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Abstract. The concept of "carbon neutral, easy to dismantle connection" 
was introduced to meet the global demand for sustainable and environmen-
tally friendly construction. This innovative design utilizes the 3R principles: 
reduce, recycle, and reuse. This study introduces a new connection with a 
prequalified shape that can be quickly disassembled. The main feature of 
the carbon-neutral dismountable joint is that it can be easily constructed us-
ing a sliding mechanism and quickly assembled using bolts without weld-
ing. This shortens the construction time and facilitates the dismantling of 
the beam-column structure, making it highly efficient in terms of time and 
labor. In addition, this connection design efficiently distributes shear stress 
across the flanges and webs of the structure, thereby improving shear re-
sistance. This feature ensures that the integrity and strength of the connec-
tion is maintained under seismic loads without compromising internal 
strength. Notably, this connection requires less steel for construction, mak-
ing it a more economical option than traditional methods. This reduction in 
material usage is in line with the principles of sustainability and carbon neu-
trality. Extensive experimental and numerical studies have been conducted 
to verify the effectiveness of the CNDCs. This study focused on the analy-
sis of the cyclic response of the connections under seismic conditions. The 
result of this study confirmed that the connection maintained its strength 
and integrity throughout the seismic simulations. 

Keywords: Beam–Column Connection, Steel Structure, Modular Structure, 
Carbon Neutrality Design. 
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1 Introduction 

Steel structures are widely used in construction. They are known for their cost-
effectiveness, rapid construction, and sustainability [1]. While the melting and 
processing of metallurgically recyclable steel is energy and CO2 intensive [2], the 
reuse of steel in structural components can reduce environmental and economic 
costs with minimal processing, such as cutting. Steel framing allows structural 
components to be reused, bypassing the need for recycling [3]. This approach 
minimizes waste and carbon emissions through efficient prefabrication and on-site 
assembly [4-5]. Therefore, easy-to-assemble and disassemble connections further 
enhance member reuse. This promotes sustainability in construction practices. 

The Northridge (1994) and Kobe (1995) earthquakes caused the buckling of 
beam-column connections, which led to numerous studies to improve the perfor-
mance of steel moment frame connections. The SAC joint venture in the United 
States focused on validating various connection details [6-7]. 

The effectiveness of beam-column connections is critical to the seismic and 
mechanical performance of steel structures, affecting bending moments, shear 
forces, and axial load transfer [8]. Box sections are preferred in seismic regions 
due to their high biaxial flexural and torsional stiffness, ductility, and post-
buckling capacity, and are commonly used as compression members in steel 
frames [9-10]. In addition, box columns can be filled with concrete; a concrete-
filled tube (CFT) is widely used. It can increase the strength, stiffness, and fire 
resistance [11-12]. 

Extensive research has been developed on connections using box columns and 
H-beams, and various moment frame connections have been developed to transfer 
stresses from the beam flanges to the columns when loading occurs. These con-
nections are categorized based on the position of the load-transferring components 
relative to the column: 1) extending into the column or 2) surrounding the column.  

The former types, which are integrated into columns, involve modifying boxed 
steel pipes to insert diaphragms and then re-welding them. Azizinamini et al. and 
Elremaily conducted studies on connections between CFT columns and H-beams 
within rigid frames [13-14]. Mohammadi et al. introduced a concept involving a 
separated through-diaphragm with vertical plates [15-16]. Cao et al. developed a 
new type of connection that includes a bottom-through-diaphragm and a top-ring 
[17]. On the other hand, the latter type, known as external membrane type, em-
ploys horizontal and cover plates for load transfer. Shin et al. and Ghobadi identi-
fied and addressed the limitations of traditional external diaphragms, especially 
regarding weld quality, through the use of reinforced T-stub connections [18-19]. 
Zhang et al. introduced a new modular joint that utilizes field-bolted connections 
[20]. Lastly, Rezaeina et al. and Yang et al. evaluated and detailed the AISC 358-
10 certified ConXL connections [6,21,22]. 

A distinctive vertical “kink” in stress distributions and load paths has been iden-
tified in beam assemblies, particularly near columns and constrained beam webs 
[23], which is shown in Figure 1. Based on Lee et al.’s truss analogy, we propose 
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the TZcon connection module. This design uses a shear bolt connection comple-
mented by a vertical rib plate to effectively address the bending and shear forces 
near the beam flange. Unlike typical designs, the TZcon module does not directly 
connect the center of the column to the beam web. Instead, load transfer efficiency 
is improved by using a cover over the flange section. The primary stress within the 
H-beam connected to the column at the column–beam connection of the central 
part of the web shows minimal stress transfer and occurs mainly near the flange. 

  

Fig. 1. Stress contributions of boundary effects near the support of the rectangular beam. 

Based on the truss-analogy, this study proposes a connection of box columns 
and H-beams that does not constrain the center of the web. The geometry and 
mechanical properties were verified using ABAQUS software [24] to achieve the 
ideal joint and tested at full scale. Despite fabrication errors resulting in tolerance 
between the TZcon at a test at full scale, the seismic performance meets the re-
quired standards. The TZcon joint module offers various advantages, including 
rapid construction, worker safety, component reuse, improved seismic perfor-
mance, material savings, and environmental friendliness. Prefabricated in the 
shop, this module ensures precise weld quality, improves transportability to the 
site, and is smaller in volume than traditional outer diaphragm forms. The CNDC 
system can also be termed as a "Direct Reuse Circular Economy Approach", 
which can be an option to significantly reduce the embodied carbon considering 
the whole life cycle for the sustainability of construction [25-26]. 

2 Introduction of CNDC  

2.1 Specification of TZcon 

The general configuration of the CNDC connection system using the proposed 
TZcon and detail is shown in Figure 2. The general connection is a combination of 
bolted and welded connections where all components, including the TZcon and H-
beam, are prefabricated in a shop and assembled on-site using bolts. The main 
components of the TZcon consist of trapezoidal horizontal segments at the top and 
bottom flanges of the H-beam, corner segments at the top and bottom, and vertical 
segments that transfer loads to the column component located in the web. In addi-
tion, a shear tab is incorporated at the center of the column. 
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Fig. 2. Specification of TZcon connection. 

2.2 Numerical verification 

Figure 3 shows the Von Mises stress distribution at the displacement load of 4%. 
The concentration of stress is observed to be high near the flange of the beam. 
Also, by applying increasing cyclic displacement loads, stresses were generated 
near the shear tab of the columns. This is because the corner segments at the top 
and bottom transferred the moment to the shear tabs of the column.  However, this 
is a very small level of plastic area that can be ignored. Figure 4 shows the hyste-
resis curve of the FEM model. The area and stiffness of the curve for each cycle is 
ideal and show that the ductility capacity was sufficient. 

          

 

2.3 Assembly progress and details of joints 

Figure 5 shows the assembly process. In the shop, beam members are made by 
welding TZcon and H-beam, and column members are made by welding shear tab 
and box column (Fig. 5a). The members are transported from the shop to the site, 
and the two members are inserted in a vertical sliding manner and joined with four 
M24 bolts (Fig. 5b). The CNDC system, which is connected in the same way, is 
fastened with a total of 16 M27 bolts, four on each side of the corner segment of 
TZcon and eight M24 bolts on the shear tab and vertical segment of TZcon per 
welded beam (fig. 5d). As shown in Figure 6, the structural prototype includes 
alternative column positions based on the presence or absence of the beam. 

Fig. 3. Stress distribution. Fig. 4. Hysteresis response. 
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3 Experimental study 

3.1 Dimensions and material properties of specimens 

In this study, four joint specimens (CNDC-450, CNDC-500, CNDC-500R, and 
CNDC-500W) were fabricated, along with a comparative specimen (EXT-450C). 
In addition, specimens were fabricated to evaluate the performance of the CNDC 
prototypes. CNDC-500W has a beam on one side. Specimens with shear tabs on 
all four sides were fabricated except for this variation. The distance between the 
load points from the column center was 3,500 mm. The steel beam was construct-
ed using welded H-beams (SS275). To observe the moment resistance behavior of 
the joints, beams with depths of 450 mm and 500 mm were constructed based on 
the axis, and the specimens were named accordingly. For all specimens, square 

hollow sections of □-300 × 300 × 9 (SRT275) were used for the column, and the 

length of the column, including both ends with end plates, was 2,000 mm. The 
CNDC-500R specimen has an RBS cutout, and the RBS design was based on the 
work of Engelhardt et al [27]; the specifications are illustrated in Figure 7. 

 

Fig. 7. Specification of RBS section. 

To evaluate the material strengths of the box-shaped steel column, H-beam, and 
steel plate in the joints, tensile strength tests were performed on the specimens. 
The tensile tests were performed on the three specimens prepared for each exper-
imental setup, and the obtained values were averaged. Table 1 confirms that all 
specifications were satisfied for each steel grade. 

  d)  c) 

    a)  b)  

Fig. 5. Assembly process of connection. Fig. 6. TZcon alternative design for column 
positions. 
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Table 1. Material properties of steel. 

Components Thickness (mm) 
Steel 
grade 

Fy 
(MPa) 

Fu 
(MPa) 

Elong. 
(%) 

Yield 
ratio 
(%) 

Column Plate (t = 9 mm) SRT 275 392.51 481.50 20.73 81.52 
Beam, Stiff-

eners 
Plate (t = 9 mm) 

SS275 

291.80 448.55 30.82 65.05 

Beam, Dia-
phragm 

Plate (t = 18 mm) 288.37 444.18 30.86 64.92 

Shear tab Plate (t = 15 mm) 275.89 433.83 31.53 63.59 
Stiffeners Plate (t = 22 mm) 281.44 451.43 30.65 62.34 

3.3    Test setup 

Figure 8 shows an overview of the test setup. The top and bottom of the column 
were hinged to a reaction wall, and the end of the beam was subjected to an actua-
tor with a capacity of 3,000kN. To prevent out-of-plane deformation of the H-
shaped steel during loading, lateral support jigs were installed at both ends of the 
applied load, and the displacement measurements were performed using a dis-
placement gauge (wire gauge) installed under the beam at the center point. Load-
ing was applied based on the multistage seismic loading protocol of SAC 2000 
[7], and the displacement at the end of the beam was divided by the length from 
the beam end to the column center to calculate the story drift ratio (SDR) θ, as 
shown in Figure 9. Each test was terminated when the load at the beam end de-
creased by 85% of the maximum load.  

                  

 

4 Experimental results and discussion 

4.1 Test phenomena and Failure mode 

The final failure modes of the four full-size CNDC specimens are shown in Figure 
10 (b), (c), (d), and (e). A summary of the test results is presented in Table 2. 
Specimen (b) CNDC-450 is used to illustrate the main observations. The entire 

Fig. 8. Test setup diagram (unit: mm). Fig. 9. SAC 2000 cyclic loading protocol. 
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CNDC specimen failed at the weld where the plastic hinge abutted the joint and 
flange. The deformation was not prominent until θ = 0.02 rad. At θ = 0.03 rad, 
some paint peeling and bulging of the flange close to the joint were observed. At θ 
= 0.04 rad, the column face surrounded by the TZ con was buckled by the force, 
and a small crack appeared between the lower flange and the joint. At θ = 0.06 
rad, the load was reduced due to the rapid increase in the deformation of the flange 
and increased cracking along the weld, resulting in fracture through the lower 
flange at two cycles, ending the experiment. 

 

Fig. 10. Failure mode of test specimens. 

(a)EXT-450C (6% drift: Top flg.) (b) CNDC-450 (6% drift: Bot. flg.) (c) CNDC-500 (5% 
drift: Top flg.) (d) CNDC-500R (5% drift: Top flg.) (e) CNDC-500W (6% drift: Bot. flg.) 

Table 2. Summary of the test result. 

Specimens M+
max 

(kN∙M) 
M-

max 

(kN∙M) 
θ +max 

(%) 
θ -max 

(%) 
M+

max / Mn M-
max / Mn 

EXT-450C 462.4 -487.2 5.3 -5.1 0.87 0.91 

CNDC-450 566.0 -586.5 6.1 -6.1 1.06 1.1 

CNDC-500 609.6 -727.0 5.1 -5.1 1 1.19 

CNDC-500R 569.9 -655.7 5.1 -6.1 0.93 1.07 

CNDC-500W 582.9 -664.9 6.1 -6.1 0.95 1.09 

4.2 Hysteresis behaviour 

The moment–rotation curves of each specimen obtained experimentally are shown 
in Figure 11. The value of Mmax/Mn was above 0.8 at 0.04 radian for all of the 
specimens before CNDC, and all of them had a rotation angle of more than 5% 
and excellent performance. However, unlike the EXT specimen, the hysteresis 
curve was not plump but pinched inward. As listed in Table 2, the maximum mo-
ment ratio (Mmax/Mn) to the moment of plasticity is 1.19 for the CNDC-500 spec-
imen and 0.93 for the CNDC-500R specimen, with a difference of 1.1–1.23 times 
that of the EXT-450 specimen. 
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Fig. 11. Hysteresis responses for all models. 

4.3 Skeleton curve and Initial stiffness degradation curve 

Figure 12's skeleton curve shows elastic, elastic-plastic, and strength-declining 
stages. Most CNDC specimens, except EXT-450C, transition to the elastic-plastic 
stage between θ = 0.02 and 0.03 rad, shown by a slope decrease. indicating the 
joint entering the elastic–plastic stage. Despite a shorter elastic stage, CNDC spec-
imens had higher ultimate strength than the comparison specimen. Figure 13 illus-
trates the graph of stiffness degradation for loading cycles. The y-axis represents 
the ratio of the stiffness of each loading stage to the initial average stiffness (K1 = 
(K1+ + K1-)/2) expressed as the ratio of initial stiffness (Ki / K1). The x-axis corre-
sponds to the loading step. Stiffness degradation is most noticeable in the CNDC-
450 specimen, whereas the EXT-450 specimen has the highest stiffness. The 
CNDC-450 specimen exhibited an approximately 18% larger stiffness compared 
to the initial stage, and the stiffness degradation rate of the EXT-450C specimen 
was generally higher than that of the other specimens. 

            

 Fig. 13. Curve of Stiffness degradation. Fig. 12. Skeleton curve of all models. 
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4.4 Energy dissipation capacity 

Utilizing energy dissipation, which is characterized by the area enclosed within 
the hysteresis loop of each cycle in the repeated loading process, allows the energy 
dissipation capability of the joint to be identified. Overall, the dissipation capacity 
of the CNDC specimen was about 64% of that of the comparison specimen (EXT-
450) due to manufacturing errors (distance of 5–8 mm), leading to pinching phe-
nomena. Figure 14 shows that CNDC-500W has the highest total energy dissipa-
tion capacity at 77.96 kN∙M, whereas CNDC-500R has the lowest at 47.66 kN∙M, 
and it reaches failure at 0.04 radians. However, the dissipation capacity for each 
displacement in Figure 15 shows that CNDC-450 has the lowest values. 

           

 

4.5 Stress and Strain Analysis  

Figure 16 shows the strain curves of five full-scale specimens. The horizontal axis 
of the figure represents the measuring point of the gauge. CF1 and CF2 are located 
on the top left and right sides of the TZcon. BF1, BF2, BF3 and BF4 are located at 
the tops of the beam flanges, while BW1 and BW2 are the beam webs. Before θ = 
0.01, the flange and web of the jointed beam were primarily in the elastic stage, 
with only measurement point BF1 reaching the yield point. At θ = 0.02, compared 
to the EXT-450C specimen, the beam flanges generally showed more localized 
strain than the web section. After θ = 0.04, for CNDC specimens with a beam 
depth of 500 mm, stress near the joint was minimal, whereas, at a depth of 450 
mm, the stress was seemingly distributed around the joint. 

            

Fig. 15. Each stage of energy dissipation of 
joints (0.01rad – 0.05rad). 

Fig. 14. Cumulative energy dissipation 
capacity. 
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Fig. 16. Strain distributions of location. 

5 Conclusions 

In this paper, an innovative beam-column joint system using bolted modular joints 
of TZcon that can be dismantled to realize carbon neutrality is proposed, the seis-
mic performance is verified by FEM analysis and full-scale experiments are con-
ducted. The main conclusions are as follows. 

1.  The beam–column joints of the system were evaluated to realize the 
AISC/SAC seismic performance requirements; the plastic moment up to 0.04 
radian in the positive-negative moment section was more than 80% that of the 
typical exterior diaphragm. 

2.  Due to an error in the production of the test specimen, the joint separation dis-
tance was 5-8 mm, and the test was conducted in a gap condition. As a result, 
excessive pinching occurred due to the opening and closing motion between the 
joint and the column, resulting in inferior performance compared to the control 
specimen in terms of energy dissipation. 

3. The column element may have been weakly designed, which may have led to 
excessive deformation of the column or external deformation in the tensile cy-
cle during the test, which may have influenced the occurrence of pinching phe-
nomena. 

4. It was experimentally verified that the CNDC system has sufficient stiffness 
and seismic performance. In the future, further theoretical studies and im-
provement of joint details using FEM analysis are needed to solve the cause of 
the pinching phenomenon. 
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