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ABSTRACT

Cold-formed steel (CFS) sections can be designed in many configurations and, compared to hot-rolled steel
elements, can lead to more efficient and economic design solutions. While CFS moment resisting frames can be
used as an alternative to conventional CFS shear-wall systems to create more flexible space plans, their per-
formance under strong earthquakes is questionable due to the inherited low local/distortional buckling of thin-
walled CFS elements and limited ductility and energy dissipation capacity of typical CFS bolted-moment con-
nections. To address the latter issue, this paper presents a comprehensive parametric study on the structural
behaviour of CFS bolted beam-to-column connections with gusset plates under cyclic loading aiming to develop
efficient design solutions for earthquake resistant frames. To simulate the hysteretic moment-rotation behaviour
and failure modes of selected CFS connections, an experimentally validated finite element model using ABAQUS
is developed, which accounts for both nonlinear material properties and geometrical imperfections. Connection
behaviour is modelled using a connector element, simulating the mechanical characteristics of a bolt bearing
against a steel plate. The model is used to investigate the effects of bolt arrangement, cross-sectional shape,
gusset plate thickness and cross-sectional slenderness on the seismic performance of CFS connections under
cyclic loading. The results indicate that, for the same amount of material, folded flange beam sections with
diamond or circle bolt arrangements can provide up to 100% and 250% higher ductility and energy dissipation
capacity, respectively, compared to conventional flat-flange sections with square bolt arrangement. Using gusset
plates with the same or lower thickness as the CFS beam may result in a premature failure mode in the gusset
plate, which can considerably reduce the moment capacity of the connection. The proposed numerical model
and design configurations can underpin the further development and implementation of CFS bolted-moment
connections in seismic regions.

1. Introduction

vertical studs, diagonal braces and top and bottom tracks. The perfor-
mance of shear walls with different bracing systems such as straps, steel

Compared to hot-rolled steel elements, cold-formed steel (CFS) thin-
walled elements are easier to manufacture with a far greater range of
section configurations. Having a high strength to weight ratio, they are
easy to transport and erect and can lead to more efficient and economic
design solutions. However, CFS sections are more prone to local/dis-
tortional buckling due to the large width-to-thickness ratio of their thin-
walled elements. As a result, CFS cross-sections have traditionally been
employed mainly as secondary load-carrying members such as roof
purlins and wall girts. However, in the modern construction industry,
CFS members are increasingly used as primary structural elements,
especially in modular systems [1].

Conventional CFS structures usually comprise shear walls made of
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sheets, and K-bracing were evaluated experimentally on full-scale spe-
cimens under cyclic and monotonic loadings [2-4]. The results indicate
that most of the shear wall systems tested can maintain their lateral and
vertical load bearing capabilities up to the drift limits specified by most
seismic codes. However, CFS shear walls may exhibit poor ductility due
to the distortion buckling of the stud elements and the resulting rapid
decrease in their load-bearing capacity [5]. Fiorino et al. [6] conducted
shake table tests on a full-scale two-storey sheathing-braced CFS
building, where the results demonstrated the acceptable seismic lateral
resistance of these structures under seismic loads. However, monotonic
and cyclic tests on full-scale strap-braced CFS walls showed that stud
wall systems may exhibit a non-ductile seismic performance (e.g. due to
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Fig. 1. Bearing behaviour of a single bolt against steel plate used in CFS bolted-moment connection.

Fig. 2. Configuration of CFS moment resisting connections using gusset plate with (a) curved flange beam adopted from [22] and (b) folded flange beam adopted

from [23].

gusset-to-track connection failure) [6].

CFS members have also been used as primary structural elements in
low- to mid-rise multi-storey buildings [7] and CFS portal frames with
bolted-moment connections [8,9]. Experimental and numerical in-
vestigations on bolted moment connections using CFS sections in gen-
eral demonstrated their good strength and stiffness, and adequate de-
formation capacity for seismic applications [9,10]. However, the typical
CFS bolted moment connections may exhibit very low ductility and
energy dissipation capacity, especially when the width-to-thickness
ratio of the CFS elements increases [11]. This highlights the need to
develop more efficient CFS connections suitable for moment-resisting
frames in seismic regions.

The global moment-rotation behaviour of CFS bolted connections is
mainly governed by bolt distribution configuration, bolt tightening and
bearing behaviour [12,13], as presented schematically in Fig. 1. Bolt
slippage in CFS bolted connections can be avoided by appropriate
tightening. The behaviour of beam-to-column CFS bolted moment re-
sisting connections with gusset plates has been investigated experi-
mentally and numerically under monotonic and cyclic loading condi-
tions [12,14-18]. It was found that, though they usually exhibit a semi-
rigid behaviour, they can generally provide enough stiffness and mo-
ment resistance for low to medium rise moment frames [18]. In another
study, Lim et al. [9] examined experimentally the ultimate strength of
bolted moment-connections between CFS channel-sections. The tested
specimens included apex and eaves connections, and it was concluded
that the connections exhibit a semi-rigid behaviour due to bolt-hole
elongation in the thin-walled steel sheet. Analytical work by Lim et al.
[10] indicated that bolt-group sizes in CFS connections can also have a

significant impact on the bending capacity of connected sections. Based
on the above studies, it can be concluded that the ductility and energy
dissipation capacity of CFS bolted connections depend mainly on four
factors: (a) material yielding and bearing around the bolt holes; (b)
yielding lines resulting from the buckling of the CFS cross-sectional
plates; (c) bolt distribution; and (d) cross-sectional shapes of the CFS
beam elements. The effects of these factors will be investigated in this
study.

Unlike the common misconception that slender CFS structural ele-
ments are not ductile, previous studies showed that by using an ap-
propriate design CFS sections can offer significant ductility and energy
dissipation capacity even when subjected to local/distortional buckling
[19-21]. Experimental and analytical research on CFS moment resisting
frames [22] at the University of Sheffield, UK, has also demonstrated
that increasing the number of flange bends in CFS channel sections can
delay the buckling behaviour. Follow-up studies proved that the opti-
mised folded flange sections can provide up to 57% higher bending
capacity [23] and dissipate up to 60% more energy through plastic
deformations [24] compared to commercially available lipped chan-
nels. Consequently, higher strength, stiffness, and ductility can be po-
tentially developed in CFS beams with an infinite number of bends
(curved flange shown in Fig. 2(a)). Nevertheless, this type of cross-
section is hard to manufacture and difficult to connect to typical floor
systems. Considering the construction and manufacture constraints, the
curved flange can be substituted with a folded flange cross-section
(Fig. 2(b)). Both of these sections are examined in this study.

This paper aims to develop efficient design configurations for mo-
ment resisting CFS bolted beam-to-column connections to improve their
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ductility and energy dissipation capacity and therefore facilitate their
practical application in earthquake resistant frames. Detailed nonlinear
FE models are developed by taking into account material nonlinearity,
initial geometrical imperfections and bearing action which are known
to affect the accuracy of the results [24]. The models also adopt a
connector element to simulate the behaviour of a single bolt against the
CFS plate. The developed FE models are verified against experimental
results of CFS bolted connections under cyclic loading using test data by
Sabbagh et al. [12]. An extensive parametric study is then conducted to
investigate the effects of a wide range of design parameters including
cross-sectional shapes, cross-sectional slenderness, bolt configuration
and gusset plate thicknesses on the behaviour of the connections. Fi-
nally, the results are used to identify the most efficient design solutions
to considerably improve the seismic performance of CFS bolted-mo-
ment connections.

2. Finite element model

Finite Element (FE) modelling is widely used to examine the be-
haviour of CFS bolted connections with gusset plates [9,25-30]. The
results of previous studies in general demonstrate the adequacy of de-
tailed FE models to predict the behaviour of CFS connections under
monotonic [30,31] and cyclic loading [27]. This section describes the
details of the FE models developed including the model proposed for
simulating single bolt behaviour in a connection assembly. It should be
noted that the bolt slippage can significantly change the cyclic beha-
viour of the CFS bolted connections [12]. Therefore, this study deals
only with the CFS bolted moment connections without bolt slippage as
a typical connection type in CFS frame systems. More information about
FE modelling of the CFS connections with bolt slippage can be found in
[27].

2.1. Bolt modelling

Lim and Nethercot [17,31] developed a simplified bolt model
comprising of two perpendicular linear springs to model the bearing
behaviour of a single bolt, and reported good agreement with experi-
mental results of full-scale CFS joints subjected to monotonic loading.
However, the linear spring elements used are not suitable for modelling
the bearing behaviour of bolts under cyclic loads, due to nonlinearities
in the bearing plate. Sabbagh et al. [27] used the connector element in
ABAQUS [32] to model the behaviour of bolts under both monotonic
and cyclic loading and achieved good agreement with experimental
tests. Nonetheless, this approach induces stress concentrations around
the two connector nodes. This issue can be overcome if the bolt beha-
viour is modelled explicitly using solid elements and surface-to-surface
contact interactions [30,33,34]. The disadvantage of this is that it
makes the model more complex and computationally expensive for
cyclic modelling, especially when a large number of bolts is needed.
Furthermore, convergence becomes an issue in the presence of bolt
rigid body movement and slippage [34]. In this study, a simplified
connection element which is similar to the concept of “component
method” adopted by Eurocode 3 [35] is used to simulate the CFS full-
scale connection behaviour. It is anticipated that the proposed model
can provide accurate results with considerably lower computational
costs compared to the complex FE models.

The point-based “Fastener” using a two-layer fastener configuration
found in ABAQUS library [32] is employed to model individual bolts
(see Fig. 3). Each layer is connected to the CFS beam and gusset plate
using the connector element to define the interaction properties be-
tween the layers. To model the connector element, a “physical radius” r
is defined to represent the bolt shank radius and simulate the interac-
tion between the bolt and the nodes at the bolt hole perimeter. The
adopted method can accurately capture the stress concentrations
around the nodes at the bolt positions and help to simulate more ac-
curately the bearing work of the bolts. As shown in Fig. 3, each fastener
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point is connected to the CFS steel plates using a connector element that
couples the displacement and rotation of each fastener point to the
average displacement and rotation of the nearby nodes. Hence, rigid
behaviour is assigned to the local coordinate system corresponding to
the shear deformation of the bolts. Fig. 4 shows the fasteners with
connector elements modelled in a typical CFS bolted-moment connec-
tion. It should be mentioned that previous studies by D’Aniello et al.
[36,37] highlighted the importance of accounting for the non-linear
response of the bolts (e.g. due to shank necking or nut stripping) in the
modelling of preloadable bolt assemblies. However, no bolt damage
was observed in the reference experimental tests, and therefore, the
failure modes of the bolts were not considered in this study.

2.2. Geometry, boundary conditions and element types

To model the CFS connections in this study, the general-purpose
S8R element in ABAQUS [32] (8-noded quadrilateral shell element with
reduced integration) is adopted. Shell elements in general can accu-
rately capture local instabilities and have been successfully used by
researchers to model CFS connections in bending [22,27]. Following a
comprehensive mesh sensitivity study, the mesh size 20 X 20 mm is
selected to balance accuracy and computational efficiency. The
boundary conditions are defined to simulate the actual experimental
test set-up used by Sabbagh et al. [12]. The translational degrees of
freedom Uy and Uy at the top of the back-to-back channel column are
restrained, while the bottom of the column is considered to be pinned
(see Fig. 5). Since in the experiments the back-to-back channel beams
were assembled with bolts and filler plates, the web lines are tied to-
gether in the Ux, Uy and Uy directions using the “Tie” constraint in
ABAQUS [32]. The out of plane deformation of beam (in X direction) is
restrained at the location of the lateral bracing system of the test set-up
(see Fig. 5). The column stiffeners (used in the experiments to ensure
the column remains elastic) are tied to the column surfaces. While it
was previously shown that deformation of panel zone can also con-
tribute to the rotational response of bolted-moment connections
[38,39], in this study it is assumed that the panel zone remains elastic
during cyclic loading (due to the use of a thicker cross-section and
column stiffeners). This is consistent with the experimental results re-
ported by Sabbagh et al. [12]. To apply the external load, the nodes of
the beam end section are coupled to their centroid using a coupling
constraint.

2.3. Material model

The stress-strain behaviour of the CFS plate is simulated using the
constitutive model suggested by Haidarali and Nethercot [40]. The
stress-strain relationship consists of a Ramberg-Osgood equation up to
the 0.2% proof stress, followed by a straight line with a slope of E/100
(where E is the elastic modulus taken as 210 GPa). This slope is ob-
tained according to the coupon tests results reported by Sabbagh et al.
[12], as shown in Fig. 6. The ultimate strain used here is 0.08. Math-
ematically, the stress-strain model is expressed as:

=% 40002(2) for o<
E£= 5 B %02 or 0 =< 0pz
£=¢gp+ IOO(GE— 00.2)

for o> oy, 1)
where oy, is the 0.2% proof stress (gy, = 310MPa), ¢y, is the strain
corresponding to the 0.2% proof stress and n is a parameter de-
termining the roundness of the stress-strain curve. The parameter n is
taken as 10 to have the best agreement with the coupon test results.
Fig. 6 compares the stress-strain curve from the coupon tests [12] with
the material model used in this study.

Since the reference bolted-moment connection exhibited plastic
deformations with strain reversals under the applied cyclic loading, the
effect of cyclic strain hardening was taken into account in this study.
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Fig. 4. FE model of the beam-column connection with fastener definition.

The combined hardening law in ABAQUS [32] was adopted based on
the linear kinematic hardening modulus, C, determined as follows:

C= Ou — Op.2
Epl (2)

where g, is the yield stress at the zero plastic strain and o, is a yield
stress at ultimate plastic strain, g, all obtained from the monotonic
coupon test results shown in Fig. 6. The adopted method is capable to
take into account the Bauschinger effect [41,42] and has been shown to

of web (Ux=Uy=0)

> Tie: U)(=UY=UZ
¢ RP
xOL * Coupling the nodes of the end

section to the reference node
of web (UX=UY=UZ=O)

Lateral bracing in X direction

be efficient at simulating the cyclic behaviour of steel material with
isotropic/kinematic hardening [27,43].

2.4. Imperfections

An experimental and analytical study carried out by Tartaglia et al.
[39] showed that geometrical imperfections can significantly affect the
cyclic response of an isolated beam leading to more severe strength
degradation under both monotonic and cyclic loadings. Similarly,

Coupling the nodes of the column
end section to the reference node

Coupling the nodes of the beam
end section to the reference node
of web (UX=URY=URZ=O)

Fig. 5. Boundary conditions of the FE model for beam-column connections.
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Fig. 6. Stress-strain curve used in the FE model.

previous studies have highlighted the importance of considering geo-
metrical imperfections for more efficient design of both CFS sections
(e.g. [44,45]). No global buckling (lateral-torsional buckling) was ob-
served in the reference beam [12] due to the lateral bracing system
used in the test setup. Therefore, in this study, depending on the critical
buckling resistance, either local or distortional imperfection is in-
corporated into the FE models. For steel sheets with thickness (t) less
than 3 mm, the imperfection amplitude is taken as 0.34t and 0.94t for
the local and distortional imperfections, respectively, based on experi-
mental and analytical work by Schafer and Pekoz [46]. The selected
amplitudes are adopted from 50% value of the Cumulative Distribution
Function (CDF) of the experimentally measured imperfection data. For
steel sheet thickness (t) larger than 3 mm, the imperfection magnitude
is considered to be 0.3t4; based on the model proposed by Walker [47],
where A is the cross-sectional slenderness. It is worth mentioning that
the Walker model can be considered as an upper bound for the data
range presented by Schafer and Pekoz [46]. The cross-sectional shape of
the full CFS connection assembly, including CFS beam and column
sections and gusset plate, with their corresponding imperfections are
then generated by using an eigenvalue buckling analysis in ABAQUS
[32]. The first buckling mode of the CFS connection is used to find the
general shape of the local and distortional imperfections. This general
shape is then scaled by the imperfection amplitude and superimposed to
obtain the initial state of the CFS connection, as shown in Fig. 7.

Thin-Walled Structures 150 (2020) 105926

2.5. Solution technique and loading regime

Nonlinear FE analyses are conducted using Static General Analysis
(available in ABAQUS library) by applying a displacement at the re-
ference point placed on the beam end section as show in Fig. 5. The
AISC 341-16 [48] cyclic loading regime used in the reference experi-
mental tests [9] is adopted as shown in Fig. 8.

2.6. Validation of adopted FE modelling approach

Fig. 9 shows the moment-rotation hysteresis behaviour of the CFS
connection test A1 [49], which is used to validate the developed FE
models. This connection was designed to prevent bolt slippage by
providing sufficient friction force between the steel plates through pre-
tensioning the bolts with a torque of 240 N m [49]. The simplified bolt
model in Fig. 3 is used for modelling of the bolts (the radius of the bolts
was 18 mm). The experimental and FE responses subjected to cyclic
loading are presented in terms of moment-rotation (M-6) hysteretic
curves in Fig. 9. The numerical results show a very good agreement
with the corresponding experimental measurements. For better com-
parison, Fig. 10 compares the failure shape of the modelled connection
under cyclic loads with the experimental observations. The von Mises
stress distribution extracted from FE analysis is shown in Fig. 10(a) with
grey areas indicating yielding. It should be noted that the stress and in-
plane deformations developed in gusset plate is noticeably smaller than
CFS beam due to its thicker plate thickness. It is shown that the de-
veloped numerical model captures successfully the shape and the po-
sition of local/distortional buckling in the CFS beam. These results
validate the modelling approach used in this study.

3. Design parameters

The main design parameters examined are beam cross-sectional
shape, plate thickness (or cross-sectional slenderness), bolt configura-
tion and gusset plate thickness. Considering the capabilities of the cold-
rolling and press-braking processes to provide cross sections with in-
termediate stiffeners or folded plates, four different geometries in-
cluding flat, stiffened flat, folded and curved shaped channel cross-
sections are selected for the parametric study, as shown in Fig. 11. For
each cross-section, four different plate thicknesses of 1, 2, 4, 6 mm are
used. The selected cross-sections have the same total plate width, and

[E=———
U, Magnitude

-
=

e e e e
orRNLwlhaaNDLD

Fig. 7. First buckling mode shape of elastic buckling analysis used to obtain the geometric imperfections.
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Fig. 9. Comparison between tested moment-rotation hysteretic curve of con-
nection Al [49] and the results of FE modelling.

therefore, use the same amount of structural material. Moreover, to
investigate the effect of different flange shapes, all cross-sections are
designed to have a similar web slenderness ratio. It should be men-
tioned that the curved flange cross-section in this study is less practical
and is mainly used for comparison purposes and verification of analy-
tical models with experimental results [12]. Also thin walled sections
with curved or folded flange cross sections may be sensitive to crippling
due to support transvers actions from joints and purlins, which should
be considered in the design process of these elements.

Since bolt distribution can also affect the stress field distribution of
bolted moment connections [10], three types of bolt distributions in-
cluding circle, diamond and square shapes are selected, as shown in
Fig. 12. To increase the efficiency of the proposed connection, the
number of bolts and their arrangement were also optimised in this
study. As a result, the number of required bolts was reduced from 16 in
the reference experimental tests [12] to 9 bolts. It is worth mentioning
that circular bolt arrangement may be less practical compared to square
and diamond in real constructional practice, however, in this study it is
investigated for comparison purposes. The effect of gusset plate thick-
nesses on the cyclic behaviour of the bolted CFS connections is also
investigated in the parametric study. It should be noted that, for better
comparison, the performance parameters of the sections with different
shapes and plate thicknesses are presented as a function of their slen-
derness ratio calculated as:

5

Ocr

A=
3)

where o, and fy are the critical buckling stress and yield stress, re-
spectively.

4. Cross-sectional classification of CFS beams
4.1. Eurocode regulations

To design CFS beams for bending, Eurocode 3 [50,51] divides the
cross-section of CFS beam elements into individual plates subjected to
either compression, bending or combined bending and compression.
Each plate is identified as internal or outstand element according to the
edge boundary conditions. Based on their susceptibility to local buck-
ling, sections are categorized into four different classes (1, 2, 3 and 4).
This classification is based on the slenderness of the constituent flat
elements (width to thickness ratio), yield stress, edge boundary condi-
tions and applied stress gradient. The overall classification of a cross-
section is obtained using the highest (most unfavourable) class of its
compression parts. Table 1 lists the Eurocode 3 classifications obtained
for channels with flat, stiffened flat and folded flanges used in this
study. It should be noted that the Eurocode classification cannot be
applied directly to sections with round elements (e.g. curved-flange
channel).

As shown in Fig. 13, the concept of the Eurocode cross-sectional
classification is based on the moment-rotation (M — 6) curves of the
elements, where M,, M, and M, represent yield moment, plastic mo-
ment and peak moment capacity, respectively. Class 1 cross-sections
can form a plastic hinge with the rotation capacity obtained from
plastic analysis without reduction of their resistance (M, < M,). Class 2
cross-sections are capable of developing their full plastic moment re-
sistance, but have limited rotation capacity due to local buckling
(M, < M,). In class 3 cross-sections, the stress in the extreme com-
pression fibre reaches the yield strength, but local buckling prevents the
development of the plastic moment resistance (M, < M,, < M,). In class
4 cross-sections, local buckling occurs before the attainment of yield
stress in one or more parts of the cross-section (M, < M,). Since the
moment-rotation response of class 1 and class 2 sections follow a si-
milar trend (M, < M,), the two classes can be distinguished based on
the pure plastic rotation capacity factor (R) in EN 1993-1-1 [50]:

R 6, — 6

6p ()]
where 6, is the ultimate rotation corresponding to the drop in the
moment-rotation curve in the softening branch, and 6, is the rotation
corresponding to the plastic moment at the hardening branch, as shown
in Fig. 13.

4.2. Classification based on moment-rotation behaviour

The Eurocode 3 cross-sectional classification concept is assessed
here by examining the predicted moment-rotation behaviour under
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Fig. 10. Comparison between tested and analysed buckled shape of the connection Al: (a) FE von Mises stress distribution, and (b) Experimental observation

(adopted from [49]).

monotonic load. Non-linear inelastic post-buckling analyses (Static
Riks) are performed on 2m long CFS cantilevers, using single channel
cross-sections, as shown in Fig. 14. The CFS members are fully fixed at
one end and are subjected to a tip load at the centroid of the other end.
The centroid is coupled to the beam end cross-section and boundary
conditions are applied to prevent the lateral movement of the flanges at
1/3 length intervals (see Fig. 14). Other FE modelling parameters (e.g.
mesh size, material properties and geometric imperfections) are as
described in Section 2.

Fig. 15 illustrates how the cross-section classification is applied
based on normalised moment and pure plastic rotation capacity factor
(R). As shown in Table 1, all of the sections with 1, 2, 4, and 6 mm plate

thickness are identified as class 4, 3, 2 and 1, respectively. The Euro-
code slenderness limits for class 1 and 4 channel sections are found to
be in general sufficient, but they are not very accurate for class 2 and 3
channel sections.

Cross-sectional classifications may also be determined using the
classical finite strip method [52,53], which estimates the buckling ca-
pacity of thin-walled members by taking into account local, distortional
and global buckling elastic modes. The critical elastic buckling stress of
the cross-sectional shapes used in this study (subjected to bending) are
determined based on the minimum of the local buckling (¢;) and the
distortional buckling (g;) stresses obtained from constrained finite strip
software CUFSM [54]. Due to the presence of the lateral supports, the

200
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i
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Fig. 11. Details of the back-to-back beam cross-sectional dimensions (in mm), L = 2000 mm.
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Fig. 12. Different bolt arrangements.

global buckling mode is not considered to be dominant in this study
(see Fig. 14). The critical buckling stresses obtained for the different
cross sections are presented in Table 1. It is shown that the ratio of the
critical stress to the yield stress is in the range of 3-6, 2-3 and 1-1.5 for
class 1, 2 and 3 sections, respectively. For class 4 sections, local buck-
ling is always identified as the dominant buckling mode and the critical
buckling stress is generally smaller than the yield stress. This indicates
that the critical buckling stress can be also used as a simple measure to
identify the cross-sectional classification based on Eurocode 3.

5. Efficiency of CFS bolted-moment connections

In this section, the results of the parametric study are used to
identify efficient design solutions for CFS bolted-moment connections.

Table 1
Cross-sectional classification of the CFS cross-sections.

lMc)ment

Local buckling

Rotation

P

Fig. 13. Cross-sectional classification based on moment-rotation curves.

Section Plate Thickness (mm) Eurocode classification based on slenderness limits Eurocode concept Finite Strip Method
Flanges Web Overall
Internal Outstand
Flat 1 4 - 4 4 4 o= 0.2794f,
Local
2 4 - 3 4 3 04 = 1.0633f,
Distortional
4 1 - 1 1 2 0g = 2.3122f,
Distortional
6 1 - 1 1 1 04= 3.7827f,
Distortional
Stiffened Flat 1 4 - 4 4 4 0; = 0.5029f,
Local
2 1 - 3 3 3 0g = 1.1994f,
Distortional
4 1 - 1 1 2 04 = 2.6401f,
Distortional
6 1 - 1 1 1 04 = 4.3095f,
Distortional
Folded 1 4 4 4 4 4 0; = 0.3995f,
Local
2 1 4 3 4 3 0y = 1.4895f,
Distortional
4 1 3 1 3 2 04 = 3.2351f,
Distortional
6 1 1 1 1 1 0q = 5.2191f,
Distortional
Curved 1 - - 4 - 4 0; = 0.5808f,
Local
2 - - 3 - 3 04 = 1.6887f,
Distortional
4 - - 1 - 2 0y = 3.6603f,
Distortional
6 - - 1 - 1 04 = 5.896f,

Distortional
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Fig. 15. Normalised moment-rotation responses for cross-section classification:
(a) t = 1mm and 2mm and (b) t = 4 mm and 6 mm.

5.1. Moment-rotation behaviour

Fig. 16 compares the cyclic response and the cyclic moment-rotation
envelope of the flat flange channels with circle bolt arrangement and
various plate thicknesses (1, 2, 4 and 6 mm). The cyclic moment-rota-
tion envelope is specified in both positive and negative rotations by
plotting the locus of peak moment points at the first cycle of each load
amplitude. It should be noted that, unlike a monotonic moment rotation
backbone curve, the cyclic moment-rotation envelope can take into
account the strength degradation due to cyclic loading as observations
in the experimental results conducted by Padilla-Llano et al. [20,21].
The rotation of the connection was quantified as the ratio of beam tip
displacement to the length of the beam up to the gusset plate. The
moment-rotation results are used to determine different performance
parameters such as moment capacity, yield moment, ductility, energy

dissipation capacity and equivalent viscous damping coefficient in the
following sections.

The initial stiffness of a CFS bolted-moment connection, S; ;,;, can be
used to classify the rigidity of the connection based on Eurocode 3 part
1-8. The connections with S; ;,; X (1%,) less than 0.5, between 0.5 and 25
and over 25 are classified as “simple”, “semi-rigid” and “rigid”, re-
spectively, where Ly, is the beam length and EI,, is the flexural rigidity of
the beam. Table 2 lists the rigidity of the different connections used in
this study. The results indicate that connections with cross-sectional
classes 1 and 2 are always classified as “rigid”, while those with cross-
sectional classes 3 and 4 should be treated as “semi-rigid”.

5.2. Failure mode

The failure modes of the bolted-moment CFS connections obtained
from the detailed FE models are identified in Table 2. It is shown that,
in general, the dominant mode is local buckling of the CFS beam section
close to the first row of the bolts. This can be attributed to the effect of
bolt group on the stress distribution at the connection zone. The results
indicate that for flat and stiffened flat channels, local buckling occurs at
both web and flange of the CFS section. But using curved and folded
flange channels can postpone the local buckling of the flange by
creating an in-plane stiffness through arching action and shifting the
local buckling failure to the web. Fig. 17 shows the typical failure mode
of the beams with flat and bent flange channel sections.

5.3. FEMA bi-linear idealisation model

To characterize the cyclic behaviour of the selected bolted-moment
connections, FEMA model [55] is developed based on the cyclic mo-
ment-rotation envelope, which is capable to take into account both
positive and negative post-yield slopes. As shown in Fig. 18, FEMA
model uses an ideal bi-linear elastic plastic response to represent the
non-linear behaviour of an assembly by incorporating an energy bal-
ance approach. The area below the cyclic moment-rotation envelope
curve is assumed to be equivalent to the area under the idealised bi-
linear FEMA curve.

The yield rotation (6,;) is determined on the condition that the
secant slope intersects the actual envelope curve at 60% of the nominal
yield moment (M,;), while the area enclosed by the bilinear curve is
equal to that enclosed by the original curve bounded by the target
displacement (6,). The target rotation was assumed to be corresponding
to the rotation at which the flexural capacity of the system dropped by
20% (i.e. 6, = 6,), also recommended by AISC [48]. The characteristic
parameter values of the FEMA models corresponding to the different
bolted-moment CFS connections are presented in Table 2. For better
comparison between the behaviour of different types of connections,
Table 2 also presents the yield moment results calculated based on the
FEMA idealised bi-linear curve up to the rotation at the maximum
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Fig. 16.

moment capacity (M,,).
5.4. Moment capacity of the connections

Fig. 19 compares the moment capacity of the CFS connections with
different cross-sections, plate thicknesses and bolt arrangements. While
previous studies showed that CFS channels with folded-flange and
curved-flange sections can generally provide considerably higher flex-
ural moment capacity compared to standard lipped channels [12,23],
the results in Fig. 19 indicate that using bent flange channels (folded
and curved) can only increase the moment capacity of the connections
by up to 10%. There are two main reasons for this contradiction: (i) The
bolts placed in the web result in the reduction of the moment-capacity
of the channel-sections at the connection zone due to the bi-moment
effects [10]. Bi-moment is equal to the product of the major axis mo-
ment and the eccentricity of the web centreline from the shear centre
and puts each flange into bending about its own (horizontal) plane. (ii)
Using channels with deep web reduces the effects of the flange on the
moment capacity of the connections, since bending moments cannot be
transferred directly from web to flanges. As shown in Fig. 19, the
slenderness of the CFS beam elements and the arrangement of the bolts
seem to be the most important design parameters affecting the capacity
of the connections. In general, using a square bolt arrangement leads to
a higher bending moment capacity especially in the case of CFS beam
elements with low slenderness ratios (class 1 and 2), where up to 32%
increase is observed compared to the other bolt arrangements.

5.5. Seismic resistance requirements

American Institute of Steel Construction (AISC) [48] imposes some
performance requirements for beam-to-column connections in seismic
force resisting systems. For special moment frames (SMFs), AISC sti-
pulates that the bolted-moment connections should be able to undergo
at least 0.04rad rotation with less than 20% drop from their peak
moment (M,). It is shown in Table 2 that the bolted-moment connec-
tions with beam sections class 1 and 2 (plate thicknesses of 4 and 6 mm)
can satisfy the AISC requirements for SMFs. Connections with beam
class 2 (plate thicknesses of 2mm) are only acceptable when inter-
mediate stiffeners are used in the flanges (stiffened flat). The results

10
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Moment (kN.m)
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Cyclic moment-rotation relationship and envelope curves of the connections with flat flange beam section and circular bolt arrangement.

show that the connections with class 4 beam cross sections (plate
thicknesses of 1 mm) are not suitable for SMFs in seismic regions.

5.6. Ductility ratio of the connections

Moment resisting connections in seismic resisting systems should
provide enough ductility to withstand and redistribute the seismic
loads. The fundamental definition of ductility ratio (p) is the ratio of the
ultimate rotation (6,) to the yield rotation (6,), as follows:

u=26,/6,>1 (5)

The ductility ratio of the CFS connections in this study is calculated
based on the results of the FEMA bi-linear idealisation models by using
the rotation at 80% of the post-ultimate moment as the ultimate rota-
tion (see Fig. 18). The ductility ratios of the connections with different
beam cross-sections, plate thickness and bolt arrangements are com-
pared in Fig. 20. It can be observed that the connection ductility ratio is
highly affected by the beam cross-sectional shape and slenderness ratio
as well as bolt distribution. In general, the ductility of the connections
increases by decreasing the slenderness ratio of the CFS beam. This
increase is particularly high for beams with lower slenderness ratios
(higher classes). The results show that in most cases the connections
with class 1 and 2 beam sections provide a good level of ductility sui-
table for seismic applications. This conclusion is in agreement with the
AISC requirement checks presented in Section 5.5.

As shown in Fig. 20, for the same beam slenderness ratio and bolt
arrangement, folded flange sections generally result in the highest
ductility ratios, up to 55%, 45% and 30% higher than curved, flat and
stiffened flat sections, respectively. The best bolt arrangement appears
to be governed by beam slenderness ratio (or classifications) and cross-
sectional shape. For folded and curved flange class 1 and 2 channels,
diamond bolt arrangement provides the highest ductility ratios, while
for class 3 and 4 channels the circle bolt arrangement leads to the best
results. For CFS beams with flat and stiffened flat flanges, the circle bolt
arrangement results in the highest ductility ratio for all cross-section
classifications. It is worth mentioning that, in general, using the circle
and diamond bolt arrangements can significantly increase the ductility
of the connections (by up to 100%) compared to the conventional
square bolt arrangement, especially for the sections with lower
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Table 2
Characteristic parameters of the CFS connections using FEMA models.
Bolt Plate Beam type  Yield moment Yield moment Yield rotation Ultimate Buckling AISC SMF Connection Rigidity
Configuration Thickness M,, (kNm) M,; (kNm) 0,; (rad) rotation (rad) mode * (EN 1993-1-8)
(mm)
Circle 1 Flat 6.9 5.8 0.006 0.013 LW-LF X Semi-Rigid
Stiffened flat 6.9 6 0.006 0.018 LW-LF X
Folded 7.6 6.4 0.006 0.014 Lw X
Curved 7.9 7 0.006 0.010 Lw X
2 Flat 20.8 20.1 0.011 0.029 LW-LF X Semi-Rigid
Stiffened flat 20.9 21.8 0.012 0.049 LW-LF v
Folded 21.6 23.1 0.011 0.039 Lw X
Curved 24.0 23.3 0.010 0.030 Lw X
4 Flat 48.3 55.3 0.015 0.059 LW-LF v Rigid
Stiffened flat 48.7 54.6 0.015 0.066 LW-LF v
Folded 51.7 60.0 0.014 0.057 Lw v
Curved 59.6 65.8 0.014 0.049 Lw v
6 Flat 82.9 93.4 0.015 0.118 LW-LF v Rigid
Stiffened flat 83.4 94.6 0.016 0.125 LW-LF v
Folded 95.3 103.6 0.015 0.116 Lw v
Curved 98.5 111.1 0.014 0.079 Lw v
Diamond 1 Flat 7.1 5.7 0.007 0.010 LW-LF X Semi-Rigid
Stiffened flat 7.1 5.9 0.007 0.015 LW-LF X
Folded 7.8 6.2 0.007 0.015 Lw X
Curved 8.0 7.4 0.007 0.009 Lw X
2 Flat 18.7 19.9 0.012 0.029 LW-LF X Semi-Rigid
Stiffened flat  19.6 20.6 0.012 0.038 LW-LF X
Folded 20.8 22.1 0.011 0.039 Lw X
Curved 24.5 24.6 0.011 0.019 Lw X
4 Flat 46.4 53.1 0.016 0.059 LW-LF v Rigid
Stiffened flat 46.9 51.1 0.015 0.068 LW-LF v
Folded 49.0 56.3 0.014 0.066 Lw v
Curved 52.1 62.1 0.015 0.059 Lw v
6 Flat 76.4 87.3 0.015 0.108 LW-LF v Rigid
Stiffened flat  76.8 87.6 0.015 0.117 LW-LF v
Folded 84.3 94.5 0.015 0.147 Lw v
Curved 92.9 105.2 0.015 0.097 Lw v
Square 1 Flat 7.6 6.8 0.006 0.007 LW-LF X Semi-Rigid
Stiffened flat 7.7 6.6 0.006 0.020 LW-LF X
Folded 7.9 7.3 0.005 0.018 Lw X
Curved 8.2 7.8 0.005 0.011 Lw X
2 Flat 23.6 23.4 0.011 0.020 LW-LF X Semi-Rigid
Stiffened flat 23.8 23.7 0.011 0.040 LW-LF v
Folded 24.2 26.0 0.010 0.038 Lw X
Curved 26.3 26.3 0.010 0.019 Lw X
4 Flat 54.5 62.5 0.015 0.041 LW-LF v Rigid
Stiffened flat  55.0 60.8 0.015 0.058 LW-LF v
Folded 59.6 69.5 0.014 0.059 w v
Curved 62.1 69.8 0.013 0.040 Lw v
6 Flat 101.0 118.4 0.017 0.058 LW-LF v Rigid
Stiffened flat 104.4 118.7 0.018 0.069 LW-LF v
Folded 112.9 133.6 0.015 0.088 w v
Curved 115.2 123.7 0.014 0.069 Lw v

@ LF: Local buckling in flange; LW: Local buckling in web.

Fig. 17. Typical failure modes: (a) flat flange channel, (b) bent flange channel.
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slenderness ratios.
5.7. Energy dissipation

The seismic performance of structures can be improved con-
siderably by increasing the energy dissipation in the structural elements
and connections. For each connection, the area under the FEMA bi-
linear idealisation curve of the moment-rotation hysteretic response
(see Section 5.3) is used to calculate the energy dissipation capacity of
the connection, as shown in Fig. 21. The results indicate that the effect
of cross-sectional shape and bolt configuration on the energy dissipa-
tion capacity of the connections is only evident when class 1 beam
cross-sections with lower slenderness ratios are utilized. It should be
noted that class 3 and 4 beam sections do not reach their plastic
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moment capacity (due to premature cross-sectional buckling), and
therefore, their ability to dissipate energy is very limited. On the con-
trary, CFS class 1 sections can exhibit up to 3 times higher plastic ro-
tations compared to the other sections (see Section 4.2), and hence
show a much higher energy dissipation capacity.

Folded flange beam cross sections in the connections result in up to
250%, 200% and 150% higher energy dissipation capacity compared to
the flat, curved and stiffened flat sections, respectively. In general,
diamond and circle bolt configurations can considerably increase (up to
164%) the energy dissipation capacity of the connections with class 1
beam cross sections compared to the conventional square bolt ar-
rangement. These conclusions are in good agreement with the ductility
results presented in the previous section.
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Fig. 19. Moment capacity of CFS connections as a function of slenderness ratio and bolt arrangement.
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Fig. 22. Definition of the damping coefficient.

5.8. Damping coefficient

The equivalent viscous damping coefficient,h,, is another indicator
of the energy dissipation capability for seismic applications [56,57].
This parameter represents the plumpness of the hysteresis loop and can
be calculated using the following equation:

_ 1 Spapc + Sacpa
.=
27 Saosg + SaopF

©

where Syapc + Sacpa is the energy dissipated by the connection at the
expected rotation (shaded area in Fig. 22(a)).Si0ps + Saopr is the total
strain energy of the connection at the expected rotation, in which the
connection is assumed to remain elastic (shaded area in Fig. 22(b)).
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Points B and D represent the maximum positive and negative moment
capacities of a loop, respectively.

In this study, the equivalent viscous damping coefficients are cal-
culated for two different loops based on the peak moment and the ul-
timate moment (20% drop from the peak moment in softening stage) of
the connections as shown Fig. 23 and Fig. 24, respectively. The results
in general indicate that connections with class 1 and 2 beam elements
can provide higher equivalent viscous damping coefficients compared
to other classes, and therefore, are suitable for seismic applications. It is
shown that reducing the CFS beam cross-sectional slenderness is always
accompanied by increasing the equivalent viscous damping coefficient,
while the effect of cross-sectional shape on the damping coefficient is
negligible. It can be also noted that the damping -coefficients
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Fig. 23. Equivalent viscous damping coefficient at peak moment.
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corresponding to the peak moment (h,) are always smaller (up to 15%)
than those corresponding to the ultimate moment.

Fig. 23 shows that, up to the peak moment, diamond and circle bolt
configurations are capable of dissipating more energy in the connec-
tions with class 1 and 2 beam sections. However, the square bolt ar-
rangement provides better results for class 3 and 4 sections, which
implies that the majority of the seismic energy is damped by the con-
nection in the elastic stage (before buckling). The results in Fig. 24
indicate that the equivalent viscous damping coefficient at ultimate
moment is not significantly affected by changing the bolt configuration.

5.9. Effect of gusset plate thickness

In general, previous studies indicated that the design of gusset plate
in the stiffened end-plate bolted joints can influence the transfer me-
chanism of the forces and affect the cyclic rotational behaviour of the
connections [38,39]. Therefore, in this section the effect of gusset plate
thickness on the cyclic behaviour of the bolted-moment connection is
investigated. Fig. 25 compares the moment-rotation curves of the
connections with class 1-4 flat channel beam sections (see Table 1)
using the square bolt configuration and various gusset plate thicknesses.
In general, using gusset plates with the same or lower thickness as the
CFS beam (1, 2, 4 and 6 mm thickness for class 4, 3, 2 and 1 sections,
respectively) shifts the local buckling from the CFS beam to the gusset
plate. As shown in Fig. 25, this premature failure mode can significantly
reduce the moment capacity of the connections and lead to higher post-
buckling strength degradations. This undesirable failure mode can be
prevented by increasing the gusset plate thickness slightly above the
thickness of the CFS beam.

6. Summary and conclusions

Experimentally validated FE models were developed by taking into
account material nonlinearity and geometrical imperfections. A com-
prehensive parametric study was conducted on CFS bolted beam-to-
column connections with gusset plates under cyclic loading to compare
the efficiency of various design solutions for earthquake resistant
frames. The following conclusions can be drawn:

(1) The dominant failure mode of the CFS bolted-moment connections
is due to the local buckling of the CFS beam sections close to the
first row of the bolts. Curved and folded flange channels can post-
pone the local buckling of the flange by creating an in-plane stiff-
ness through arching action and shifting the local buckling failure
to the web. However, using bent flange channels (folded and
curved) can only increase the moment capacity of the connections
by up to 10%.

The slenderness of CFS beam elements and the arrangement of bolts
govern the capacity of connections. In general, using a square bolt
arrangement leads to a higher moment capacity (up to 32%) com-
pared to the other arrangements examined.

(3) The bolted-moment connections with beam sections class 1 and 2
generally satisfy AISC requirements for Special Moment Resisting
Frames (SMFs). Connections with beam class 2 are only acceptable
when intermediate stiffeners are used in the flanges (stiffened flat),
while connections with class 4 beam cross sections are not con-
sidered to be suitable for SMFs.

The ductility of the connections is also governed by bolt arrange-
ment and beam cross-sectional shape and slenderness ratio.
Ductility is increased radically by decreasing the slenderness ratio
of the CFS beam sections. For the same beam slenderness ratio and
bolt arrangement, folded flange sections result in up to 55%, 45%
and 30% higher ductility levels compared to the curved, flat and
stiffened flat sections, respectively. While the best bolt arrangement
is related to the beam slenderness ratio and cross-sectional shape, in
general, using the circle and diamond bolt arrangements can
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increase the ductility of the connections (up to 100%) compared to
the conventional square bolt arrangement.
The effect of cross-sectional shape and bolt configuration on the
energy dissipation capacity of the connections is only evident when
class 1 beam sections are utilized. For these connections, using
folded flange beam cross sections results in up to 250%, 200% and
150% higher energy dissipation capacity compared to flat, curved
and stiffened flat sections, respectively. Using diamond and circle
bolt arrangements could also considerably increase (up to 250%)
the energy dissipation capacity of the connections compared to the
conventional square bolt arrangement. It was shown that reducing
the CFS beam cross-sectional slenderness is always accompanied by
increasing the equivalent viscous damping coefficient, while the
effect of cross-sectional shape on the equivalent damping coeffi-
cient is negligible.

(6) Using gusset plates with the same or lower thickness as the CFS
beam may lead to a premature failure mode in the gusset plate and
considerably reduce the moment capacity of the connection.
However, this failure mode can be efficiently prevented by in-
creasing the gusset plate thickness slightly above the thickness of
the CFS beam.
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