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INTRODUCTION

In recent years, composite columns have 
gained significant attention in the construction 
industry due to their cost-effectiveness and ex-
cellent seismic ductility behavior [1–3]. Concur-
rently, steel columns encased with concrete offer 
enhanced ductility, stemming from the confine-
ment of concrete and higher hardness, while also 
providing substantial cost savings [4]. A notable 
example of composite columns is the double-skin 
concrete-filled steel tubular column (DSCFT), 
which presents numerous benefits [5, 6], such as 
high thermal resistance, superior ductility, and 
exceptional energy absorption capacity. Further-
more, the elimination of the need for formwork 
during concrete pouring results in both time and 
cost savings. These advantages have led to the 

widespread adoption of DSCFT columns in civil 
engineering applications [7–11]. Figure 1 illus-
trates two common configurations of DSCFT col-
umns, namely circular and square profiles.

One of the critical aspects concerning DSCFT 
columns is the connections utilized in these col-
umns [12, 13]. The connection must be designed 
in a manner that allows both steel and concrete 
to effectively participate in load-bearing. Addi-
tionally, the plastic connection should form in the 
beam, fulfilling the condition of a weak beam and 
strong column, ensuring that the connection has 
sufficient grip [14–17]. The inclusion of concrete 
in a CFT column significantly enhances both the 
initial and post-yield stiffness. The concrete in 
this configuration contributes to adequate stiff-
ness at the column corners and prevents excessive 
movement within the column wall [18, 19].
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Over the past two decades, significant eco-
nomic and human losses have occurred due to 
structural collapses during earthquakes [20]. 
Consequently, substantial efforts have been 
made by researchers to develop earthquake-re-
sistant systems. In particular, extensive studies 
have been carried out on the behavior of flex-
ural connections in CFT columns under cyclic 
loading, leading to the introduction of new con-
nection designs and the development of corre-
sponding standards.

In 2016, Hassan et al. [21] investigated the 
connection between the beam and a DSCFT col-
umn. Two years later, Dongfang Zhang et al. [22] 
conducted both numerical and experimental stud-
ies on this connection. Their research involved 
subjecting four half-scale models to cyclic load-
ing, studying their hysteresis behavior and failure 
modes, and subsequently examining numerical 
models using the finite element method after vali-
dation. In 2020, Hu et al. [23] carried out an ex-
perimental study of a steel frame with a DSCFT 
column and a composite shear wall. In 2022, 
Zhou et al. [24] explored an experimental inves-
tigation of beam-to-DSCFT column connections 
using special materials. Additionally, in 2022, 
Phan et al. [25] studied the numerical connection 
of the beam to a DSCFT column, using UHPC 
concrete for its construction.

Given that the structural members of com-
posite cross-sectional buildings are frequently 
exposed to damage under seismic loading, fur-
ther research is essential to gain a comprehensive 
understanding of the performance of these com-
ponents during earthquakes. Therefore, in this 
study, after reviewing relevant literature and val-
id sources, numerical modeling validation was 
conducted in the Abacus software. Following 

this, three groups of numerical models were ana-
lyzed in the Abacus software under cyclic load-
ing. The study concludes with a comparison of 
the maximum moment before tolerance, the dis-
sipated energy, and the rupture behavior of the 
numerical models.

VALIDATION

To verify the accuracy of the numerical 
model, the experimental study conducted by 
Vulcu et al. [26] was utilized. In their research, 
the RBS-700 experimental model, with its ex-
perimental configuration illustrated in Figure 2, 
was chosen for simulation using the Abacus soft-
ware. Furthermore, the potential scaling effects 
between the half-scale experimental setup and 
the full-scale numerical simulations were care-
fully considered during the modeling process. 
The geometric, material, and loading parameters 
were adjusted according to similarity laws to en-
sure that the stress–strain behavior and failure 
mechanisms observed in the reduced-scale speci-
mens accurately represent those expected at full 
scale. Moreover, validation through comparison 
between the experimental and numerical results 
confirmed the reliability of the adopted scaling 
approach, as the observed deviations were within 
acceptable engineering limits. 

In the experimental setup, the beam section 
used was IPE400, fabricated from S460 steel, 
whereas the column section was RHS 300 × 300 
× 12.5 mm, made of S355 steel. The structural be-
havior of the model was evaluated through both 
the push-over curve and the hysteresis response. 
In the numerical simulation using ABAQUS, the 
modeling process was carried out in several stages.

Figure 1. Common DSCFT cross section configurations (a) Square, (b) Circular
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In the first stage, all components of the labo-
ratory specimen were constructed according to 
the geometric specifications reported by Vulcu et 
al. [26]. In the second stage, the material proper-
ties identified in the experimental work of Vulcu 
et al. were defined and assigned to the respective 
components. A bilinear material model was ad-
opted to simulate the behavior of steel, while the 
concrete damaged plasticity (CDP) model was 
implemented to represent both the elastic and 
plastic responses of concrete.

In the third stage, the individual components 
were assembled to form the complete model. 
In the fourth stage, the analysis procedure was 
specified, where a general static analysis was em-
ployed. Due to the computational cost and com-
plexity associated with dynamic analysis, nonlin-
ear static (push-over) analysis was utilized as a 
practical and sufficiently accurate alternative for 
predicting structural behavior.

In the fifth stage, the interactions between 
components were defined. A tie constraint was 
applied to simulate the welded connections be-
tween steel elements, assuming full bonding. In 
the sixth stage, the boundary conditions and cy-
clic loading protocol for the numerical models 
in this study were defined to exactly match the 
boundary conditions of the experimental speci-
men used for validating the numerical modeling 
within the same study. 

In the seventh stage, In the finite element 
modeling performed using Abaqus software, 
meshing parameters were standardized across all 
components, with solid elements of type C3D8R 

(8-node linear brick with reduced integration and 
hourglass control) used for both concrete and 
steel parts, and a uniform mesh size of 50 mm 
adopted to ensure compatibility between adjacent 
components while maintaining a balance between 
computational efficiency and accuracy in captur-
ing nonlinear responses. Finally, after completing 
the analysis, the hysteresis response of the numer-
ical model was extracted for comparison with the 
experimental results. A mesh sensitivity analysis 
was conducted to determine the appropriate mesh 
size, where there are no significant changes in re-
sults with a smaller mesh. Mesh sizes of 50 mm, 
45 mm, 40 mm, and 35 mm were examined for 
the specimens to find the suitable size. The model 
with a 50 mm mesh size is considered appropri-
ate, because it reduces analysis time compared to 
other sizes and provides the results close to ex-
perimental findings. It should be noted that for the 
convergence of the analysis, the L2 norm for both 
force and displacement control is assumed to be 
equal to 0.005.

As illustrated in Figure 3, the developed finite 
element model shows strong agreement with the 
experimental observations for both the push-over 
and hysteresis responses, thereby confirming the 
accuracy, validity, and reliability of the adopted 
modeling methodology.

As it was shown in Figure 3, the ultimate 
strength of the numerical model and the labo-
ratory specimen in hysteresis analysis is about 
600 kNm and 580 kNm, respectively, which is 
about 3% different. Also, the ultimate strength of 
the numerical model and the laboratory specimen 

Figure 2. Experimental configuration: (a) schematic illustration; (b) laboratory test setup adapted
from Vulcu et al. [26]
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in pushover analysis is about (585 and 560) kN.m, 
respectively, which is about 5% different. In ad-
dition, in all models, the difference in initial stiff-
ness is negligible. Therefore, it can be said that 
the numerical model results agree well with the 
laboratory results.

BASIC ASSUMPTIONS AND NUMERICAL 
MODELS 

The primary objective of this study was to 
investigate the behavior of welded connections 
between steel beams and composite DSCFT col-
umns. A total of 11 numerical models, classified 
into three groups as summarized in Table 1, were 
developed and analyzed. 

In Table 1, the Specimen Label column pres-
ents the designated names for each numerical 

model. The letter G is derived from the word 
Group, and V from Void. The abbreviation Fc 
represents the concrete strength, while IS taken 
from Inner Skin.

The geometric details of the specimens, in-
cluding the connection configuration, are illus-
trated in Figure 4. In all models, the beam cross-
section is IPE400, and the outer steel tube of the 
DSCFT column has a square of 250 mm.

The steel components used in all numerical 
models were assigned the mechanical properties 
of ST37 steel, as detailed in Table 2. 

In addition to the elastic and plastic char-
acteristics, the Ductile Damage criterion was 
applied to the steel material to simulate dam-
age accumulation under cyclic loading. This 
approach is supported by the previous studies 
that emphasize the importance of capturing 
stiffness degradation and strength reduction in 

Figure 3. Comparison of numerical and experimental results: (a) Push-over analysis, (b) Hysteresis analysis 

Table 1. Characteristics of the numerical models 

Group Specimen 
label

Void 
(%) Fc Steel 

materials Outer skin Beam External 
diagram Inner skin

1

G01-V10% 10 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G01-V25% 25 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G01-V50% 50 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G01-V100% 100 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) No

2

G02-Fc20 25 20 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G02-Fc30 25 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G02-Fc50 25 50 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G02-Fc70 25 70 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

3

G03-IS5 25 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (5 mm)

G03-IS10 25 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (10 mm)

G03-IS15 25 30 ST37 BO × 250 × 250 × 10 IPE 400 Yes (10 mm) Yes (15 mm)
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ductile steel components subjected to repeated 
loading cycles [27–31].

The use of the Ductile Damage model is par-
ticularly relevant for the welded beam-to-column 
connections in double-layer DSCFT composite 
systems, which exhibit strength degradation and 
pinching behavior in their hysteresis response 
under cyclic loading. This modeling approach al-
lows for a more accurate prediction of structural 
performance, especially in the scenarios involv-
ing seismic or fatigue loading conditions.

For the concrete material, the CDP model was 
adopted to simulate both the elastic and inelas-
tic behavior of concrete under static and cyclic 

loading. This model has been widely validated 
and recommended for use in finite element analy-
sis of concrete structures, especially for capturing 
tensile cracking, compressive crushing, and stiff-
ness degradation under cyclic loads [32, 33]. The 
dilation angle for the model was set at (56°) [6]. 
This angle is obtained due to a change in volu-
metric strain resulting from plastic shearing and 
depends on the internal friction angle. Table 3 
represents the details of concrete properties and 
(CDP) parameters used in the Abaqus program.

Figure 5 illustrates the definition of bending 
moment and rotation used in this study. The bend-
ing moment was calculated as the product of the 
applied lateral force at the beam tip and the hori-
zontal distance to the centerline of the column. 
Correspondingly, the rotation was determined as 
the ratio between the measured lateral displace-
ment at the beam tip and the same reference dis-
tance to the column centerline.

The cyclic loading protocol applied to all nu-
merical models is shown in Figure 3. This loading 
was defined in accordance with the ANSI/AISC 
341 standard [34], which is widely accepted for 
evaluating the seismic performance of structural 
components under repeated load reversals.

The chosen ranges for void percentage (10–
100%), compressive strength of concrete (20–70 
MPa), and inner steel skin thickness (5–15 mm) 
were selected based on a combination of experi-
mental references [26] and practical consider-
ations for real-world column sizes. The selected 
values represent typical geometric and material 
properties observed in medium- to large-scale 
composite columns. Specifically:

Figure 4. Geometric characteristics and details of 
numerical models in this research

Table 2. Mechanical specification of ST37 steel
Elongation (%)Ultimate stress (MPa)Yield stress (MPa)Poisson ratioE (GPa)Density (kg/m3)

443702400.32007800

Table 3. Concrete peoperties and CDP parameters

Concrete properties

Youngʼs modulus (E) 23.5 GPa

Poissionʼs ratio (υ) 0.2

Specific weight (SG) 2400 Kg/m3

CDP parameters

Dilation angle (ψ) 56°

Eccentricity (e) 0.1

fb0/fc0 1.16

The second stress invariant/tensile meridian (K) 0.667

Viscosity parameter (μ) 0.001
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Voids (10–100%): This range covers from 
nearly solid infill to fully hollow sections, allow-
ing the study of different filler efficiencies while 
reflecting realistic variations in lightweight infill 
proportions used in practice.

Concrete strength (20–70 MPa): The range 
corresponds to normal to high-performance con-
crete commonly employed in structural columns, 
ensuring that the simulated columns cover the 
practical strength levels for design purposes.

Inner skin thickness (5–15 mm): These values 
represent typical internal steel tube thicknesses 
for composite columns of squares around 250–
300 mm, as used in the experimental reference 
[26], providing both structural feasibility and re-
alistic interaction with the concrete infill.

This justification ensures that the numerical 
models are not only parametric studies but also 
meaningful for practical design applications.

RESULTS INTERPRETATION 			
AND DISCUSSION 

Investigation of the effect of the void 
percentage in the middle of the column 
section

The percentage of void in the central core 
of the column is considered one of the key pa-
rameters influencing the seismic performance 
of double-layer composite columns (DSCFT). 
To evaluate the effect of this parameter, the first 
group of numerical models was specifically de-
signed and analyzed.

As it was shown in Table 1, the selected 
reference models incorporate varying void ra-
tios in the inner core of the column, including 
10%, 25%, 50%, and 100%. These percentages 
were chosen to assess the influence of different 
levels of void on the structural response under 
cyclic loading.

Figure 6 illustrates the stress distribu-
tion and damage contours for the first group 
of DSCFT column models, highlighting the 
formation of plastic hinges and initial crack 
propagation zones. It also presents the stress 
contours and the locations of plastic strain con-
centration, which further clarify the influence 
of void ratio on stress distribution and failure 
mechanisms. The red areas in the figure repre-
sent the regions where plastic deformation and 
damage initiation occur.

As it was observed, in all models, the plas-
tic hinge primarily forms in the beam rather than 
in the column, which is considered a desirable 
failure mechanism in seismic design. In the G01-
V10% model, damage is concentrated at the up-
per flange of the beam near the beam-to-column 
junction. In the G01-V50% model, damage shifts 
further along the beam length, appearing below 
the mid-height of the section. In the G01-V100% 
model, plastic deformation predominantly occurs 
in the beam flange.

These results indicate that increasing the void 
ratio in the central region of the column leads to 
a progressive shift in the failure mechanism from 
tensile yielding near the top of the beam to com-
pressive-induced buckling near the lower beam 
flange. In other words, as the void percentage 

Figure 5. (a) Definition of bending and rotational anchor for beam-to-column connection assembly,
(b) Loading protocol
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Figure 6. Von Mises stress distribution, plastic hinge location, hysteresis curves, and torque
for connection configurations: (a) G01-V10%, (b) G01-V25%, (c) G01-V50%, (d) G01-V100%
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increases, the column transitions from a tensile 
yielding response to a compressive buckling be-
havior at the beam-column interface.

Given that the most favorable failure mode 
in steel beam-to-column connections is cross-
sectional yielding under tensile forces, these 
findings suggest that employing double-skin 
composite columns (DSCFT) enhances the seis-
mic performance by promoting ductile failure 
mechanisms. Thus, controlling the void ratio 
within the column core plays a critical role in 
optimizing the seismic behavior of such com-
posite systems.

Figure 7 presents the maximum tolerable 
moment for the first group of models, where the 
beam is connected to the two-layer composite 
DSCFT column. These maximum moment val-
ues were derived from the hysteresis diagrams 
of the numerical models. As it was shown in 
Figure 7, the highest moment corresponds to 
the G01-V10% model, while the lowest is as-
sociated with the reference model G01-V100%. 
Notably, all models featuring the double-skin 
DSCFT column cross-section exhibited higher 
maximum moment capacities compared to the 
reference model.

Figure 7. Maximum tolerable moment by beam to the DSCFT column in the first group

Figure 8. Cumulative dissipated energy for the first group
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Another crucial factor in assessing seismic 
performance is the energy dissipation capacity. 
The structures with greater energy dissipation 
capability tend to demonstrate improved be-
havior during seismic events, enhancing over-
all resilience.

Figure 8 shows the cumulative energy dissi-
pation results for the first group, which were cal-
culated from as the area enclosed by the hysteresis 
loops for each loading cycle, which is equivalent 
to integrating the load–displacement curve over 
each cycle. This method allows for an accurate 
estimation of the energy dissipated during cyclic 
loading. The highest cumulative energy dissipa-
tion was observed in the G01-V10% model, while 
the lowest was recorded for the reference model 
(G01-V100%). The cumulative energy values 
for the G01-V25% and G01-V50% models are 
nearly identical. Overall, the results indicate that 
the use of double-skin composite (DSCFT) col-
umns enhances energy dissipation across all mod-
els. However, increasing the percentage of voids 
within the column core reduces the amount of dis-
sipated energy.

Investigation of the effect 			 
of concrete strength

One of the key factors influencing the seismic 
behavior of structures is the concrete strength. 
Since this factor has not been extensively stud-
ied in previous research, the present study in-
vestigated the effect of concrete strength on 
the behavior of double-skin composite DSCFT 
columns. For this purpose, the second group of 
models, detailed in Table 1, was analyzed and 
their results compared.

To identify the damage locations in the con-
nection and assess seismic behavior, stress con-
tours (S-contours) and time-period diagrams were 
utilized for the numerical models of the second 
group, as shown in Figure 9.

According to Figure 9, the reference model 
(G01-V100%) exhibits high stress concentration 
around most of the column area, indicating that 
the plastic hinge has shifted from the beam to the 
column, with maximum tension observed at the 
beam-column connection. Moreover, as concrete 
strength increases, the area subjected to maxi-
mum stress within the column decreases. There-
fore, it can be concluded that increasing concrete 
strength in DSCFT sections enhances column 

stiffness, resulting in reduced stress and conse-
quently less damage in the column.

In Figure 10, the maximum tolerable moment 
is shown by connecting the beam to the two-layer 
composite column DSCFT for the second group. 
As in the previous group, the maximum moment 
values are obtained from the hysteresis diagram 
of numerical models.

According to Figure 10, the lowest tolerable 
moment is related to the reference model (G01-
V100%) and the highest tolerable moment is re-
lated to the G02-Fc70 model in which the concrete 
with a strength of 70 MPa is used. In which the 
cross-section of the composite column of the two 
skins is used, it can be concluded that increasing 
the strength of concrete has no significant effect 
on the maximum tolerable moment by connecting 
the beam to the column.

Figure 11 presents the cumulative dissipat-
ed energy diagram used to assess the effect of 
concrete strength on the seismic behavior of the 
beam-to-double-skin composite column con-
nection. As illustrated, the lowest cumulative 
dissipated energy corresponds to the reference 
model (G01-V100%), while the highest is ob-
served in the G02-Fc70 model. Moreover, the 
results indicate that increasing concrete strength 
leads to a corresponding increase in cumulative 
dissipated energy.

Investigation of the effect of			    
inner skin thickness

Another important factor influencing the 
seismic behavior of steel beam connections to 
double-skin composite columns is the thickness 
of the inner steel tube. To investigate this effect, 
the models listed in Table 1 were developed and 
analyzed using the Abaqus software.

Figure 12 presents the stress distribution, lo-
cations of plastic hinge formation, and the mo-
ment-rotation hysteresis curves for these mod-
els. In the reference model (G01-V100%), the 
majority of the plastic deformation concentrates 
around the column, indicating a shift of the plas-
tic hinge from the beam to the column. However, 
as the thickness of the inner skin increases, a 
larger portion of the plastic deformation occurs 
within the beam itself. This behavior suggests 
that increasing the inner skin thickness enhances 
the stiffness of the column, thereby promoting 
the formation of plastic hinges in the beam rather 
than in the column.
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Figure 9. A picture of the von Mises stress distribution, and the formation location of the plastic hinge hysteresis 
curves and rotation torque for connection configurations: (a) G01-V100% – reference, (b) G02-Fc20, (c) G02-

Fc30, (d) G02-Fc50, (e) G02-Fc70
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These findings highlight the critical role of in-
ner skin thickness in controlling the failure mech-
anism and improving the seismic performance of 
double-skin composite columns.

On the basis of the hysteresis diagram shown 
in Figure 12, the maximum moment capacity 
when connecting the beam to the column is de-
termined, as illustrated in Figure 13. According 
to Figure 13, the numerical model G03-IS15 has 
the highest tolerable moment, while the reference 
model (G01-V100%) has the lowest tolerable 

moment. In other words, by increasing the thick-
ness of the inner skin from 5 to 15 mm, the maxi-
mum tolerable moment value increased from 
506.978 to 520.892 kN.m.

Figure 14 shows the graph of cumulative 
dissipated energy in each cycle for the numeri-
cal models. Interestingly, the cumulative dissi-
pated energy in the final cycles is highest for the 
model with an inner skin thickness of 5 mm and 
lowest for the reference model. This indicates 
that the thinner inner skin (5 mm) provides 

Figure 10. Maximum tolerable moment by connecting the beam to the composite column of two skins
for the second group

Figure 11. The effect of concrete strength on the energy dissipated by connecting the beam
to the composite column of two skins
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Figure 12. A picture of the von Mises stress distribution, and the formation location
of the plastic hinge hysteresis curves and the rotation torque for connection configurations:

(a) G01-V100%, (b) G03-IS5, (c) G03-IS10, (d) G03-IS15

higher ductility, whereas increasing the thick-
ness enhances moment capacity. Therefore, se-
lecting the inner skin thickness involves a bal-
ance between maximizing energy dissipation 

and achieving higher moment resistance. This 
clarification has been added to better highlight 
the relationship between inner skin thickness, 
ductility, and seismic performance.
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CONCLUSIONS

One of the types of connections is the con-
nection of the beam to the DSCFT column. The 
main purpose of this study was to investigate the 
factors affecting the seismic behavior of the con-
nection of the beam to the DSCFT column. The 
parameters studied in this study are the percent-
age of void in the middle of the column section, 
the compressive strength of the concrete, and the 
thickness of the inner skin. Three numerical mod-
el groups have been analyzed. The results of this 
research are summarized as follows.
1.	With the increase in the void percentage, the 

rupture mode has changed from the state of 

cross-section flow due to tensile force to the 
buckling state of the section due to compressive 
force. Because the best rupture mode for con-
necting the beam to the DSCFT column is flow 
due to tensile force, because it will increase 
energy dissipation, and also the worst rupture 
mode is buckling due to compressive force, 
so it can be concluded that the use of DSCFT 
cross-section to normal sections, will improve 
the performance of fittings in steel structures.

2.	By increasing the percentage of the void in the 
middle of the column from 10 to 100%, the 
maximum tolerable moment has decreased from 
519.49 to 354.64 kN.m. Also, the cumulative 
dissipated energy has been drastically reduced.

Figure 13. Maximum tolerable moment value for group III numerical models

Figure 14. Cumulative dissipated energy for Group III numerical models
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3.	Increasing the strength of concrete from 20 
to 70 MPa has increased the maximum toler-
able moment from 507.698 to 524.24 kN.m. 
Also, by increasing the strength of concrete, 
the cumulative energy of connecting the beam 
to the column has increased. In other words, 
according to the results of this study, it seems 
that the concrete in the DSCFT column has 
more role in preventing buckling. It is intol-
erable, but it has improved the accumulated 
spent energy.

4.	In the reference model (G01-V100%), most of 
the area around the column has been stressed, 
which indicates that the plastic connection is 
being transferred from the beam to the col-
umn. By increasing the strength of concrete 
from 20 to 70 MPa, less part of the column is 
under stress, and more in the life of the beam 
and near the connection, the maximum stress 
is observed. 

5.	By increasing the thickness of the inner skin 
from 5 to 15 mm, the maximum tolerable mo-
ment has increased from 506.978 to 520.892 
kN.m. Therefore, according to the results of 
this study, it is recommended that the thick-
ness of the inner skin should be about 5 to 
10 mm in the connection of the beam to the 
DSCFT column.

6.	Increasing the thickness of the inner skin will 
have a great impact on the formation of plas-
tic hinges in the beam, because it will increase 
the stiffness of the column. Also, increasing 
the thickness of the inner skin has caused a de-
crease in the cumulative dissipated energy in 
the final cycles and a decrease in the ductility 
of the beam-column connection.

Practical recommendations based on the 
study results:
	• Void percentage in column core (~10%): 

Maintaining a low void ratio enhances the mo-
ment capacity and energy dissipation of a col-
umn, and promotes the formation of desirable 
plastic hinges in the beam, thereby improving 
seismic performance.

	• Concrete compressive strength: Increasing 
concrete strength improves column stiffness, 
reduces high-stress regions, and enhances cu-
mulative energy dissipation, resulting in supe-
rior seismic performance.

	• Inner steel skin thickness: Increasing the in-
ner skin thickness from 5 to 15 mm enhanc-
es column stiffness and maximum moment 

capacity, while thinner inner skins (5–10 
mm) provide greater ductility during later 
loading cycles.

	• Use of DSCFT: These columns promote ductile 
failure mechanisms and significantly increase 
energy dissipation capacity, making them ef-
fective for improving seismic resistance.

	• Design optimization: Combining a low void 
ratio (~10%), high-strength concrete (≥50 
MPa), and moderate inner steel thickness 
(5–10 mm) provides optimal seismic perfor-
mance and efficient energy absorption.

	• Structural applications: The DSCFT column 
system is well-suited for use in seismically ac-
tive regions, offering enhanced ductility, lat-
eral stability, and delayed local buckling.

	• Construction feasibility: Double-skin systems 
reduce the overall structural weight while 
maintaining strength, making them practical 
for high-rise buildings and bridge columns.

Future work:
	• Experimentally validate full-scale DSCFT 

beam–column connections under cyclic and 
dynamic loads.

	• Investigate the influence of welding methods 
and connection details on local stress transfer.

	• Explore the long-term performance and fa-
tigue behavior under repeated seismic actions.

	• Extend the analysis to multi-story frames 
to assess the global seismic performance of 
DSCFT-integrated systems.
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