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ABSTRACT

ARTICLE HISTORY

This study aimed to conduct an in-depth analysis of mechanical joints using a Concrete-Filled Steel Tube (CFST) for steel
tube structures under bending. A series of parametric analyses were performed using finite element models. A conventional
theory of CFST structures was applied to calculate the bending resistance of the joint. A key finding of this research was

the equivalent strut-tiec model to determine the local acting forces in the joint. The internal stress distribution within the

concrete core was investigated to define effective areas for the components in compression and tension. Based on analysis
results, this study proposed design proportions for the length-to-diameter ratio and the thickness ratio between the
connecting steel tube and the main steel tubes. The influence of concrete strength, reinforcement ratios, and the use of shear
connectors to prevent slip on the load-bearing capacity were also successfully examined. These findings are critical for
simplifying construction practices and optimizing joint performance that might enable more effective and efficient use of
CFST in various structural applications. This research revealed the potential of such innovative joint designs to significantly
improve the construction method that requires rapid, reliable, and cost-effective solutions.

Copyright © 2025 by The Hong Kong Institute of Steel Construction. All rights reserved.

Received: 14 February 2025
Revised: 13 June 2025
Accepted: 15 June 2025
KEYWORDS

Bending capacity;
Circular steel tube;
Concrete-filled steel tube;
Mechanical joint;

Steel bridge

1. Introduction

Steel tubes are fundamental in structural engineering for their strength,
durability, and flexibility [1], with demonstrated high ductility under seismic
loading in bridges [2, 3]. Innovations include multiple-pipe bridge columns on
varying foundations [4] and extensive use in offshore wind foundations, where
steel pipe piles have been experimentally validated [5], supported by theoretical
design and static tests for axial and uplift capacity [6], as well as connection
analyses for single-pile turbines [7, 8].

Concrete-filled steel tubular (CFST) structures combine material and
construction efficiency with fire resistance and environmental benefits [9].
Recent FEA studies have characterized their flexural behavior and stress-strain
distributions, leading to strut-tie models for pure bending [10, 11], while
experimental comparisons have refined design specifications for bending
performance [12, 13]. Advancements in construction technology focus on rapid
construction, prefabrication, modular structures, and innovative connection
methods for steel pipe columns [14-16]. Advances in prefabrication and
modular construction have spurred innovative connections, from bolted CFST
girders [17] to mechanical joints like “High-Mecha-Neji” threaded sleeves [18],
KASHEEN bolt assemblies [19], and tooth-and-pin mechanisms [20], and slip-
joint solutions for offshore monopiles [7, 8]. Despite these developments, on-
site welding and complex fabrication still hinder quality consistency and cost
reduction in CFST jointing.

Studies on CFST structures involving lightweight aggregate concrete (LAC)
and square steel tubes have also provided important foundations for the
development of innovative CFST applications. Zhonggqiu et al. [21] examined
the flexural behavior of LAC-filled steel tubes (LACFST), demonstrating that
LAC can maintain effective composite action with the steel tube while reducing
structural self-weight. Their results confirmed that LACFST members possess
reliable moment capacity and stiffness, and they proposed analytical methods
verified through finite element analysis. In a separate study, Li et al. [22]
explored the seismic performance of high-strength concrete-filled high-strength
square steel tubes (HCFHSTs) under cyclic pure bending. Their experiments
and numerical simulations revealed excellent ductility, energy dissipation, and
flexural stiffness, even under high-strength material configurations. Further,
Yang et al. [23] introduced reinforced hollow square CFSTs (RHCFSTs),
integrating prestressed concrete cores and additional reinforcement. Their
findings highlighted improved flexural capacity, delayed crack propagation, and
enhanced ductility. These studies collectively demonstrate that varying the core
concrete material and steel tube geometry significantly influences CFST
behavior. Their insights serve as a valuable reference for developing new CFST-
based mechanical joints, especially where construction efficiency, weight
reduction, and flexural performance are critical.

Recent studies in structural engineering have refined the strut-and-tie model
(STM) for designing deep beams in reinforced concrete structures, ensuring

safety, and optimizing material use. Various research has enhanced the STM,
proposing modifications to codes and innovative methods for design accuracy
and reliability. Park et al. [24] introduced an advanced STM method
incorporating constitutive laws for cracked reinforced concrete to provide
superior capacity estimates for deep beams compared to existing codes. Other
studies have recalibrated STM effectiveness factors based on concrete strength
and shear span-to-depth ratios, aligning with experimental data and codes like
ACI Code-08 and the UK CIRIA Guide #2 [25]. Research on shear design
provisions for D-regions in beams highlighted the transition from conventional
sectional methods (CSM) to STM, suggesting integration for certain beam
configurations [26]. Tuchscherer et al. [27] evaluated deep-beam tests,
proposing modifications to ACI 318 and AASHTO LRFD provisions to balance
conservatism and accuracy.

The current research was built on previous studies, proposing a new
mechanical joint using CFST that maintained bending capacity comparable to
steel pipe columns without the joint [28]. This joint can be used for CFST
girders, steel pipe piles, and steel pipe columns, aiding accelerated construction.
Parametric studies were conducted using finite element models to analyze
mechanical joints in CFST structures under bending. The conventional CFST
theory was applied to calculate bending resistance, while a new finding assessed
local resistance using the strut-tie model of a deep beam. Internal stress fields
within the concrete core were investigated to propose effective areas for
defining component resistances under compression and tension.

The study proposed design proportions for the length-to-diameter and
thickness ratios between the connecting tube and main steel tubes. It examined
the influence of concrete strength, reinforcement ratio, and shear connectors on
load-bearing capacity. Overall, this research presents a simple, cost-effective
mechanical joint using CFST, eliminating the need for site welding or expensive
joint solutions while ensuring construction progress.

This paper was organized as follows: Section 2 provided an overview of
the proposed mechanical joint utilizing concrete-filled steel tubes, introducing
the strut-and-tie model as a framework for analysis. Section 3 delved into the
details of the finite element model employed for CFST simulations, along with
validation procedures to ensure accuracy. Section 4 presented a comprehensive
parametric study, investigating the effects of various factors on joint
performance, including effective length, connecting tube thickness, concrete
compressive strength, and reinforcement ratio. In Section 5, design proportions
and recommendations were derived from the analysis results. Finally, the
concluding Section 6 summarized the key findings and offered insights into
future research directions.

2. Mechanical joint using concrete-filled steel tube

2.1. The proposed CFST joint
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This study proposes a straightforward and cost-effective mechanical joint
using CFST that could eliminate the need for site welding or expensive joint
solutions while still ensuring construction progress. The continuity of the
structure was maintained by using a connecting steel tube to link the two main
steel tubes. The rigidity of the connecting tube was enhanced by filling it with
reinforced concrete. Additionally, shear connectors might be applied to improve
the interaction between the main steel tubes and the joint, ensuring continuity
during the load-bearing process. Axial force, shear force, and bending moment
can be transferred between the two main tubes through the mechanical joint.
The length of the connecting tube was a key parameter affecting the joint's
performance. Therefore, this paper aimed to investigate the effects of various
parameters on the bending capacity of mechanical joints such as connection
length, tube thickness, compressive strength of the concrete core, steel
reinforcement ratio, and dowel interactions of shear connectors. Through
parametric studies, considerations and proportions were proposed to simplify
design practices.

(1) Main tube

(2) Connecting tube
(3) Infilled concrete

(4) Steel reinforcement

(5) Shear connector
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Fig. 1 Steel tubes with a mechanical joint using a concrete-filled steel tube [28]

Figure 1 illustrates the composition of the proposed mechanical joint using
a reinforced concrete-filled steel tube where D is the outer diameter of the
main tube, D, is the outer diameter of the connecting tube, f and ¢, are
the thicknesses of the main tube and the connecting tube respectively. The
connecting tube could be prefabricated and filled with concrete at the factory,
then transported to the construction site for erection. This joint could provide
load-bearing capacity immediately after installation. For piles constructed using
the rotary drilling method or pullout piles, shear connectors could be applied to
ensure that torque or uplift force are transmitted effectively through the joint.

Main tubes

, Connecting tubeT

A

Concrete core
Steel reinforcement

(2)

Main tubes

Connecting tube
Concrete core
Steel reinforcement

(b)

Fig. 2 Illustration of the mechanical joint model

521

The simple principal mechanism of the joint is to transmit internal forces
between two main steel tubes, effectively functioning as a continuous steel tube.
Such performance is achieved through frictional interaction between the inner
surface of the main tubes and the outer surface of the connecting tube. Ideally,
the outer diameter of the connecting tube would fit the inner diameter of the
main tubes. To simplify construction and installation, however, the outer
diameter of the connecting tube could be 1 mm to 2 mm smaller than the inner
diameter of the main tubes. By analogy with a fitting connection, the main tubes
could be heated before installing the connecting tube to improve fitting contact.
Fig. 2 illustrates a three-dimensional model of the mechanical joint structure,
including a breakdown of its components and a cross-sectional view that details
the internal arrangement of the joint. The concrete core could improve local
stability for the connecting tube under compressive stress, while the reinforcing
steel might enhance the tensile capacity and prevent cracks in the concrete core
under tensile stress.

2.2. Bending strength of mechanical joint

Theories of conventional CFSTs under bending can be employed to verify
the performance of a mechanical joint with a CFST. The plastic-stress
distribution method could be applied to determine the bending capacity of the
mechanical joint. This method has been recommended as an adequate solution
due to its simplicity and accuracy for CFST structures [15, 29].

The theory for calculating the flexural resistance of CFST has been
successfully developed and included in recent design specifications [30-33]. Fig.
3 illustrates the Plastic Stress Distribution Method (PSDM) of a CFST cross-
section with steel reinforcement at a critical state. Stress distributions in the steel
tube, concrete core, and steel reinforcement are also defined to satisfy the
equilibrium conditions under external bending moments transmitted from the
main tubes.

Concrete core

Steel tube
oODO. fA
L F=0e5fA,
SR S fynPec
M
M
{ f"“&ﬁ.
T fyb beAbL
Steel reinforcement yot,
(if applicable) Stress in Stress in Stress in Force

steel tube rebars concrete equilibrium

Fig. 3 Plastic stress distribution model of a CFST cross section [30]

The total bending resistance is combined from the contributions of the steel
tube, concrete core, and reinforcing bars. By applying the plastic stress
distribution method and ignoring axial force, the bending capacity is determined
through the equilibrium condition between the external bending moment and
the internal bending moments generated by the plastic forces at the centroid of
the sectional components. The nominal bending resistance can be calculated as
follows [30]:

2
M, = 0‘95-](: |:(V12 - ) _%:| + 4f:vx'ttc’:i +Af 00, O]
I
where,
r,=r—t/2; 6,=sin" (y/1,); c,=r,cos6,;

0, =sin"(y/r,); c=rcosb, ; t, =nd, | 27, )
in which 4, is the area of a typical steel bar comprising the internal
reinforcement (mm?); ¢ is one-half the chord length of the tube in
compression (mm); ¢, is one-half the chord length of a notional steel ring
equivalent to the internal reinforcement in compression (mm); f,, is yield
stress of steel bar (MPa); f,, is yield stress of steel tube (MPa); f.' is
compressive strength of concrete core (MPa); n is number of internal steel
reinforcing bars; 7 1is radius to the outside of the steel tube (mm); 7 is
radius to the center of the internal reinforcing bars; 7, is radius to the inside of
the steel tube (mm); 7, isradius to the center of the steel tube (mm); ¢ isthe
wall thickness of the tube (mm); f, is the wall thickness of a notional steel
ring equivalent to the internal reinforcement (mm); y is distance from the
center of the steel tube to the neutral axis (mm); 6, is angle used to define
¢, (rad), 6, shallbetakenasn/2if y/r, isgreaterthan1and 6, shallbe
taken as -m/2 if y/7, is less than -1 (rad); 6. is angle used to define
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¢ (rad).

This study discovered that the mechanical joint could behave like a deep
beam if the ratio between the length of the joint and the diameter of the tube is
less than 3.0 [25]. To evaluate the local load-bearing capacity of a deep beam
structure, a theory of strut-and-tie model was applied.

2.3. Strut-and-tie model for local resistance estimation

The strut-and-tie model (STM) is a design method used in structural
engineering to simplify the complex stress distribution in concrete structures
into truss-like models. This model is particularly useful in areas of structures
that are complex to analyze using traditional methods, such as beam-column
joints, deep beams, corbels, dapped beams, and pile caps. Struts are
compression elements carrying compressive stresses across a direct line
between nodes. Ties are in tension connecting nodes where tensile forces are
expected, effectively holding the structure together under tensile stress. Nodes
are the junction points where struts and ties meet. Nodes transfer forces between
struts and ties and are critical for the stability of the STM. This method aligns
more with actual stress flow in irregularly shaped and heavily loaded parts of
structures, offering a more rational approach than traditional beam theory.

The conventional STM is used to simplify complex stress fields in concrete
structures by replacing them with truss-like systems of compression struts,
tension ties, and nodes. Traditionally, this approach has been applied to
reinforced concrete structures, capturing the flow of forces through concrete
members. However, in this study, an equivalent STM is proposed to model the
local load-bearing capacity of steel mechanical joints in CFST structures.
Unlike conventional STM, this model accounts for nonlinear radial pressure
distributions and friction forces that develop at the interface of steel tubes in the
joint, which are not typically considered in concrete STM applications.

The equivalent STM captures the direct load transmission between steel
tubes and the concrete core, reflecting how bending moments in the main tubes
create concentrated radial pressures that form struts and ties within the joint.
This adaptation allows us to better understand the local mechanical behavior of
interference-fit steel joints under combined bending and compression, filling a
gap not addressed by traditional STM. This model’s novelty lies in its ability to
incorporate these localized effects and frictional behavior in steel joints,
providing a more realistic assessment of load-bearing capacity in CFST
connection.

This study proposed an STM with two concentrated loads to investigate the
local load-bearing capacity of the mechanical joint based on the deep-beam
theory similar to previous research [24, 25]. The fit connection between outer
tubes and an inner tube with different diameters can be considered as a shrink-
fit joint without initial contact pressures on the fitting. Due to the small gap
between the main tubes and the connecting tube, the joint is fixed and exhibits
linear behavior. The interference connection may lead to nonlinear behavior
with large angular deformation of the main tubes; pressure concentrations then
develop at the joint edges. The friction forces induced by radial pressure could
prevent relative slip between the fitting surfaces which may lead to failure of
the joint [34]. Fig. 4a presents a proposed load distribution model within the
mechanical joint. Bending moments M in the main tubes are transformed into
equivalent radical pressure regions which generate concentrated couples N .
In this study, the pressures in the longitudinal direction were assumed to be
linearly distributed in the range of L, /6 as an active length from edges of the
main tubes and connecting tubes. Similar pressure distribution models with
active lengths were introduced to investigate the effects of the overlap length on
the bending capacity of the slip joint [35, 36].
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Fig. 4 Proposed strut-and-tie model and equivalent radial pressure in tube section

In the vertical section, the radial pressure is nonlinearly distributed along
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the half circumference of the connecting tube (see Fig. 4b). To investigate the
effects of friction forces, the magnitude Ap can be determined based on
similar theory developed from a previous study [34]. From the model, struts S,
and S, in compression and a tie 7 in tension are identified. It is assumed
that internal loads are transferred directly between nodes through the struts in
the concrete core.

The tie force T is assumed to be mostly generated along the bottom fiber
of the connecting steel tube, neglecting the contributions of the concrete core
and reinforcing bars. Strut force S, is generated in the top fiber of the cross
section. Distances from centers of the tie force 7 and strut force S, to
corresponding extreme fibers are 4 and /h, , respectively. From the force
equilibrium conditions, the component struts and tie can be defined as:

S, =N/sina (3a)
S,=T=N/tanex (3b)

where, a= atan[(D, —h —hz)/(7Lj. /18)] ; N s the acting forces on the
joint obtained from the bending moment equilibrium condition,
N=18M /(7L,) .

To completely transmit bending moment between main tubes, the local
load-bearing capacity of the mechanical joint should be examined by comparing
the internal forces obtained from Egqs. (3a) and (3b) with the component
strengths formed by effective areas. In this study, stress distributions in the
concrete core and the connecting tube were observed to investigate effective
areas in tension and in compression of the CFST cross section.

3. Finite element modeling

To examine the behavior of mechanical joints under pure bending, a simply
supported beam model was employed with two concentrated loads P
positioned at a distance a from the supports. This loading configuration
eliminated shear forces and created a region of a constant bending moment
between the two load points. The span length was set to 20 times the diameter
of the main tubes. Fig. 5 illustrates the loading arrangement, as well as the
corresponding bending moment and shear force diagrams. In this scenario, the
connecting tube was subjected only to a pure bending moment, M = Pa . This
setup provided perfect conditions to study the performance of mechanical joints,
focusing on the transition of internal moments to ensure the bending capacity of
the entire structure.

This type of loading scheme has also been adopted in previous studies to
evaluate the flexural behavior of CFST members. Notably, Guochang Li et al.
[22] and Zhi-Jian Yang et al. [23] employed similar four-point bending
arrangements to generate a pure bending region, enabling accurate assessment
of moment resistance and structural ductility in high-strength square CFST
beams. The consistency in test setup across studies further validates its
effectiveness in capturing the essential flexural characteristics of CFST-based
structural systems.

a P L P a
—
n L =20D T
SFD P
M ]
BMD [ITMERal

Fig. 5 Simply supported beam under two-point loading condition

A series of finite element models of steel tubes with a mechanical joint
using a concrete-filled steel tube were simulated using the ABAQUS analysis
software [37]. Fig. 6 illustrates a finite element model of a steel tube beam with
a mechanical joint using a concrete-filled steel tube. The joint was located
between two concentrated loads spaced two meters apart. To prevent local
buckling, bearing stiffeners were created at both supports and at locations of the
concentrated loads. A one-millimeter gap was created at the edges of the main
steel tubes to model interactions between two tubes. Inside the joint, a smaller-
diameter steel tube was embedded and filled with a reinforced concrete core.
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Fig. 6 Finite element model of a steel tube beam with mechanical joint using CFST [28]

3.1. Element types

The main steel tubes, connecting steel tube, and bearing stiffeners were
modeled using 4-node shell elements (S4R), while the general-purpose linear
brick element (C3D8R) with 8 nodes was employed to simulate the concrete
core. Reinforcement bars within the concrete core were modeled as truss
elements (T3D2), which could be embedded into the concrete core. The
interactions between the two main tubes (see Fig. 7a), between the main tubes
and the connecting tube (see Fig. 7b), and between the connecting tube and the
concrete core (see Fig. 7c) were modeled using GAP elements, simulating
bearing interactions and friction sliding. GAP elements work by incorporating
contact mechanics into the finite element model. When the gap between two
surfaces closes, the elements apply contact forces that can include both normal
and tangential components. The normal component of the contact force
typically simulates the bearing pressure, while the tangential component models
the frictional resistance to sliding. This dual capability allows GAP elements to
accurately reproduce the complex interactions such as those found in
mechanical joints, bearings, and other structures where surface contact and
friction are critical.

To mitigate slippage and evaluate the impact of the connection between the
concrete core and the steel tube, shear connectors were modeled using rigid
links in the form of tie interactions. These connectors were arranged along the
circumference of the steel tube near the rear end of the connecting steel tube.
By employing tie interactions, the shear connectors effectively constrain
relative movement between the steel tube and the concrete core, thereby
enhancing the structural integrity and load transfer efficiency of the composite
system.

4 GAP
element element

main tubes connecting tube concrete core

main tubes

(a) (b) (c)

Fig. 7 Modeling surface interactions using GAP elements [28]: (a) edge interaction; (b)
tube-tube interaction; (c) tube-core interaction.

Several studies have successfully applied and validated the use of GAP
elements in simulating the behavior of concrete-filled steel tube structures.
A friction coefficient 0.47 for the GAP element between the steel tube and the
concrete core has been proposed based on research by Baltay et al. [38, 39]. Jiho
et al. also conducted a series of parametric analyses and successfully validated
the simulation method using GAP elements for the interaction between steel and
concrete surfaces [12, 15]. For static friction of steel-on-steel contact, the
friction coefficient could be estimated between 0.6 and 0.8 in dry air and without
lubrication [40-43]. In practical construction, steel tubes are usually coated with
a thin prime layer using epoxy-based painting for corrosion protection. The
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coating layer significantly reduces friction coefficients between two coated steel
surfaces. Cabboi et al. [8] confirmed that the presence of the two-coat layer
might be the reason for a drastic friction reduction from 0.6 - 0.8 to a possible
0.1 - 0.35 range in slip joint. In this study, a friction coefficient of 0.45 has been
proposed for steel-on-steel contact surface with slightly coated layers. This
value is also consistent with the friction coefficient proposed in Article 6.13.2.8
by the AASHTO standards when calculating the slip resistance of the bolted
connection [30].

The number of meshed elements is crucial to ensure reliable finite element
analysis results. In a similar study, Moon et al. [12] also demonstrated that using
a minimum of twenty elements along the circumference of a steel tube would
yield accurate results. In this study, the steel tubes were divided into forty
elements along the circumference to secure the accuracy of analysis results (see
Fig. 7). In the longitudinal direction, the region of the joint was meshed more
finely than other regions, as illustrated in Fig. 6. The width of the elements
within the joint will be half as large as those in other regions. This meshing
approach aligned with findings from previous research.

3.2. Material properties

Nonlinear material analysis as well as large deformation analysis were
applied to accurately investigate and evaluate the behavior of the structure. To
simulate the behavior of the steel tube and reinforcing steel materials, this study
employed a three-linear material model that represented the stages of elasticity,
full plasticity, and strain hardening. Fig. 8 illustrates the general stress-strain
curve for the steel material, assuming an elastic modulus E, = 200,000 MPa
and a Poisson's ratio v, = 0.3. The yield strength f, was defined
corresponding to the yield strain &, , with the plastic state maintained until the
strain reaches 10 ¢, . The ultimate strength f, was identified at a strain
g, =0.1. This steel material model has also been applied and successfully
validated in previous studies [12, 13]. In this study, the steel tube had a yield
strength f, = 345 MPa and an ultimate strength f, = 490 MPa, while the
reinforcing steel had a yield strength f, =400 MPa and an ultimate strength
f, =570 MPa.

]

Stress (MPa)

£, 10g, £,=0.1
! ¢ Strain

Fig. 8 Material models for steel tubes and steel reinforcement

Recent advancements in concrete modeling have successfully developed
damage mechanics and plasticity theory to enhance the predictive accuracy of
concrete behavior under various loading conditions. Several studies have
proposed different constitutive models emphasizing the non-linear analysis of
concrete through improved yield criteria and damage variables that capture both
tensile and compressive states. New damage-plasticity approaches were
presented to model concrete failure under general triaxial stress covering
tension, shear, and multiaxial compression with distinct levels of confinement
[44-47].

The nonlinear finite element analysis of concrete materials has been
extensively studied in previous research. Moon et al. [12] applied concrete
damage models to analyze concrete-filled steel pipe structures. Their research
verified the accuracy of the uniaxial stress—strain relationship for unconfined
concrete using a plastic failure model in conjunction with the GAP element.
This approach effectively simulated the behavior of concrete-filled steel pipe
structures through a series of nonlinear finite element parameter analyses.
Achieving convergence can be challenging when fully incorporating the
nonlinear behavior of concrete, making the choice of an appropriate material
model crucial. In this study, the concrete damage plasticity model was adopted,
following the work of Lubliner et al. [48] and Lee and Fenves [49]. This model
effectively represents concrete behavior under various stress states, particularly
when the confining stress remains below four to five times the concrete's
compressive strength. Additionally, the dilation angle significantly affects the
simulated response of concrete. Based on previous research and a parametric
study conducted in this work, a dilation angle of 20 was selected.
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The uniaxial stress—strain curve is presented in Fig. 9. In this study, the
concrete grade C40 with f.' =27 MPa were employed to investigate effects
of connecting length, thickness, and reinforcement ratio.

A

E Compression
e S ‘
g
= i
@ 1
0.5, -~
B
6,=0.001
0.097 £=0.003 Strain
Tension

Fig. 9 Material models for infilled concrete

3.3. Bending strength of a steel tube

The mechanical joint was employed to successfully transmit bending
moments between main tubes. This means that the joint must produce sufficient
load-bearing capacity to prevent failure before main tubes reach the critical
bending strength.

This study proposes a method to identify the critical bending moment of
the main tubes based on the moment-rotation relationship diagram. The bending
strength of the jointless steel tube was used as a benchmark for comparative
studies. From finite element analysis results, the corresponding bending
moment was determined by using the rotation angle value at the first yield, ¢, .
The plastic bending moment of a hollow steel tube A, is defined as:

M, =M =27f, @)

where, M, is the yielding bending moment, M, =Zf} ; Z is the elastic
section modulus of the steel tube; f, is the yield stress (MPa); A is shape
factor of the section, 4 = 1.27 for a circular tube [50].

For a simply supported beam subjected to two concentrated loads
(illustrated in Fig. 7), the total rotation angle at a support at first yield is defined

as follows:

#, =M, (L—a)/(2EI) 5)
where a is the distance from concentrated loads to supports.

3.4. Comparison and verification of bending strength

Previous research has demonstrated the effectiveness of mechanical joints
with concrete-filled steel tubes for steel pipe columns. The verification of the
bending strength of steel pipe columns using mechanical joints was conducted
through finite element analyses by comparing the results to theoretical
calculations. The study employed a series of finite element models with varying
diameters and joint configurations to simulate the bending behavior under
applied loads [28].
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Fig. 10 Comparison of bending capacity between steel tubes with and without joint

Figure 10 presents the comparative results of the bending strength between
steel pipes with and without mechanical joints using CFST. The plastic bending
moment M, from Eq. (4), and the rotation angle at first yield of the tube
section, ¢, , from Eq. (5) were used as benchmarks for comparison.
Furthermore, the comparison was also conducted between joints with and
without rebar reinforcement to evaluate their contribution to the overall
resistance of the connection. The mechanical joints, filled with reinforced
concrete, demonstrated significant improvements in bending capacity compared
to pipes without joints. Comparative analysis showed that the proposed
mechanical joints could increase the bending strength of steel pipes by up to
21.6%. Stress distributions and deformation patterns were closely observed,
indicating that the concrete core within the joint effectively prevented local
buckling and contributed to the overall joint rigidity [28]. The findings from this
preliminary study serve as the foundation for the current research, where the
derived results will be systematically compared with Egs. (4) and (5) to assess
the validity of mechanical joints in steel pipe columns. A detailed discussion on
failure mechanisms, including stress distribution within the concrete core and
steel pipe connections, will be presented in the following section.

4. Parametric studies and verification

This study conducted a series of parametric analyses using finite element
modeling to investigate and assess the efficiency and optimal performance of
mechanical joints. The goal was to provide recommendations for the geometric
design of these joints with considerations of key geometric parameters including
tube diameter, length of the joint, tube thickness, concrete strength,
reinforcement ratio, and anchoring effects.

4.1. Effective length of the mechanical joint

For double-tube mechanical joints, the diameter of the connecting tube is
determined by the inner diameter of the main tubes. Consequently, this
parameter was not examined in this study. Instead, the focus was on
investigating the relationship between the main tube diameter and the joint
length.

As discussed in the theoretical section, the length of the connecting tube
affects the magnitude of the equivalent couple derived from the bending
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moment in the main tubes. This couple is considered as an external force acting
on the connecting tube. The longer the joint length is, the smaller the magnitude
of the couple acts on it. The length of the connecting tube plays a crucial role in
ensuring the joint's functionality in transmitting the bending moment from the
main tubes through the connecting tube guaranteeing that the joint's load-
bearing capacity is always greater than or equal to the bending capacity of the
main steel tubes. The joint's load-bearing capacity depends on the frictional
interaction on the contact surface between the main tubes and the connecting
tube. Such frictional force limits slip and ensure the transmission of the bending
moment between the main tubes and the connecting tube. The frictional force
depends on the magnitude of the couple acting on the connecting tube and the
effective contact surface area.

Table 1 presents the geometric characteristics of the finite element models
used for parametric analyses to investigate the impact of connecting length on
the load-bearing capacity of the entire structure. Main steel tubes were
examined with three different diameters of 200 mm, 350 mm, and 500 mm. The
effective span length of the main steel tubes was set to 20 times its diameter. In
this study, the length of the connecting tube L, varied from 200 mm to
1,000 mm at intervals of 100 mm. A total of 27 models were employed in finite
element analyses corresponding to different diameters of the main steel tubes.
The connecting tube was set to have equal thickness to the main tubes. The
models were loaded until failure to construct perfect moment-rotation
relationship curves. The bending resistance and deformation of the joints will
be examined to assess the performance with different joint lengths. To compare
bending resistances, the rotation angle ¢, from Eq. (5) will be used as a
reference value to determine the corresponding bending moments from the
moment-rotation relationship curves for each case.

Table 1
Properties of finite element models with varying length of joint

Main tubes Connecting tube

Model " p t L M, 9, t, L
(mm) (mm) (mm) (KN.m (rad) (mm) (mm)
D200 200 6 4,000 59.41 0.02591 6 varied
D350 350 8 7,000 247.88 0.02231 8 varied
D500 500 8 10,000 516.46  0.02077 8 varied

The results from the D350 model analysis were used to illustrate the method
for determining bending resistance. Fig. 11 presents diagrams of bending
moments and rotation angles for various lengths of the joint characterized by
the ratio k=L,/D . The horizontal axis represents the ratio between the
rotation angle from finite element analyses and that from Eq. (5) for D350 model.
The vertical axis illustrates the ratio between the equivalent bending moment
computed from the concentrated force P and the distance a from the loaded
points to supports and that from Eq. (4). The rotation angle ¢, was taken as
the standard to determine the corresponding bending resistance for different
lengths of the joint. Results indicated that the length of the joint significantly
influences the performance and the bending stiffness of the entire structure.
Decreasing in length of the joint increased slip between the main tube and the
connecting tube causing larger deformation of the joint and reducing efficiency
in transmitting bending moments. At rotation angle ¢, , as the ratio
k=L;/D increases from 0.57 to 2.86, the ratio of bénding resistance
M /M, alsoincreases from 0.32 to 1.11. The bending resistance of steel tubes
with a joint length ratio L, /D = 2.86 is equivalent to that of the steel tube
without a joint, with an error of 2.4%. The bending stiffness of the steel tube
could be determined based on the slope of the moment-rotation relationship
curve. It was also found that bending stiffness of the structure increased with
increasing length of the joint.
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Fig. 11 Bending moment with various lengths of connecting tubes ( D = 350 mm)

To investigate the effects of joint lengths on the bending resistance, Fig. 12
summarizes the analysis results of three models D200, D350, and D500. The x-
axis represents the ratio of joint length to main tube diameter, while the y-axis
shows the ratio of bending resistance from finite element analysis to the yield
moment from Eq. (4). The analysis clearly revealed a correlation between
bending resistance and joint length. All models performed linear variation in
bending resistance when LJ /D <2.0. Within the range 2.0 < L‘/ /D <3.0,
larger diameters could provide faster increase in bending resistance to approach
M,. At L, /D = 2.0, the differences in bending capacity of the analysis
models and M & were -9.2%, -7.4%, and +0.3% for models D200, D350 and
D500, respectivély. Models D350 and D500 could provide sufficient bending
resistance when L,/ D >2.5, while model D200 could only achieve M at
L,/ D =3.0.Based on these findings, it can be concluded that the optimal joint
length L, ranges between 2.5 and 3.0 times relative to the main tube diameter
D. Therefore, this study recommends an ideal joint length L, =3.0D for
main pipe diameters <200 mm and L, =2.5D for diameters > 200 mm in
the design of the mechanical joints using concrete-filled steel tubes. In similar
studies on a slip joint connection for single-pole transmission towers and
offshore wind turbines using monopiles, the ideal overlap length has been
successfully developed and suggested in design standards [50-53]. The overlap
length of the slip joint is taken as 1.5 times the diameter which is consistent with
findings from this study when the overlap length of a half joint is considered.
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Fig. 12 Variation in bending strength with varying connecting length

In addition to examining the impact of joint length on bending resistance,
this study also evaluated its effect on structural deformation, primarily
influenced by the gap width between the two main tubes at the discontinuous
section. Fig. 13 illustrates the gap width development at the joint section
between the main tubes for various joint lengths from models D200, D350, and
D500. The horizontal axis represents the ratio of joint length to diameter of the
main tube, while the vertical axis represents the gap width relative to the
diameter of the main tube at the bottom extreme fiber of the main tube. Results
indicated that increasing joint length correlated with reducing gap deformation.

Results revealed that all models D200, D350, and D500 had a similar trend
in gap width variation with different joint lengths. Gap width tends to approach
0.5% when L,/D = 2.5. Therefore, global structural deformation under
bending conditions can be secured by controlling expansion of the gap. The
limiting joint length of L, =2.5D suggested in this study is effectively to
control gap development of the joint. Moreover, alternative solutions such as
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employing shear connectors to enhance the interaction between main tubes,
connecting tubes, and the concrete core can also mitigate gap expansion and
global deflection. Effects of shear connectors will be explored in a separate
follow-up study.
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Fig. 13 Variation in gap width with varying joint length

4.2. Effective thickness of the connecting tube

The thickness of the connecting tube is also a critical parameter in the
design of mechanical joints using concrete-filled steel tubes. This section
investigates the effects of tube thickness on the bending resistance of the steel
tube with the mechanical joint. The analysis aimed to propose simplified
geometric parameters for the connecting tube thickness. Table 2 outlines the
parameters of the finite element analysis models. The length of the joint is
selected based on the effective length proposed earlier to maximize the
structure's bending resistance. For models D200, D350, and D500, with
connecting tube lengths of 600 mm, 900 mm, and 1000 mm respectively, the
study explored the bending capacity as the connecting tube thickness varies
from 2 mm to 14 mm at interval of 2 mm. This comprehensive investigation
aimed to understand how changes in connecting tube thickness impact bending
resistance.

Table 2
Properties of finite element models with varying thickness of connecting tube

Main tubes Connecting tube
Model

D (mm) t (mm) L (mm) L, (mm) ¢, (mm)
D200 200 6 4,000 600 2to 12
D350 350 8 7,000 900 4t0 14
D500 500 8 10,000 1,000 4t0 14

The thickness of the connecting tube directly impacts its local load-bearing
capacity. Despite being filled with concrete, analyses revealed that the
connecting steel tube contributed the most load-bearing capacity under both
tensile stress and compressive stress. Fig. 14 illustrates how bending resistance
of steel tubes varies with changes in pipe thickness. The horizontal axis denotes
the ratio of connecting pipe thickness to main pipe thickness, while the vertical
axis represents the ratio of bending resistance determined by finite element
analysis to the yield moment from Eq. (4).
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Fig. 14 Effect of thickness of connecting tube on bending strength
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Results indicated a significant increase in bending resistance as the
thickness increased. All models D200, D350, and D500 exhibited a consistent
trend towards approaching the My value when the thickness of the connecting
tube equaled that of the main tube (¢, /¢ = 1.0). Beyond this point, further
increases in tube thickness did not yield substantial increases in bending
resistance. Based on these findings, this study suggested that for optimal
development of bending resistance, the ideal thickness for the connecting tube
should equal that of the main steel pipe (¢, =¢ ).

4.3. Effects of compressive strength of the concrete and reinforcement ratio

Previous studies revealed that infilled concrete provided a significant
contribution to load-bearing capacity of the mechanical joint by improving local
stability of the connecting tube [28]. However, the effects of compressive
strength of the concrete on the bending capacity were not investigated. It was
found that the concrete core could generate local compression strength under
strut forces from the STM theory. Therefore, this study examined how
compressive strength of the concrete core affected the performance of the joint.

Table 3
List of concrete material employed in parametric studies

Grade C25 C30 C35 C40 C45 C50 Ce0O C70 C8O

f." (MPa) 17 21 24 28 31 34 41 48 55

Table 3 presents data on various concrete types used to examine the impact
of compressive strength on the bending resistance of joints. Finite element
models employed a general material model, as shown in Fig. 9, to simulate
concrete behavior. Compressive strength from grade C25 to C80 was considered
in this study where grade C40 was selected as the benchmark for comparing
bending resistance across different grades of concrete.

Analysis results indicated that the influence of concrete compressive
strength on the bending resistance of the main tube was insignificant. Even at
the lowest strength level, grade C25, joints almost provided sufficient bending
resistance. Fig. 15 illustrates the analysis results, showing the relationship
between compressive strength parameters where grade C40 represented the
benchmark value, and the ratio of bending resistance derived from finite
element analysis to the M value calculated using Eq. (4).

Most cases of failure were observed in the main steel tube due to local
instability in the compression zone near the joint area. This study focused solely
on main steel tubes connected by mechanical joints using concrete-filled steel
tubes. Because these joints were significantly stiffer than the main steel tubes,
instability naturally tended to occur in the main steel tube. In cases where the
main steel tube was filled with concrete, the influence of concrete strength might
become more obvious. It is crucial for the joint to remain undamaged to achieve
the ultimate bending resistance of the concrete-filled steel tubes, which far
exceed the bending resistance of unfilled steel tubes.

The results also show that concrete with grade C25 is enough to provide the
compressive resistance needed for the local strut-and-tie model in the CFST
joint area. Because of this, using higher-strength concrete does not significantly
increase the overall bending resistance of the mechanical joint. This highlights
that the tensile strength mainly comes from the steel tube itself, not from
stronger concrete. So, once the concrete strength reaches a minimum level to
support local compression, using higher-grade concrete does not help much.
Instead, the main factors that affect the bending performance of the CFST
system are the steel tube’s quality and geometry. This shows that for CFST
joints, the steel part plays the key role in providing bending resistance, and
concrete only needs to meet a basic strength level.
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Fig. 15 Effects of compressive strength of concrete on bending strength
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Similar to the compressive strength of concrete, analysis results also
showed that the influence of the reinforcement ratio on the bending resistance
of the structure could be negligible. Both longitudinal and spiral reinforcements
were considered in this study. Fig. 16 presents the analysis results from models
D200, D350, and D500, indicating that bending resistance remains nearly
unchanged with varying reinforcement ratio in the concrete core. This finding
aligned with a previous study on the effect of reinforcement on structural
bending resistance [28]. It can be inferred that for concrete-filled steel tubes
using mechanical joints, additional reinforcement may not be necessary as the
steel tube and concrete core could provide sufficient resistance for the steel tube
to achieve the ultimate bending capacity. However, in cases where the main
steel tube is also filled with concrete, increasing the reinforcement content in
the joint could significantly enhance the local resistance of the concrete core,
reducing local cracking in the concrete within the tension zone and thereby
stabilizing the joint.
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Shear connectors can be employed to prevent slips between main tubes and

the connecting tube, as introduced in Fig. 1. Several types of connectors can be
considered such as shear studs, steel ribs, and weld joints which will be further
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investigated in separate experimental studies of the mechanical joint. A finite
element analysis was conducted for modal D200 to investigate the bending
capacity of the steel tubes with the proposed mechanical joint. Elastic spring
elements with appropriate stiffness were applied near the edges of the joint to
simulate shear connectors that could partially fix relative displacement between
tubes, and the concrete core. Fig. 17 presents comparative results in bending
strength between a jointless tube and tubes with mechanical joint with and
without shear connectors. The study revealed that the connectors slightly
enhanced the structure's bending stiffness by reducing slips between
components. At the rotation angle ¢ =g, , the bending strength with shear
connectors was identical to that of a jointleés tube and 8.6% greater than that of
a structure without shear connectors. However, the impact on maximum
bending strength was minimal, as the joint itself provided enough rigidity for
the main tubes to reach their maximum capacity before failing due to local
buckling.
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Fig. 17 Effect of anchoring interaction from using shear connectors

5. Design proportions and recommendations

The previous section introduced a strut-tie model with tension and
compression areas to assess the local load-bearing capacity of concrete-filled
steel tube joints. This tension zone was generated by frictional effects between
the main tube and the connecting tube. Local shear force appeared at the contact
surface due to friction, creating a longitudinal tensile stress field along the
connecting tube. Fig. 18 presents the principal stress distribution at first yield
within the joint steel tube and concrete core obtained from finite element
analysis of models D200, D350, and D500. The tensile stress field concentrates
along the bottom fiber of the steel tube, while the compressive stress field
primarily dissipates within the concrete core. Based on such stress distribution,
regions for tension and compression are identified and used to compute the
structural load-bearing capacity.

Connecting tube Concrete core

Fig. 18 Principal stress tensors in connecting tubes and concrete cores:

(@) D =200mm; (b) D =350mm;(c) D =500mm

Examining the stress tensor configurations revealed two distinct stress
fields within the joint steel tube: tensile stresses along the bottom fiber and
compressive stress in the top fiber of the cross sections. The tensile stress field
was distributed along the connecting tube, while the compressive stress field
was mainly located near the middle region of the joint. Observation of the stress
field within the concrete core showed a distribution that aligned well with the
proposed strut-tie model in this study. Two main compressive stress fields were
generated within the concrete core: a diagonal compressive stress tensor from
the bottom left and right edges toward the top fiber and a compressive stress
tensor concentrated near the central region of the joint. It is obvious that the
connecting steel tube and concrete core simultaneously generated compressive
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resistance within the upper section of the joint. In addition, the infilled concrete
was constrained by the steel tube, creating a triaxial compression state that could
enhance both the strength and strain capacity of the concrete infill. Analysis
results successfully verified the proposed theory in this study which can be
utilized to compute the load-bearing capacity of mechanical joints using
concrete-filled steel tubes based on the strut-tie model. The strut-tie
phenomenon became more obvious when the length-to-diameter ratios L; / D
of the joint were less than 3.0. Findings from this study were consistent with
those from Lu et al. [11] who proposed a strut-tie model and corresponding
effective areas to describe the load transfer mechanism in the circular composite
member under pure bending conditions.
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Fig. 19 Effective area of concrete core in compression at first yield

This study focused on developing a method to assess local strengths of the
mechanical joint by introducing an approximate theory based on the analysis
results to calculate strut and tie strength. Effective cross sections were proposed
to define the compression and tension resistances based on the strut-tie model.
From finite element analyses, it was found that the compression stress was
almost similarly distributed in the range of D, /4 from the top fiber for all
models D200, D350, and D500. Fig. 19 shows the typical stress distribution in
the cross section in which the effective areas can be simply defined. The cross
section of the joint contributing to compression resistance is considered as a
circular segment within D, /4 from the extreme top fiber. The effective area in
compression of the steel tube segment contributing to compression resistance
can be proposed as

A,=0D1 /2 ©6)

where, € =2arcsin (\/5 / 2) .
The effective area in compression of the concrete core is equal to the area
of the circular segment minus the arc-length area of the steel tube:

2

D
A =?/(e—sine)—As (7

4

The total axial compressive strength of the whole circular segment is
defined as follows:

S,,=F A +085f4 (8)

Similarly, the active section in tension of the connecting steel tube to resist
the tie force can be assumed as the arc segment in the range of D, /4 from the
bottom extreme fiber as illustrated in Fig. 21. The effective area is defined from
the arc-length area as follows:

A,=6Dt,12 ©)

The axial tensile strength of the steel arc segment is defined as follows:

T =FA (10)

n yisa

From the proposed theory of the strut-tie model as presented in Fig. 4,
diagonal strut forces were defined from the acting of couple generated by the
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internal bending moment in main tubes. Several research have successfully
developed and proposed theories to define the effective section of the diagonal
strut for deep beam [24- 26]. However, most theories only focus on strut-tie
models for reinforced concrete beams with rectangular sections. This study
observed stress distribution in circular concrete cores from a series of analysis
models to find the effective section for the diagonal strut. It was found that
compressive stress flow was transmitted through an effective section of an
equivalent cylinder as illustrated in Fig. 20. As the length-to-diameter ratio of
the joint decreased, the deep-beam effect and the diagonal stress flow became
more obvious. In this study, a method to determine the effective concrete section
in the strut-and-tie model was proposed. Specifically, the authors selected an
equivalent circular section with a diameter d, = D, /3 where D, is the
diameter of the CFST joint. This simplification allows for easier calculation of
the compression resistance of the diagonal strut within the strut-tie model. The
axial compression resistance of the diagonal strut can be obtained as:

S, =085/ (zd’)/ 4 a1

|A N| IN

effective
diagonal area
in compression

|TN L NI| A-A

Fig. 20 Assumed effective diagonal area in compression

Local failures of the concrete core at node locations ( N, to N, ) must be
secured by controlling local stresses due to radial pressure Ap generated by
couple N as presented in Fig. 20. The magnitude of the radial pressure must not
exceed the compressive strength of the concrete. As presented in Fig. 4, the
magnitude of Ap can be determined based on the mechanism of the shrink-fit
joint [34].

From the previous section, the proportion for connecting length of the
mechanical joint was successfully confirmed. To ensure the transmission
capacity for the bending moment of the joint, the active length L, of the joint
should be at least three times the diameter D of the main tubes. Findings from
this study were consistent with previous achievements in slip joints of towers
for offshore wind turbines and power transmission.

Another proportion of the effective thickness of the connecting tube was
also proposed. The thickness of the connecting steel tubes should not be less
than the thickness of the main tubes, 7, > f, to secure the rigidity so that the
bending moment from main tubes could be completely transmitted through the
joint. The connecting steel tube not only provided confining effect for the
infilled concrete but also contributed to the tension resistance and compression
resistance of the joint based on the strut-tie model theory.

This study also investigated the effects of the compressive strength of the
concrete core and the contribution of steel reinforcement on the performance of
the mechanical joint. Although variation in concrete strength and reinforcement
ratio did not obviously affect the capability of the main tubes for reaching the
critical strength since the joint itself could provide sufficient rigidity regardless
of the concrete strength, the main tubes completely failed due to local buckling
of circular ring in compression. Therefore, the compressive strength of the
concrete core is defined by securing the axial compression strength of the strut
members under local strut forces. Similarly, the use of steel reinforcement can
be neglected in the bending design of the mechanical joint using CFST.

6. Conclusions

The investigation into mechanical joints using CFST offers a promising
advancement in structural engineering, particularly for applications involving
steel tube structures. This study introduced a new mechanical joint using CFST
to enhance construction efficiency by eliminating the need for site welding,
thereby maintaining continuity and ensure instant load-bearing capacity post-
installation. Key parameters such as the length and thickness of the connecting
tube, compressive strength of the concrete core, and reinforcement steel ratio
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were extensively analyzed to establish design recommendations. Shear
connectors could improve the interaction between the steel tubes and concrete
core and structural integrity during load bearing to prevent slip and global
deformation. These findings are critical for simplifying construction practices
and optimizing joint performance that might enable more effective and efficient
use of CFST in various structural applications. Beyond its technical
performance, this innovative mechanical joint design also brings substantial
economic and logistical advantages. By eliminating the need for on-site welding,
construction time is significantly reduced, resulting in faster project delivery
and lower labor costs. Furthermore, the design is well-suited to prefabrication,
which minimizes site work and improves quality control. Together, these factors
lead to significant cost savings and enhanced construction efficiency, making
CFST joints an attractive choice for rapid, reliable, and cost-effective structural
applications.

To enhance the reliability and applicability of the findings presented in this
study, further research is recommended to validate and refine the theoretical
models. Future experimental investigations should be conducted to assess the
actual performance of the proposed mechanical joint under realistic loading
conditions. These studies should focus on verifying theoretical predictions
related to bending strength, stiffness, and overall structural behavior of CFST
joints.

Moreover, additional research should aim to develop comprehensive design
guidelines and contribute to the formulation of new standards for the
implementation of the proposed mechanical joint in structural applications.
Investigations into the influence of material properties, joint configurations, and
varying loading conditions are also necessary to fully understand the behavior
and limitations of the proposed joint design. Furthermore, numerical
simulations with advanced modeling techniques should be explored to enhance
predictive accuracy and optimize design parameters for practical applications.
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