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Abstract: The existing connection between the concrete-filled double steel tubular (CFDST) column
and the reinforced concrete (RC) beam is difficult to repair and reuse after damage. In this paper, a
self-centering joint between the CFDST column and the RC beam is proposed. The self-centering of
the joint is realized by prestressed steel strands, and the energy dissipation is realized by friction.
The overall purpose of the research is to analyze the influence of steel strand and friction on the
mechanical behavior of the joint. By comparing the envelope curve and the restoring force model
of a numerical joint model with theoretical values, accuracy of the numerical model was verified.
Then, joints with different parameters, including the friction, prestress of steel strands, and ratio
of the resisting moment provided by steel strands to the resisting moment provided by friction in
the opening moment of joints, were numerically analyzed. The results showed that the joints with
greater friction and prestress of steel strands had higher bearing capacity. Increasing the friction could
increase the energy dissipation capacity of the joint, but it would increase the residual deformation of
the joint. To reduce residual deformation, the prestress of steel strands should be increased. When the
resultant force of the pretension of steel strands was greater than friction, the steel head could be kept
pressed on the connecting block, making the stress changes of steel strands and the self-centering
performance of the joint stable.

Keywords: CFDST column and RC beam joint; prestress; energy dissipation; self-centering;
parametric analysis

1. Introduction

The concrete-filled double steel tubular (CFDST) structure is a structure in which
concrete is filled between inner and outer steel tubes. Compared with the concrete-filled
steel tubular (CFT) structure, it has advantages of lighter self-weight, higher flexural rigidity,
and better fire resistance [1,2]. Nowadays, joints composed of CFDST columns and frame
beams have been widely studied and applied [3,4].

The mechanical behavior of joints between CFDST columns and RC beams under
different loading conditions has been experimentally and theoretically studied by scholars,
such as Zhang et al. [3,5]. In addition, the mechanical behavior and failure modes of joints
between CFDST columns and steel beams have been studied [6–12]. Guo et al. [13,14] and
Zhang et al. [15] conducted experiments and theoretical analysis on the seismic performance
and failure mechanism of composite joints between CFDST columns and steel beams with
RC slabs. From previous studies, it could be concluded that when the displacement of the
RC beam end was large, concrete at the RC beam end (near the joint) in the connection
between the CFDST column and the RC beam was severely crushed. When the CFDST
column and the steel beam were connected by welding, the welded part was partially torn
due to shearing [9]. Bolt slip occurred when the CFDST column and the steel beam were
bolted together [6].

Buildings 2023, 13, 135. https://doi.org/10.3390/buildings13010135 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13010135
https://doi.org/10.3390/buildings13010135
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-3389-9839
https://doi.org/10.3390/buildings13010135
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13010135?type=check_update&version=3


Buildings 2023, 13, 135 2 of 24

Therefore, no matter whether CFDST columns are connected with RC beams, steel
beams, or steel beams with RC slabs, there is a possibility that the connection performance
of joints will be severely degraded during large earthquakes. These types of joint failures
lead to the decline of joint integrity and reliability. At the same time, the residual defor-
mations of some of the joints mentioned above after a major earthquake reached 67% [5],
86% [8], and 61% [15], respectively. The excessive residual deformations will hinder the
use of the structure. At present, there is little research on reducing the damage of the
connection between CFDST column and beam and reducing the residual deformation of the
joint. Therefore, it is necessary to take reasonable measures to alleviate the damages of con-
nections between CFDST columns and frame beams and reduce their residual deformations
after an earthquake.

The design of self-centering by prestressed steel strands and energy-dissipating by
friction is a way to solve the above problems. Earthquake energy could be dissipated
through friction to reduce structural damages [16,17]. The residual deformations of struc-
tures after an earthquake could be significantly reduced by self-centering design [18]. The
combination of self-centering by steel strands and energy dissipation by friction allowed
structures to achieve significant and reliable energy dissipation while maintaining the
self-centering capability [19–27].

In this paper, a new type of joint between CFDST columns and RC beams with the
self-centering capability and friction energy dissipation is proposed. For joints with self-
centering by steel strands and energy dissipation by friction, the reasonable magnitude
of prestress of steel strands, friction, and the ratio of the resisting moment provided by
steel strands to the resisting moment provided by friction in the opening moment of the
joint needs to be further studied. Therefore, numerical analysis of joints between CFDST
columns and RC beams with different prestress of steel strands and friction was carried out
through the finite element method. The load–displacement curves, envelope curves, stress
variation curves of steel strands, and energy dissipation of joints were analyzed to evaluate
the mechanical behavior of the joints. The results may provide a reference for the seismic
design of self-centering structures between CFDST columns and frame beams and help the
popularization and application of CFDST structures in seismic areas.

2. Joint Configurations and Working Mechanism
2.1. Joint Configurations

Figure 1a shows the self-centering joint between the CFDST column and the RC beam
in this paper, which is mainly composed of a precast RC beam, CFDST columns, a steel
seat, a connecting block, friction plates, steel strands, anchorages, and bolts. The CFDST
column is welded with a flange plate at the end of the steel seat. Similarly, the steel seat is
also welded with flange plates at both ends of its connection with the CFDST column. The
CFDST column and the steel seat are connected by bolts. Figure 1b shows the joint details.
For better understanding, Figure 1c shows the explosion of the joint.

The steel head is embedded in the end of the precast RC beam near the joint. One
end of the longitudinal bars was welded on the steel head to transfer the force of the
longitudinal bars to the steel head. Within the length of the part where the steel head was
located inside the beam, the transverse reinforcement adopted a short length, and its two
ends were welded to the inner side of the flange of the steel head.

Through the anchorages of prestressed steel strands, the connecting block is tightly
pressed on the steel head. One side of the friction plate is welded with the connecting block
as a whole, and the other side is compressed with the steel head through bolts. The steel
head is provided with bolt sliding groove as the space for bolt sliding. The connecting
block is connected with the steel seat by welding.

The specific construction process of this type of joint is as follows: when the component
is prefabricated, the connecting block is pressed against the steel head of the prefabricated
beam through the prestressed steel strands to form a prefabricated beam with prestressing.
When the components are installed on site, the connecting block is connected to the outer
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steel tube of the CFDST column by welding. In this way, the prestress is transferred to
the joint, making the joint self-centering. For friction energy dissipation, it is realized by
presetting the friction plate on the contact surface between the connecting block and the
steel head.
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Figure 1. Self-centering joints between CFDST columns and RC beams: (a) Overall assembly of the
joint; (b) Joint details; (c) Explosion of the joint; (d) Arrangement of steel components in the beam.

2.2. Working Mechanism

Under an earthquake, the contact surface between the steel head of the precast RC
beam and the connecting block opens and closes alternately, driving the relative sliding
between the friction plate and the steel head to realize energy dissipation in the form of
friction. The bending moment of the joint is composed of the moment provided by tensile
forces of steel strands and the moment provided by the friction. Considering the symmetry
of the precast RC beam rotating clockwise and counterclockwise around the joint, the
working mechanism is explained only by taking the counterclockwise rotation of the beam
as an example, as shown in Figure 2.
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Figure 2. Calculation diagram of the bending moment (joint opened).

where R0 is the rotation center, T1 and T2 are tensile forces of an upper and lower steel
strand, respectively, Ff is the resultant force of friction of a friction surface, R is the distance
from Ff to R0, d1 and d2 are the distance from T1 and T2 to R0, respectively, and H is the
distance between the upper and lower rotation centers.

The total bending moment M of the joint can be expressed as:

M = Mf + MT (1)

where Mf is the resisting moment provided by friction, which hereinafter is called the
friction moment for short; and MT is the resisting moment provided by tension of steel
strands, which hereinafter is called the tensile moment for short.

When the friction plate starts sliding, the friction moment, Mf0, (two friction surfaces
in total) can be expressed as:

Mf0 = 2FfR (2)

Considering that the magnitude of friction resultant remains unchanged during the
relative rotation of the beam and the column, which equals Ff, and the force arm of Ff
remains R, then the friction moment remains unchanged, as given in Equation (3):

Mf = Mf0 (3)

When the steel head is not separated from the connecting block, the tensile moment
MT0 can be expressed as:

MT0 = ∑ Ti0di0 (4)

When the steel head is separated from the connecting block, the relative rotation of
the beam and the column is θ. Based on the joint rotation angle of 0.04 rad, sin(θ) ≈ θ, and
cos(θ) ≈ 1, linear approximation shall be considered in the corresponding calculation of the
joint. The elongation of steel strands is ∆l = diθ, and the tensile increment of steel strand
is ∆T = kidiθ, where ki = EA/L is the tensile stiffness of steel strands. At the same time,
assuming that the distance, di, between the tension of steel strands and the rotation center
remains the initial distance, di0, then MT can be expressed as:

MT = ∑ (Ti0 + ∆Ti)di = ∑ (Ti0di0 + kid2
i0θ) (5)

That is:
MT = MT0 +

(
∑ kid2

i0

)
θ = MT0 + Kθ (6)

where K = ∑
(
kid2

i0
)

is the rotational stiffness after the joint is opened, that is,
the second stiffness.

3. Finite Element Model Developing
3.1. Modeling Parameters

The finite element software ABAQUS was used for numerical analysis. The theoretical
formula was compared to verify the rationality of the modeling, so as to provide the basis
for the subsequent parametric analysis. The specific dimensions of joints are shown in
Figures 3–7.
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Figure 7. Reinforcement of the precast RC beam.

The CFDST column was composed of C35 concrete and square tubes made of Q235B
steel, and the precast RC beam was made of C30 concrete. HPB300 reinforcement and
HRB400 reinforcement were used for beam reinforcement. Q345B steel was used for the
steel seat, the connecting block, and friction plates. The steel head was made of Q235B steel.
The column was connected to the steel seat through M24 high-strength bolts of grade 10.9,
which were used as friction plate bolts as well. The unbonded prestressed steel strand was
used, which was made of seven twisted steel wires with nominal diameter of 15.20 mm
and tensile strength of 1860 MPa.

3.2. Material Properties and Meshing

In this paper, the bilinear stress–strain model was adopted for the constitutive model
of steel. The slope of the strengthening section of the reinforcement constitutive model
was 0.01 times that of the initial elastic modulus, and the slope of the strengthening stage
of steel plates constitutive model was 0.02 times that of the initial elastic modulus. The
properties of steel are shown in Table 1.

The classic concrete damage-plastic model [14,28] was used to simulate the concrete
material behavior under cyclic loading. The key constitutive parameters of C30 and C35 con-
crete are shown in Table 2. For concrete in tension, the model proposed by Mander et al. [29]
is selected.



Buildings 2023, 13, 135 7 of 24

Table 1. Steel properties.

Material
Yield Strength Ultimate Strength Poisson’s

Ratio
Elastic Modulus

(MPa) (MPa) (×105 MPa)

Q235b 235 470

0.3
2.06Q345b 345 560

HPB300 300 420 2.10
HRB400 400 540 2.00

Table 2. Concrete properties.

Concrete Mark
Compressive

Strength
Strain (at

Compressive
Strength)

Poisson’s Ratio
Elastic Modulus

(MPa) (×105 MPa)

C30 23.7
0.002 0.2

23,027
C35 27.6 24,872

Considering the symmetry of the joint, a 1/2 model of the joint was established. When
the model was meshed, C3D8R elements were used for three-dimensional entities, and
T3D2 elements were used for reinforcement and steel strands. The meshing result is shown
in Figure 8.
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3.3. Interaction and Loading Protocol

In the model, contact pairs were adopted to simulate the interaction between compo-
nents. The “hard” contact is adopted for normal contact between components. The friction
coefficients in the tangential direction of 0.5 and 0.45 were adopted for the contact pairs
between steel and concrete and the contact pairs between steel components separately [7].

Several specific surfaces were coupled to the reference points (RP1,RP2,RP3), where
loads and boundary conditions were applied. The details of the boundary conditions are
shown in Figure 9a.

An axial load of 370.25 kN was applied to the column, which was about 10% of the
axial bearing capacity of the column. The design value of the maximum bending moment
of the joint was 259.7 kN·m, and the opening moment of the joint was taken as 50% of
the design value of the yield, which was 130 kN·m. In order to ensure the self-centering
performance of the joint, the tensile moment should be greater than the friction moment.
Therefore, the tensile moment in the opening moment of the joint accounted for 60%, and
the friction moment accounted for 40%. Accordingly, the bolt preload was 54.5 kN and the
prestress of steel strands was 572 MPa. The displacement loading method was adopted for
the cyclic loading at the beam end. In order to investigate the joint rotation angle when
the steel strand yields, the maximum rotation angle of the joint was set at 0.06 rad, and the
loading history is shown in Figure 9b.
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4. Numerical Model Verification
4.1. Load–Displacement Curves

Figure 10a shows the load–displacement curve under the maximum rotation angle
of 0.06 rad of the joint. According to Chinese Standard GB/T 5224-2014 [30], the yield
stress of steel strands used in this paper is 1635.7 MPa. It could be calculated that the steel
strands yielded when the loading amplitude reached ±109 mm. Therefore, only the results
within 0.04 rad of the load–displacement curve (the corresponding beam end displacement
amplitude reached 105 mm) were retained, as shown in Figure 10b.
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Figure 10. Load–displacement curves: (a) Maximum joint rotation of 0.06 rad; (b) Maximum joint
rotation of 0.04 rad.

As can be seen from Figure 10b,

(1) The self-centering joint between the CFDST column and the RC beam had a con-
siderable self-centering performance. Considering that the self-centering factor was
η = 1 − |δ/∆max|, where δ was the residual deformation and ∆max was the load-
ing amplitude, the calculation showed that the self-centering factor of the joint was
η = 1 − |(−0.31/−105)| = 99.7%, and the ratio of the residual deformation was only
0.3%. It showed that the proportion of the tensile moment and the friction moment in
the opening moment was reasonable.

(2) During the cyclic loading, there was no obvious cumulative plastic deformation or
obvious changes in the loading and unloading stiffness, indicating that the design
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of joint with energy dissipation by friction had been well realized, and the energy
dissipation in the form of damage to the components had been reduced.

(3) When the maximum rotation angle of the joint reached 0.04 rad, the resisting bending
moment provided by the joint was 240.5 kN·m, which was not completely consistent
with 259.7 kN·m obtained in the previous joint design. The reasons are as follows:
Firstly, the main equations for the joint design are shown in Equations (7)–(9). The
value of each parameter obtained during the joint design was an approximation of
the exact solution of each parameter. Secondly, the joint model was flexible due to
the elastic-plastic materials used in the finite element model, while the assumption of
rigidity of each member in the joint was adopted in the joint design.

MT0 = MT(σ0, di) (7)

Mf0 = Mf(Ff, R) (8)

The resisting moment Mmax provided by the joint when the loading amplitude reached
θmax was:

Mmax = M(σ0, Ff, di, R, θmax) (9)

where σ0 was the prestress of steel strands.

4.2. Envelope Curves

The envelope curve of the joint was obtained by connecting the positive and negative
peak-load points of the first cycle of each loading level of the hysteretic curve, as shown in
Figure 11.
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between the numerical simulation results of the joint restoring force and the calculation 
results of Equation (10). It can be seen that they are in good agreement with each other. 

Figure 11. Envelope curves of the joint.

As can be seen from Figure 11, envelope curves of numerical simulation and theoretical
calculation of the joint were generally consistent with each other, indicating that the
numerical model was reasonable. The value of the joint envelope curve in the numerical
simulation under the same joint rotation was slightly lower than the theoretical calculation.
The reason was that the theoretical derivation was based on the assumption of the rigidity
of each member of the joint, while elastic-plastic materials were used in the numerical
model, which reduced the rigidity of the joint.

4.3. Joint Restoring Force Model

With the limit of joint rotation of 0.04 rad, the joint restoring force model, M-θ, could
be obtained from Equations (1)–(6) as follows.

M =


Mopen + Kθ
±Mopen

−Mopen + Kθ

0 < θ < 0.04 rad
θ = 0

−0.04 rad <θ< 0
(10)
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The theoretical model of joint restoring force is shown in Figure 12. Considering its
symmetry, only some parts are described here. The loading and unloading path when
the maximum rotation θmax of joint reached 0.04 rad was 1©- 2©- 3©- 4©. The unloading path
when the joint was loaded until θ reached somewhere between 0~0.04 rad was 1©- 2©- 5©- 6©.
The path of unloading and reloading when the joint was loaded until θ reached somewhere
between 0~0.04 rad was 1©- 2©- 5©- 7©- 2©. It should be noted that the corresponding bending
moment reduction value of path 3© was 2Mf. Figure 13 shows the comparison between
the numerical simulation results of the joint restoring force and the calculation results of
Equation (10). It can be seen that they are in good agreement with each other.
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Based on the above discussion, the numerical simulation results were consistent with 
the joint working mechanism and theoretical analysis, which showed that the modeling 
method was reasonable and could be used for parametric analysis below. 
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ried out as shown below. 
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Based on the above discussion, the numerical simulation results were consistent with
the joint working mechanism and theoretical analysis, which showed that the modeling
method was reasonable and could be used for parametric analysis below.

5. Parametric Analysis

There are many factors that affect the energy dissipation, the self-centering perfor-
mance and the bearing capacity of self-centering joints between CFDST columns and RC
beams, mainly including the value of the prestress of steel strands (controlling the joint self-
centering performance, the joint bearing capacity, etc.) and the value of friction (controlling
the energy dissipation, the joint bearing capacity, etc.). The ratio of the two is another
factor worth considering. Parametric analysis of these influencing factors was carried out
as shown below.

5.1. The Friction
5.1.1. Parametric Settings

The joint numerical model mentioned above is the numerical model J1-0 here. The
friction is proportional to the bolt preload. By changing the bolt preload, five groups of
joints were established. The bolt preload changed in multiples of 15 kN, as shown in
Table 3.
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Table 3. Parametric settings of J1-0~J1-5.

Joint Numbers Bolt Preload Pretension of Steel Strand
(kN) (kN)

J1-0 54.5

80

J1-1 39.5
J1-2 24.5
J1-3 69.5
J1-4 84.5
J1-5 99.5

5.1.2. Results and Analysis

(1) Load–Displacement Curves

According to the previous simulation results, the steel strands yielded when the
relative rotation of the beam and the column reached 0.04 rad, thus 0.04 rad was taken as
the loading amplitude of J1-0~J1-5. The load–displacement curves of J1-0~J1-5 are shown
in Figure 14.
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crease in friction, the resisting bending moments provided by joints increased, the areas 
and degrees of damages of the concrete of the beams increased gradually, and the degree 
of plastic deformations exhibited by each joint was deepened. Secondly, as friction in-
creased, the friction moment gradually exceeded the tensile moment. As a result, when 
unloading, the tensile moment could not resist the friction moment. Consequently, the 
joints could not be pulled back to the initial positions, but maintained balance under cer-
tain rotations of each joint, resulting in residual deformations. 

Figure 14. Load–displacement curves: (a) J1-0~J1-2; (b) J1-0, J1-3~J1-5.

As can be seen from Figure 14a, with the decrease in friction, the bearing capacity
and opening bending moments of joints decreased gradually, and the areas surrounded
by the load–displacement curves decreased gradually as well, indicating the decrease in
the energy dissipation of joints. At the same time, the residual deformations of joints were
small. As can be seen from Figure 14b, as friction increased, the bearing capacity and the
opening moments of joints increased gradually, and the areas surrounded by the curves
increased gradually as well, indicating the increase in the energy dissipation of joints, but
the residual deformations of joints increased as well, and ratios of the residual deformations
of J1-3~J1-5 were 2.5%, 11.9%, and 23.0%, respectively.

There were two main reasons for these. Firstly, as shown in Figure 15, with the
increase in friction, the resisting bending moments provided by joints increased, the areas
and degrees of damages of the concrete of the beams increased gradually, and the degree of
plastic deformations exhibited by each joint was deepened. Secondly, as friction increased,
the friction moment gradually exceeded the tensile moment. As a result, when unloading,
the tensile moment could not resist the friction moment. Consequently, the joints could not
be pulled back to the initial positions, but maintained balance under certain rotations of
each joint, resulting in residual deformations.
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Figure 15. Comparison of joint failures: (a) J1-0; (b) J1-1; (c) J1-2; (d) J1-3; (e) J1-4; (f) J1-5. (PEEQT
represents the equivalent plastic tensile strain, which indicates the degree of cracking of concrete).

Compared with the theoretical restoring force model of joints, the energy dissipation
of J1-1~J1-5 was still mainly based on friction, which had achieved the design goal. The
key data of the joint load–displacement curves are shown in Table 4.

(2) Envelope Curves

The envelope curves of J1-0~J1-5 are shown in Figure 16. As can be seen from Figure 16,
the stiffness of each joint before opening and the second stiffness after opening were
consistent with each other, indicating that the stiffness before opening and the second
stiffness had no correlation with friction. The opening loads and the maximum bearing
capacity of joints were positively correlated with friction, indicating that increasing the
joint friction had a direct influence on improving the opening loads and the maximum
bearing capacity of joints.
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Table 4. Key data of joint load–displacement curves.

Joint
Numbers

Loading
Directions

Joint Opening Loads Ultimate Loads Residual
Deformation Rate

(kN) (kN) (%)

J1-0
Positive 48.56 90.77

0.3Negative 48.45 90.47

J1-1
Positive 43.53 85.88

0.6Negative 43.35 86.61

J1-2
Positive 39.08 81.00

0.4Negative 38.00 80.75

J1-3
Positive 53.61 95.60

2.5Negative 53.53 95.27

J1-4
Positive 58.66 100.46

11.9Negative 58.46 100.10

J1-5
Positive 63.71 105.28

23.0Negative 62.79 104.87
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joint friction. When unloading, the stress of steel strands could return to the prestress, and 
the stress loss was little. With the increase in friction, the stress of steel strands when un-
loaded to initial position was slightly lower than the prestress of 572 MPa. The reason is 
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(3) Stress Variation Curves of Steel Strands

Due to the symmetry of steel strand layouts, only one steel strand is taken for stress
change analysis here at each joint. The curves between the steel strand stress and the
loading displacements are shown in Figure 17.
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It can be seen from Figure 17 that the variation trends of steel strand stress at J1-0~J1-5
were generally consistent with each other, indicating that the variations of steel strand
stress were mainly related to their layout positions and joint geometries but not to the
joint friction. When unloading, the stress of steel strands could return to the prestress,
and the stress loss was little. With the increase in friction, the stress of steel strands when
unloaded to initial position was slightly lower than the prestress of 572 MPa. The reason
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is that the plastic deformations of joints increase gradually, and the distances between
the anchorages at both ends of steel strands decrease slightly. The stress of steel strands
of each joint remained elastic and changed stably during cyclic loading, indicating that
the self-centering performance of each joint was stable and reliable. It was worth noting
that there were ring parts in the stress change curves of steel strands. This was due to the
cumulative plastic deformations of joints, resulting in the non-coincidence of the loading
and unloading trajectories of the loading positions, and the tensile strains of steel strands
could not be reproduced symmetrically during cyclic loading, rather than the steel strands
participating in the energy dissipation.

(4) Energy Dissipation

Figure 18 shows the energy dissipation ratio of each cycle, which is equal to the ratio
of the energy dissipation of a single cycle to the sum of the energy dissipation of all cycles.
Moreover, the equivalent viscous damping ratio, he, is shown in Figure 19.
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It can be seen from Figure 18 that the energy dissipation per cycle of each joint was 
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be seen from Figure 19 that the hemax of each joint increased with the increase in friction, 
indicating the increase in the energy dissipation of joints. After the third cycle, the average 
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respectively. 
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It can be seen from Figure 18 that the energy dissipation per cycle of each joint was
stable under cyclic loading and was not greatly affected by the cumulative damage. It
can be seen from Figure 19 that the hemax of each joint increased with the increase in
friction, indicating the increase in the energy dissipation of joints. After the third cycle, the
average values of he of each joint were (J1-0~J1-5) 15.0%, 12.0%, 8.2%, 17.6%, 19.7%, and
21.0%, respectively.

5.2. Prestress of Steel Strands
5.2.1. Parametric Settings

J1-0 was taken as the numerical model J2-0 for parametric analysis here. Pretension of
steel strands changed in multiples of 20 kN, corresponding to the steel strand prestress of
about 72 MPa. Five groups of joints were established, as shown in Table 5.
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Table 5. Parametric settings of J2-0~J2-5.

Joint Numbers Prestress of Steel Strands Bolt Preload
(MPa) (kN)

J2-0 572

54.5

J2-1 500
J2-2 428
J2-3 644
J2-4 716
J2-5 788

According to Equation (5),
Ti = Ti0 + kidi0θ (11)

Therefore, σi can be expressed as:

σi =
Ti
A0

= σi0 +
kidi0
A0

θ (12)

Substituting the yield stress σi = σs = 1635.7 MPa of steel strands into Equation (12),
it could be obtained that the rotation amplitudes of J2-1~J2-5 were 0.04 rad, 0.043 rad,
0.035 rad, 0.032 rad, and 0.03 rad, respectively, and the corresponding theoretical displace-
ment amplitudes were 106 mm, 114 mm, 92 mm, 84 mm, and 79 mm, correspondingly.
Considering the flexibility of materials adopted in joints, after the joints were loaded to the
theoretical loading displacement amplitudes in the numerical simulation, two groups of
cyclic loads with 4% and 8% greater than the theoretical loading displacement amplitudes
were supplemented, in order to approach the yield states of steel strands as closely as
possible. The amplitudes were 110 mm, 118 mm, 95 mm, 87 mm, 82 mm, and 114 mm,
122 mm, 98 mm, 90 mm, and 85 mm, respectively.

5.2.2. Results and Analysis

(1) Load–Displacement Curves

The load–displacement curves of J2-0~J2-5 are shown in Figure 20. As can be seen
from Figure 20a, the opening loads of joints decreased with the decrease in the prestress of
steel strands.
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Figure 20. Load–displacement curves: (a) J2-0~J2-2; (b) J2-0, J2-3~J2-5. 
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If the inflection points of the load–displacement curves (when the joint is opened)
were defined as the yield of joints, with the decrease in the prestress of steel strands, the
deformations of each joint from the opening to the maximum bearing capacity (yield
of steel strands) increased gradually, which meant the ductility of each joint increased
gradually. At the same time, the areas enclosed by the load–displacement curves increased
gradually, indicating the increase in the energy dissipation of joints. However, this was
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not the direct result of the variation of steel strand tension, but, with the decrease in the
steel strand pretension, the joint deformation capacity and friction energy dissipation
were enhanced. It can be seen from Figure 20b that with the increase in prestress of steel
strands, the opening loads of joints increased, and the energy dissipation and the ductility
of each joint decreased gradually. Moreover, there was a negative correlation between the
residual deformations of joints and the pretension of steel strands. Ratios of the residual
deformations of J2-1~J2-5 were 1.5%, 2.9%, 0.8%, 0.6%, and 0.5%, respectively. The key data
of the joint load–displacement curves are shown in Table 6.

Table 6. Key data of joint load–displacement curves.

Joint
Numbers

Loading
Directions

Joint Opening Loads Ultimate Loads Residual
Deformation Rate

(kN) (kN) (%)

J2-0
Positive 48.56 90.77

0.3Negative 48.45 90.47

J2-1
Positive 44.92 91.00

1.5Negative 44.89 90.70

J2-2
Positive 41.30 90.83

2.9Negative 41.31 90.50

J2-3
Positive 52.01 91.26

0.8Negative 51.91 90.96

J2-4
Positive 55.52 91.41

0.6Negative 55.42 91.12

J2-5
Positive 59.03 92.83

0.5Negative 58.93 92.56

(2) Envelope Curves

The envelope curves of J2-0~J2-5 are shown in Figure 21. It can be seen from Figure 21
that the stiffness before opening and the second stiffness of each joint were basically
consistent with each other, indicating that the stiffness before opening and the second
stiffness had no correlation with the prestress of steel strands.

Buildings 2023, 13, 135 17 of 26 
 

steel strands) increased gradually, which meant the ductility of each joint increased grad-
ually. At the same time, the areas enclosed by the load–displacement curves increased 
gradually, indicating the increase in the energy dissipation of joints. However, this was 
not the direct result of the variation of steel strand tension, but, with the decrease in the 
steel strand pretension, the joint deformation capacity and friction energy dissipation 
were enhanced. It can be seen from Figure 20b that with the increase in prestress of steel 
strands, the opening loads of joints increased, and the energy dissipation and the ductility 
of each joint decreased gradually. Moreover, there was a negative correlation between the 
residual deformations of joints and the pretension of steel strands. Ratios of the residual 
deformations of J2-1~J2-5 were 1.5%, 2.9%, 0.8%, 0.6%, and 0.5%, respectively. The key 
data of the joint load–displacement curves are shown in Table 6. 

Table 6. Key data of joint load–displacement curves. 

Joint Numbers Loading Directions Joint Opening Loads Ultimate Loads Residual Deformation Rate 
  (kN) (kN) (%) 

J2-0 
Positive 48.56 90.77 

0.3 
Negative 48.45 90.47 

J2-1 
Positive 44.92 91.00 

1.5 
Negative 44.89 90.70 

J2-2 
Positive 41.30 90.83 

2.9 
Negative 41.31 90.50 

J2-3 
Positive 52.01 91.26 

0.8 
Negative 51.91 90.96 

J2-4 
Positive 55.52 91.41 

0.6 
Negative 55.42 91.12 

J2-5 
Positive 59.03 92.83 

0.5 
Negative 58.93 92.56 

Envelope Curves 
The envelope curves of J2-0~J2-5 are shown in Figure 21. It can be seen from Figure 

21 that the stiffness before opening and the second stiffness of each joint were basically 
consistent with each other, indicating that the stiffness before opening and the second 
stiffness had no correlation with the prestress of steel strands. 

-150 -100 -50 0 50 100 150
-100

-50

0

50

100

Lo
ad

/k
N

Displacement/mm

 J2-0  J2-1
 J2-2  J2-3
 J2-4  J2-5

 
Figure 21. Envelope curves of joints. 

Stress Variation Curves of Steel Strands 
Similar to the above, only one steel strand from each joint was taken for stress varia-

tion analysis, and the relationship curves between the steel strand stress and the loading 
displacements are shown in Figure 22. 

Figure 21. Envelope curves of joints.

(3) Stress Variation Curves of Steel Strands

Similar to the above, only one steel strand from each joint was taken for stress variation
analysis, and the relationship curves between the steel strand stress and the loading
displacements are shown in Figure 22.
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It can be seen from Figure 22 that the variation trends of the steel strand stress at J2-
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dicating the decrease in the deformation capacity of joints. The steel strand stress of each 
joint remained elastic and changes stably during cyclic loading, which showed that the 
self-centering performance of joints was stable and reliable when the prestress of steel 
strands changed. In addition, the stress variation curves of steel strands had ring parts, 
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loading positions. 

Energy Dissipation 
The energy dissipation ratio of each cycle is shown in Figure 23, and the equivalent 

viscous damping ratio he and the number of loading cycles is shown in Figure 24. 

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

En
er

gy
Ra

tio
/%

Cycle No.

 J2-0  J2-1
 J2-2  J2-3
 J2-4  J2-5

 
Figure 23. Energy dissipation ratio–cycle no. curves. 
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It can be seen from Figure 22 that the variation trends of the steel strand stress at
J2-0~J2-5 were generally consistent with each other, which showed that the variation of
steel strand stress was mainly related to its layout and the joint geometry, but not to the
prestress of steel strands. When unloading, the stress of steel strands could return to
prestress, and the stress loss was little. Moreover, with the increase in the prestress of steel
strands, the stress values of steel strands increased level by level during cyclic loading.
However, the available joint deformations decreased gradually before the steel strands
yielded, indicating the decrease in the deformation capacity of joints. The steel strand stress
of each joint remained elastic and changes stably during cyclic loading, which showed that
the self-centering performance of joints was stable and reliable when the prestress of steel
strands changed. In addition, the stress variation curves of steel strands had ring parts,
which was also caused by the non-coincidence of loading and unloading trajectories of
loading positions.

(4) Energy Dissipation

The energy dissipation ratio of each cycle is shown in Figure 23, and the equivalent
viscous damping ratio he and the number of loading cycles is shown in Figure 24.
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It can be seen from Figure 23 that the energy dissipation of each cycle of joints was 
stable. The energy dissipation ratio of J2-0 was significantly greater than that of other 
joints, because the numbers of loading cycles of J2-1~J2-5 were more than that of J2-0 un-
der the large beam end displacements. From Figure 24, it could be concluded that the 
average values of he of each joint (J2-0~J2-5) after the second circle were: 15.0%, 14.8%, 
15.3%, 13.9%, 13.5%, and 13.0%, respectively. 

Furthermore, it can be seen from Figure 24 that the hemax of each joint decreased with 
the increase in prestress of steel strands. The calculation method of he is shown in Figure 
25 and Equation (11). 
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ΔCODS  in Equation (13) increased. However, there was no significant increase in the en-
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It can be seen from Figure 23 that the energy dissipation of each cycle of joints was
stable. The energy dissipation ratio of J2-0 was significantly greater than that of other joints,
because the numbers of loading cycles of J2-1~J2-5 were more than that of J2-0 under the
large beam end displacements. From Figure 24, it could be concluded that the average
values of he of each joint (J2-0~J2-5) after the second circle were: 15.0%, 14.8%, 15.3%, 13.9%,
13.5%, and 13.0%, respectively.

Furthermore, it can be seen from Figure 24 that the hemax of each joint decreased with
the increase in prestress of steel strands. The calculation method of he is shown in Figure 25
and Equation (11).

he =
1

2π

SFBE + SFDE

S∆AOB + S∆COD
(13)
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The bearing capacity of joints increased with the increase in prestress of steel strands,
and the values of points B and D in Figure 25 increased accordingly; thus, S∆AOB and
S∆COD in Equation (13) increased. However, there was no significant increase in the energy
dissipation of joints (as shown in Figure 20), which eventually led to the decrease in he.

5.3. Ratio of the Tensile Moment to the Friction Moment in the Opening Moment
5.3.1. Parametric Settings

The influence of the values of the friction and the steel strand prestress on the mechan-
ical behavior of joints has been analyzed, respectively, in Sections 4.1 and 4.2. The influence
of the ratio, β, of the tensile moment to the friction moment in the opening moments
of joints is considered here. In the opening moments of the joints, β directly affects the
self-centering performance and energy dissipation of joints, as well as the development of
the bearing capacity of joints after the joints are opened. Therefore, β is important for the
mechanical behavior of self-centering joints with design of energy dissipation by friction.
The consistency of other parameters, other than the two moments, was controlled in order
to determine their values. The parametric settings are shown in Table 7.
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Table 7. Parametric settings of J3-0~J3-4.

Joint Numbers β
Prestress of Steel Strands Bolt Preload

(MPa) (kN)

J3-0 6:4 572 54.5
J3-1 5:5 474 67.9
J3-2 4:6 380 81.5
J3-3 3:7 285 95.1
J3-4 7:3 664 40.8

J2-0 was taken as the numerical model J3-0 for parametric analysis here. The opening
moment of 130 kN·m of J3-0 was kept as the fixed value; four groups of joints were
established according to the different values of β, as shown in Table 7. The loading protocol
of the four groups of comparison joints were different with each other, and the specific
process was the same as Section 5.2.

5.3.2. Results and Analysis

(1) Load–Displacement Curves

The load–displacement curves of J3-0~J3-4 are shown in Figure 26. As can be seen
from Figure 26a, the areas enclosed by the load–displacement curves increased gradually
with the decrease in β, indicating the increase in the energy dissipation of joints. The
residual deformations of joints increased gradually, and the self-centering performance
decreased, indicating that the joints changed from the type of both self-centering and
energy dissipation to the type of energy dissipation. The reason is that with the increase
in the proportion of the friction moment in joints, the energy dissipation under the same
rotational deformation of joints increased, and the reduction of strand prestress enhanced
the deformation capability of joints. As result, the energy dissipation of joints was enhanced.
However, the tensile moment when unloading was not enough to resist the friction moment,
resulting in the increase in the residual deformations of joints.
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Figure 26. Load–displacement curves: (a) J3-1~J3-3; (b) J3-0, J3-1, J3-4. 
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In addition, the maximum bearing capacity of joints increased gradually with the
decrease in β. The reason was that the maximum tension of steel strands was fixed; with the
increase in the friction moment in the opening moment, the sum of the maximum tensile
moment and the friction moment increased. At the same time, the ductility of joints was
gradually improved. It can be seen from Figure 26b that with the increase in β, the variation
trend of the maximum bearing capacity, the energy dissipation, the residual deformations,
and the ductility of joints was opposite to the above, and the reason was consistent with the
above and would not be repeated. The key data of load–displacement curves are shown in
Table 8.
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Table 8. Key data of joint load–displacement curves.

Joint
Numbers

Loading
Directions

Joint Opening Loads Ultimate Loads
Residual

Deformation
Rate

(kN) (kN) (%)

J3-0
Positive 48.56 90.77

0.3Negative 48.45 90.47

J3-1
Positive 48.25 94.93

7.5Negative 48.19 94.59

J3-2
Positive 48.21 98.53

22.4Negative 48.03 98.10

J3-3
Positive 48.11 102.06

35.0Negative 47.26 101.62

J3-4
Positive 48.27 87.35

0.5Negative 48.21 87.09

It could not be ignored that the load–displacement curves of J3-2 and J3-3 had similar
horizontal parts. The reason was that the resultant force of the steel strand tension and joint
friction of J3-2 and J3-3 were (212.8 kN, 293.4 kN) and (159.6 kN, 342.4 kN) respectively.
Therefore, the respective friction of J3-2 and J3-3 was sufficient to resist the steel strand
tension. When the joint was opened for the first time and loaded in a negative direction,
the steel head disengaged from the connecting block and maintained the disengaged state.
At the same time, a rotation center was formed somewhere in the central axis of the beam.
In addition, the steel strands were symmetrically arranged along the central axis of the
beam. When the beam rotated around the new rotation center, the increase and decrease in
the tension of the upper and lower steel strands were approximately the same, resulting in
the approximate invariance of the tensile moment, thus forming a similar horizontal part of
the load–displacement curves. Then, as the rotation deformation of the beam increased, the
displacement of the steel head made up for the outward movement of the rotation center,
the steel head contacted the connecting block again, and the deformation characteristics of
joints returned to the theoretical model.

(2) Envelope Curves

The envelope curves of J3-0~J3-4 are shown in Figure 27. As can be seen from Figure 27,
the stiffness before opening, the opening load, and the second stiffness of each joint were
basically consistent with each other. The maximum bearing capacity of joints and their
corresponding deformations increased with the increase in β.
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(3) Stress Variation Curves of Steel Strands

Stress variation curves of steel strands of J3-1~J3-4 are shown in Figure 28 (J3-0 is the
same with J1-0). It can be seen from Figure 28 that when unloading, the stress of steel
strands of J3-0, J3-1, and J3-4 returned to their prestress respectively, and the stress loss
is little. The steel strand stress of J3-2 and J3-3 could not return to their prestress when
unloaded to the initial positions. The reason was the same as that in Figure 26a. When the
joint was completely unloaded, the steel head at the joint could not be fully close to the
connecting block, resulting in the tensile state of steel strands beyond pretension (as shown
in Figure 29). The pretension of steel strands of J3-0, J3-1, and J3-4 was greater than their
friction, respectively, and the steel head could be close to the connecting block, thus there
was no over-tension state of steel strands when unloading.
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In addition, as can be seen from Figure 28, with the decrease in β, the stress of steel
strands decreased level-by-level during cyclic loading, but the available joint deformations
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increased gradually before steel strands yielded, indicating the increase in the deformation
capacity of joints.

(4) Energy Dissipation

The energy dissipation ratio of each cycle is shown in Figure 30, and the equivalent
viscous damping ratio he is shown in Figure 31.
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As can be seen from Figure 30, the energy dissipation of each circle of each joint was
stable. β of J3-0 was significantly greater than that of other joints for the same reason as
Figure 23. As can be seen from Figure 31, the hemax of each joint decreased with the increase
in β for the same reason as Figure 24. The average values of he of each joint after the second
cycle were (J3-0~J3-4): 15.0%, 17.7%, 19.4%, 20.3%, and 11.2%, respectively.

6. Conclusions

Through the comparison of a numerical model of the joint and three groups of joints
with different parameter settings, the obtained data such as load–displacement curves,
envelope curves, and stress variation curves of steel strands were analyzed. The influences
of friction, steel strand prestress, and the ratio of the tensile moment to the friction moment
in the joint-opening moment on the mechanical behavior of the joints were studied. The
following conclusions are obtained:

(1) The self-centering joint between the CFDST column and the RC beam proposed in
this paper achieves stable energy dissipation and good self-centering performance
under cyclic loading.

(2) Increasing friction can enhance the energy dissipation with hemax greater than 21% and
increase the opening load and the maximum bearing capacity of the joint. However,
when the friction is excessive, the residual deformation of the joint increases with the
max residual deformation rate of 35.0%, and the self-centering performance of the
joint decreases.
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(3) Increasing prestress of steel strands can increase the opening load of the joint, enhance
the energy dissipation and the deformation capacity of the joint, and reduce the
residual deformation of the joint with the minimum residual deformation rate of 0.3%,
but the maximum bearing capacity of the joint cannot be improved by increasing the
prestress of steel strands.

(4) Reducing the ratio of the tensile moment to the friction moment in the opening
moment can enhance energy dissipation and maximum bearing capacity of the joint
and improve the joint ductility. However, the residual deformation of the joint
increases significantly, and the self-centering performance decreases.

(5) When the structure is required to achieve good energy dissipation and good self-
centering performance, the tensile moment in the opening moment of the joint shall
be controlled to account for more than 50%, and the greater value shall be taken
to avoid the decline of the self-centering performance in case of stress loss of steel
strands caused by the structural deformation. Moreover, the joint should have the
opening load as large as possible, even though the sufficient deformation capacity
of the joint is needed. In addition, the resultant force of the initial tensile force of
steel strands shall be greater than the friction so as to keep the steel head in contact
with the connecting block during cyclic loading, which ensures the stability of the
self-centering performance of the joint.

(6) The joint restoring force model was in good agreement with the numerical model
and could be used as references for the further theoretical research on the connection
between CFDST columns and steel beams.
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