disregarded if ?—;’ <1.7 \/}zy Therefore, the

(33)

transverse stress oy, and the longitudinal stress oy, in the steel tube are
taken as 0.19f, and 0.89f,, respectively.
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Fig. 25. Equivalent stress of steel tube and confined core concrete.
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Fig. 26. Comparison of the design and numerical moment capacity predictions.

It is noteworthy that the design model described in the current sec-
tion, using the limit balance theory, highlights the applicability of
CFDSST elements for other applications as well as trusses.

5.5.1. Comparison between numerical and design capacities

This section compares the flexural bearing capacities predicted by
the previously mentioned design methods and specifications (i.e.,
MH_VDBJ, MuAISC; MHAIJ; Mu,BS and Mu.LBT) with the ultimate bending mo-
ments from the FE models (MﬁE), as shown in Fig. 26 and summarised in
Table 6. Using underlying mechanics, the relationship between the ul-
timate capacity (N'F) and the ultimate bending moment (MF) is given as
Eq. 34:

M =NFL/4 (34)

It is evident from the comparisons that the standard deviation of the
ratio between the design moments the numerical simulations for each
method is relatively small, indicating consistent results across models.
The average M,pp;/MT , Myay/MEE, Myasc/ME, Myps/MT  and
M, prer/M'F ratios are 0.73, 0.92, 1.11, 0.89 and 0.95, respectively, and
the corresponding standard deviations are 0.034, 0.058, 0.060, 0.098
and 0.041, respectively. As can be noticed, the results of AISC-LRFD
[38]/Eurocode 4 [39] are higher than the FE predictions, which is
unconservative.

The DBJ approach tends to underestimate the flexural bearing ca-
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pacities of the CFDSST chord members, as evidenced by the lower
average ratio of bending moment. This conservative prediction indicates
that the method of DBJ is not ideal for calculating the flexural bearing
capacity of CFDSST-to-SHS T-joints, because it depends on the severe
uniform bending moment condition through ignoring the moment-
gradient factor (Cp). ALJ [37] and the proposed limit balance theory
provide the most accurate prediction of the flexural bearing capacity, as
demonstrated by the average ratio of 0.93 and 0.95, respectively. With a
comparatively low standard deviation of 0.041, limit balance theory
(M, 1BT), however, is the most accurate in terms of the FE model’s results
because it considers key elements that the other approaches do not, such
as the brace reinforcement, confinement effect, and effective pressure
area in the compression zone. Furthermore, the limit balance theory
does not require consideration of the moment gradient coefficient C,
and can provide more accurate estimations than the methods in ALJ
[37], AISC-LRFD [38], and Eurocode 4 [39], which consider the impact
of various load modes on the bending moment bearing capacity through
the value of Cy.

6. Conclusions

The structural behaviour of concrete-filled dual steel stiffened tube
(CFDSST)-to-square hollow section (SHS) T-joints under axial loading
was examined in this work, with emphasis on the joint capacity and
associated failure modes. In order to evaluate the key factors influencing
the behaviour, detailed finite element models were firstly established
and validated, and subsequently followed by several parametric as-
sessments. The key findings from this research are summarised in the
points listed below.

1. To enable an assessment of the governing failure modes, a parameter
K, defined as the flexural stiffness-to-length ratio of the brace relative
to the chord, was suggested. The detailed results indicated that the
boundary between the two main underlying failure modes, related to
the brace or chord member, occurs at a value of K of 0.18.

2. The parametric assessments covered the key factors influencing the
behaviour, including the material properties, geometric parameters,
and axial force in the chord. It was shown that the brace-to-chord
width ratio f (= B3/Bp) and thickness ratio t (r=t;/ty) both in-
crease the ultimate load capacity, with g having a larger influence on
the ultimate capacity compared to 7.

3. In terms of material characteristics, the ultimate load capacity was
found to be significantly influenced by the sandwiched concrete
strength, particularly for larger cross-sections, while the core con-
crete strength does not have a notable effect. Further evidence that
steel strength has a greater influence than concrete strength arises
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from the fact that an increased steel strength significantly improves
the load capacity, especially for larger chord sections.

4. It was shown that the axial forces in the chord decreased the T-joint
ultimate load capacity. This effect became more noticeable as the
axial load approached 0.6 times the chord ultimate axial load ca-
pacity. Additionally, yielding in the chord compression zone was
shown to be accelerated by the presence of axial load.

5. The bearing capacity of the CFDSST-to-SHS T-joint with the two
distinct failure modes was determined using the K-based division.
The resistance value of the brace, Nj, can be used to calculate the
bearing capacity of the CFDSST-to-SHS T-joint when K < 0.18. The
bending capacity of the CFDSST chord determines the bearing ca-
pacity of the CFDSST-to-SHS T-joint when K > 0.18. By comparing
the results obtained from international codes with the FE ones, it
demonstrated that AlLJ offered the most accurate estimation for the
bending capacity of the CFDSST chord.

6. The limit balance theory was found to yield the most accurate pre-
dictions for the strength of joints with K > 0.18, whilst the AIJ [37]
method also provides reasonable results.

Overall, the results show that, because of their distinct structural
behaviour in comparison to conventional CFST joints, CFDSST-to-SHS T-
joints offer several merits in terms of performance and application.
Hence, they can be used to provide an efficient and effective solution in
large-scale, heavily loaded structural engineering projects. The findings
provide detailed insights into the main behavioural characteristics and
strength predictions obtained by different international codes that can
be used in practical assessment and design.
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