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Abstract
Over the past decade, the market for cold-formed steel (CFS) systems has significantly expanded, 
especially for the construction of low to mid-rise buildings. CFS moment-resisting frame systems 
have become popular even in seismic-prone regions, mainly for single-storey portal-framed 
buildings of industrial use. However, their application in multi-storey structures is still limited by 
the behaviour of the beam-to-column joints, which are prone to premature local buckling failure of 
the connected elements. This study aimed to develop a more practical type of moment-resisting 
CFS joint, which is fast and easy to assemble, while providing satisfactory seismic performance. In 
the proposed connection system, the beam and column elements are built-up from CFS channels 
and their webs are bolted to a web through-plate. In a first step, the seismic moment-rotation 
behaviour of CFS beam-column joints with various configurations was investigated. Detailed 
FE models were developed in ABAQUS, taking into account material nonlinearity and geometric 
imperfections, which were validated against available experimental data. The validated FE 
models were subsequently used to perform monotonic and cyclic analyses of CFS bolted joints 
with different beam slenderness values, and various web through-plate shapes and slenderness 
values. The moment-rotation behaviour of the studied joints was then evaluated in terms of its 
seismic characteristics, including bending moment capacity, rotational stiffness, ductility, energy 
dissipation capacity and damping coefficient. Finally, following comparison of the results, more 
structurally efficient CFS bolted joints suitable for multi-storey moment-resisting frame systems 
in earthquake regions were proposed.
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1 Introduction

Cold-formed steel (CFS) systems have become a popular option in the construction 
industry, offering tangible benefits, such as low material use, speedy erection, high 
strength-to-weight ratios and durability. CFS moment-resistant frame systems are 
currently seeing an uptake even in seismic-prone regions, mainly for single-storey, 
industrial-use portal frame buildings. However, their application in multi-storey struc-
tures is still mainly limited by the behaviour of the beam-to-column joints, which are 
prone to premature buckling failure of the connecting plate elements. These joints gen-
erally include a bolted gusset plate, which connects the beam and column webs. 
Although limited research has been conducted so far on this type of connections, pre-
liminary indications point to potentially satisfactory use in seismic applications. Experi-
ments under monotonic loading, conducted by Chung and Lau [1] and Wong and Chung 
[2], have demonstrated that through-plate connections can be used in CFS moment-
resisting frames, reaching a bending moment resistance equal to 42-84 % of the beam 
capacity. However, experiments on portal frame joints, conducted by Lim and Nethercot 
[3] and Dubina et al. [4] showed premature local buckling of the beam web, which led 
to a rapid drop in the frame capacity. In experimental and analytical work conducted by 
Mojtabaei et al. [5], a CFS portal frame was shown to be able to achieve 4 % inter-storey 
drift, thus classifying as a Special Moment Frame (SMF), as per AISC 314-16 [6]. Sab-
bagh [7] and Sabbagh et al. [8,9] also studied the structural performance of CFS beam-
column joint assemblies under cyclic loading. The results of their studies showed that 
using curved flanges and additional vertical stiffeners can improve the bending mo-
ment capacity and ductility of the joints by 35 % and 75 %, respectively. According to the 
rotational rigidity, they classified their tested connections as either semi-rigid or rigid 
according to EC3 [10]. 
The present study aimed to develop a new type of CFS moment-resisting joint that 
provides improved seismic performance, while being fast and easy to assemble and in-
stall. The proposed connection system comprises back-to-back channel beam and col-
umn elements, connected through a bolted gusset plate passing between their webs. 
Various joint configurations were numerically investigated and, based on their moment-
rotation behaviour, the best design solution was determined. For this purpose, detailed 
FE models were developed in ABAQUS, allowing for material nonlinearities and geo-
metric imperfections. After validation against experimental results, parametric studies 
of the behaviour of joints with different web through-plate geometries and thicknesses 
and various beam web slenderness ratios were conducted. Their seismic characteristics 
were evaluated under monotonic and cyclic loading in terms of bending moment capac-
ity, rotational stiffness, ductility, energy dissipation capacity and damping coefficient. 
Drawing on the conclusions, more efficient CFS bolted joints were proposed for use in 
multi-storey moment-resisting frames in earthquake regions.
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2 Numerical model and validation

A detailed FE model was developed in ABAQUS [11] and validated against experiments 
A1 and B1, reported by Sabbagh in [7]. The test set-up comprised a cantilever beam, 
connected to a column stub, as shown in Figure 1. The general purpose S4R element 
was used, which has previously been proven to accurately capture the flexural response 
of CFS assemblies [5,12–16]. Following a mesh sensitivity analysis, a mesh size of 10 
× 10 mm was adopted, balancing high numerical accuracy against manageable compu-
tational demands. 

Figure 1. FE model 

The beam and column consisted of two CFS channel sections, whose webs were con-
nected back-to-back through a bolted gusset plate. The beam flanges were curved, as 
shown in Fig. 1. A cross-section with substantial thickness (10 mm) was chosen for the 
column, so it would remain elastic throughout the whole loading range. Stiffeners were 
rigidly connected to the column and the beam ends, to prevent local buckling at those 
locations. The beam was also laterally restrained at several locations against out-of-
plane deformation. The loading was applied as a vertical displacement at a reference 
point, placed at the centroid of the beam end section. In the cyclic analyses, the loading 
protocol prescribed by AISC 341-16 [17], shown in Figure 2, was adopted. The nonlin-
ear material properties were used in the model, with fy = 313 MPa and fu = 479 MPa 
for the beam and fy = 308 MPa and fu = 474 MPa for the gusset plate; initial geometric 
imperfections were generated through an elastic eigenvalue buckling analysis. The bolt 
behaviour was modelled with discrete fasteners, which use attachment lines between 
the connected surfaces. Around the fastening points, an influence radius of 8 mm was 
defined, equal to half the bolt diameter. The connectors between the gusset plate and 
the column were set to behave rigidly, whereas for the connectors connecting the gus-
set plate and the beam, friction and bearing behaviour were defined.
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Figure 2. Cyclic loading protocol, adopted from AISC 341-16

The Static General Analysis option provided by ABAQUS was employed and the analyses 
were carried out using the High-Performance Computing (HPC) facilities at the Univer-
sity of Sheffield. Fig. 3 compares the FE model output to the experimental data for the 
CFS bolted connection tested by Sabbagh et al. [7]. It shows the ratio of the applied 
bending moment over the plastic moment of the CFS beam (M/MP) versus the rota-
tions, as obtained from the experiment and the detailed FE model under both cyclic and 
monotonic loading conditions. The rotation of the connection was determined as the 
ratio of beam tip displacement to the length of the beam up to the edge of the gusset 
plate. In general, it is seen that the FE model was able to simulate the behaviour of the 
connection with good accuracy over the whole loading range.

Figure 3. Comparison between test results and FE analyses of a CFS connection
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3 Performance under monotonic loading

The previously validated numerical model was used to study different CFS beam-col-
umn joint configurations, shown in Figure 4, deemed suitable for multi-storey moment-
resisting CFS frames. Based on the shape of the through-plate, three groups of models 
were considered, namely: Group A, where the through-plate was T-shaped; Group B, 
where the through-plate had rounded corners, and Group C, where the through-plate 
was approximately triangular (Figure 4). The column thickness remained at 10 mm in 
all analyses, while the beam thickness (tb) was varied between 1, 2, 4 and 6 mm. The 
gusset plate thickness (tg) was a multiple of the beam thickness, and equal to (1.5 × tb) 
or (2.0 × tb). 
The efficiency of the design solutions was evaluated based on the bending moment 
capacity, ultimate rotation and rotational stiffness, derived from the moment-rotation 
responses. The (Mmax/MRb) ratio was calculated, where (Mmax) stands for the maximum 
bending moment capacity of the connection and (MRb) represents the bending moment 
capacity of the beam cross-section, both calculated using FE models. The beam cross-
section classes were calculated to be Class 4 for (tb = 1 mm), Class 3 for (tb = 2 mm), 
Class 2 for (tb = 4 mm), and Class 1 for (tb = 6 mm), in accordance with Eurocode 3 [18].

Figure 4. Beam-column joint geometry

The joints were also classified based on the criteria of AISC 341-16 [17] for seismic 
applications. This standard imposes various design and detailing requirements for 
structural members and connections in moment-resisting frames, related to their in-
elastic deformation capacity. It distinguishes between three categories: Special Mo-
ment Frames (SMF), with a minimum storey drift angle (θ = 0.04 rad), Intermediate Mo-
ment Frames (IMF), with storey drift angles (0.02 ≤ θ < 0.04 rad), and Ordinary Moment 
Frames (OMF), with (θ < 0.02 rad). 
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In addition, a classification of the joints based on the provisions of EN 1993-1-8 [10] 
was carried out, where three classes are considered according to defined limits of the 
initial stiffness (Sj,ini): Rigid (R), Semi-rigid (S-R) and Pinned (P). The initial stiffness was 
calculated as the secant slope of the moment-rotation curve at a value of 2/3 × Mj,R, 
where (Mj,R) is the bending moment capacity of the joint. A joint classifies as Rigid if 
the initial stiffness (Sj,ini ≥ kb×E×Ib/Lb), where kb = 25 for cases where there is no brac-
ing system. (E) stands for the elastic modulus, (Ib) is the second moment of area of the 
beam and (Lb) represents the span length between the column centre lines. If the initial 
stiffness (Sj,ini ≤ 0.5×E×Ib/Lb), the joint classifies as Pinned. For the intermediate values 
the joint is considered to be Semi-rigid. 
Figure 5 depicts the moment-rotation curves of the Group A, B and C joints, for beam 
thicknesses (tb) of 1, 2, 4 and 6 mm and gusset plate thicknesses (tg = 1.5 × tb) and (tg = 
2 × tb). Table 1 summarises the (Mmax/MRb) ratios, along with the AISC 341-16 and EN 
1993-1-8 classes. Group A joints developed the lowest bending moment resistance, 
with the (Mmax/MRb) ratio not exceeding 0.33. On the other hand, Group B and C joints 
reached similar bending moment capacities for a gusset plate thickness (tg = 2 × tb). For 
(tb = 1 mm) the (Mmax/MRb) ratio was 0.67, whereas for (tb = 2 mm to tb = 6 mm) this ratio 
achieved values between 0.80 to 0.90. 
All joints with beam thicknesses (tb = 4 mm and tb = 6 mm) exceeded rotations of 0.04 rad, 
classifying as SMFs. Joints in Group C with beam thicknesses (tb = 1 mm and tb = 2 mm) 
reached ultimate rotations greater than 0.02 rad, qualifying as IMFs, whereas Group A and 
B joints, for the same beam thicknesses, qualified predominantly as OMFs. Group A and 
B joints also classified as Semi-rigid for all beam and gusset plate thicknesses, whereas 
Group C joints exhibited Rigid behaviour for beam thicknesses (tb = 1 mm and tb = 2 mm), 
and Semi-rigid behaviour for beam thicknesses (tb = 4 mm and tb = 6 mm).

Figure 5.  Moment-rotation curves of joints with beam thicknesses tb: a) 1 mm, b) 2 mm, c) 4 mm, d) 6 mm
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Table 1. Moment capacity ratios and joint classification per AISC 341-16 and EN 1993-1-8

4 Performance under cyclic loading

Among the three joint groups A, B and C, the Group B connections with a gusset plate 
thickness of (tg = 2 × tb) were selected to further have their performance evaluated un-
der cyclic loading. Based on the monotonic responses, they performed well in terms of 
bending moment capacity, ultimate rotation, and rotational stiffness, while their con-
cave shape offers more flexibility when installing the floor system. 
The various design options were evaluated with respect to their moment-rotation re-
sponse, rotational ductility, energy dissipation and equivalent damping coefficient. The 
ductility was calculated as (μφ = φu/φy), where (φu) is the ultimate rotation and (φy) is the 
rotation at yield. The ultimate rotation (φu) was taken as the minimum of the rotation 
corresponding to a 20 % drop from the maximum moment (Mmax) or 0.06 rad, as speci-
fied by FEMA 350 [19]. The rotation at yield (φy) was determined from a bilinear ap-
proximation of the backbone curve, based on the recommendations of FEMA 356 [20]. 
The dissipated energy is the total area contributed by all cycles in the moment-rotation 
curve, up to the ultimate point. Finally, the equivalent damping coefficient expresses 
the loss of energy per cycle, and for any cycle, it is calculated by equating the dissipated 
energy in the hysteresis loop with the energy dissipated in viscous damping [21]. In this 
study, the cycles of primary interest corresponded to the maximum moment and the 
ultimate point, respectively.

Beam 
thickness

tb

Plate 
thickness

tg

Group A Group B Group C

AISC 
Class

EC3 
Class

AISC 
Class

EC3 
Class

AISC 
Class

EC3 
Class

1 mm
1.5×tb 0.18 OMF S-R 0.63 OMF S-R 0.66 IMF R

2×tb 0.30 OMF S-R 0.67 IMF S-R 0.67 IMF R

2 mm
1.5×tb 0.20 OMF S-R 0.62 OMF S-R 0.78 IMF R

2×tb 0.31 IMF S-R 0.79 IMF S-R 0.79 IMF R

4 mm
1.5×tb 0.20 SMF S-R 0.60 SMF S-R 0.82 SMF S-R

2×tb 0.29 SMF S-R 0.82 SMF S-R 0.82 SMF R

6 mm
1.5×tb 0.22 SMF S-R 0.64 SMF S-R 0.90 SMF S-R

2×tb 0.33 SMF S-R 0.89 SMF S-R 0.91 SMF S-R
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Figure 6.  Moment-rotation curves of Group B joints with beam thicknesses tb of a) 1 mm, b) 2 mm, c) 4 mm 
and d) 6 mm and a gusset plate thickness of 2×tb

Figure 6 presents the cyclic moment-rotation curves of the Group B joints with beam 
thicknesses (tb) of 1, 2, 4 and 6 mm and gusset plate thicknesses (tg = 2 × tb), alongside 
the corresponding backbone curves. The joints with thicknesses (tb = 1, 2 and 4 mm) 
experienced significant plastic strength degradation after reaching their maximum mo-
ment capacity, while the joint with tb = 6 mm was the only connection undergoing plas-
tic strain hardening. As an example, Figure 7 depicts the local buckling failure mode of 
the joint with beam thickness (tb = 4 mm). 
Table 2 shows the values of the ductility, the dissipated energy and the equivalent damping 
coefficient for the studied connections. The ductility is greater than 4, except for a beam 
thickness equal to 2 mm. The dissipated energy was very low for the beams with thickness-
es (tb = 1 mm and tb = 2 mm), but increased dramatically for (tb = 4 mm and tb = 6 mm). It was 
also observed that the equivalent damping coefficients corresponding to the ultimate cycle 
were almost 60 % greater than the values corresponding to the maximum moment cycle for 
joints with beam thicknesses (tb = 2 mm and tb = 4 mm). For the beam with 1 mm thickness, 
on the other hand, the damping coefficient was roughly five times lower at the maximum 
moment cycle than in the ultimate cycle, whereas for the beam with 6 mm thickness both 
values were very similar. From the above, it can be concluded that the most suitable joints 
for seismic applications were those with beam thicknesses ≥ 4 mm.



1075SEISMIC PERFORMANCE OF STRUCTURES
1st Croatian Conference on Earthquake Engineering - 1CroCEE

Figure 7. Failure mode and von Mises stresses in a joint with beam thickness (tb = 4 mm)

Beam 
thickness

tb

Plate 
thickness

tg

Dissipated Energy 
[kJ]

Damping coefficient[kJ]

Mmax
0.8Mmax or φu = 0.06 

rad

1 mm

2×tb

4.5 1.01 8.4 % 40.2 %

2 mm 2 2.51 27.4 % 43.4 %

4 mm 4.3 28.86 21.9 % 35.1 %

6 mm 4.2 78.57 38.6 % 38.6 %

Table 2. Ductility, dissipated energy and equivalent damping coefficients

5 Conclusions

This work aimed to develop a new type of moment-resisting CFS joint, which is easy 
and fast to assemble, while providing good seismic performance. A detailed numerical 
model of a CFS beam-column joint was developed in ABAQUS, accounting for mate-
rial nonlinearities and initial geometric imperfections. The beam and column elements 
consisted of double channels, connected back-to-back through their webs, while the 
beam-column connection was made by a bolted gusset plate. The developed model was 
validated against experimental results, and further used to study the effects of various 
geometric configurations and beam and gusset plate thicknesses on the seismic perfor-
mance of the connection. A Group A of connections had T-shaped gusset plates, Group 
B had gusset plates with rounded corners, and Group C had approximately triangular 
gusset plates. The most suitable connection configuration for multi-storey moment-
resisting frames in seismic regions was deemed to be the Group B design solution with 
a beam thickness greater than 4 mm (Class 1 and 2) and a gusset plate with rounded 
corners. This connection combines high moment capacity, ductility, energy dissipation 
and equivalent damping coefficient and facilitates construction.
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