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Abstract

A beam-column connection of cold-formed steel section was arranged as an isolated joint. An experimental testing has been done on the
model specimen until the model reached its failure mode. The behaviour of the cold-formed bolted connection in the matter of its
strength and stiffness of the steel connection was studied. In this study, gusset-plate and bolted angle flange cleat connection were used
in which it can stiffen the cold-formed beam-column connection. Moment-rotation curves were generated from the test results to repre-
sent the behaviour of the bolted connections. The design expression of the beam-column connection is following the design standard of
Eurocode 3 BS EN 1993-1-8. The set-up of the experimental analysis, the procedure and the failure mode results are discussed in details.
The moment capacity of 5.9 kN.m has been recorded for the beam section and 7.3 kN.m for the column section. The stiffness (S;) was
recorded as 120.94 kN.m/rad for the beam section and 182.42 kN.m/rad for the column section.
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1. Introduction

In building constructions practices, hot-rolled steel sections are
frequently utilized as main structural frames and the cold-rolled or
cold-formed steel sections are usually utilized as the secondary
ones. [1]. The connection of a hot-rolled and cold-formed steel can
be accomplished by using bolts and angle cleats. Nowadays, de-
sign expression on load bearing capacities using cold-formed
bolted connection with respect to bearing failure are presented in
several design recommendation, i.e., Eurocode 3 Part 1-3. How-
ever, the design expressions were presented according to specific
testing data that might be different in material properties and di-
mension aspects. Although the semi-empirical expressions can be
applied to cold-formed steel section with high ductility and design
strengths of 280 N/mm? - 350 N/mm?, they might not be applica-
ble for steel sections with high strengths but low in ductility. At
present due to the development in technology, cold-formed steel
sections that have a design strength up to 550 N/mm? are now
applicable for building constructions [2].

Even though the cold-formed steel sections strength might be
increased, the ductility of the steel was significantly reduced and
this may cause an effect to the structural performance of section
members. Very high values of local stresses and strains on the
steel member joint may cause premature failure to the cold-formed
steel structures. Gusset-plate connection are the most accessible
type of connection for cold-rolled steel where the gusset-plate can
be used as a connection for a beam-column members [3]. Gusset-
plate connections include a variety of shapes such as haunch gus-
set-plate and also rectangular gusset-plate where this type of
gusset-plate have the advantages in terms of easy installation and
maintenance.

The semi-rigid concept of a steel joint has been introduced for
many years ago however until now, the beam-column joint of a

steel structure are commonly designed by engineers in the pre-
sumptions that the steel joint are either considered as a pinned
connection or as a rigid connection. Even though under these pre-
sumptions a more simplified structural analysis design for beam-
column joints can be achieved, they also disregard the behaviour
of the joint structure in the real situations. According to Daryan et
al. as in [4], moment-resisting frame together with a rigid connec-
tions are commonly designed in beam-column steel structure.
Meanwhile, in the other option was the cold-formed steel braced
frame with semi rigid connection was being utilized. In terms of
the uses of steel, the lateral load bearing system with the second
combination was found to be more cost effective compared to the
moment resisting system having rigid connection. The steel struc-
tures are more ductile than the braced frame with simple connec-
tions. Therefore, it can be considered as an enhanced system be-
tween the braced frame with simple connections and moment
resisting frame with rigid connections.

In order to achieve the most accurate information on the physical
behaviour of steel section connection, best practices were the ex-
perimental tests on a full-scale cold-formed structural frame.
Therefore, the scope of this papers is to perform an experimental
investigation to find the moment-rotation of bolted gusset plate
connections for the cold-formed steel with 203 mm double C-
channel sections. The steel connections are known to give effect to
the overall response of the structural frame and similarly, the be-
haviour of the frame also may give impact to the mechanical
properties of the steel connection. Cantilever arrangement was
used for this experimental design.
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2. Test Specimen

A lipped C-channel section of a lightweight cold-formed steel was
manufactured and assembled as a beam-column connection steel
frame. The grade and the thickness for each of the C-channel sec-
tions are 350 N/mm? and 3mm. Meanwhile, the depth of the chan-
nel is 203 mm. The details for the C-channel sections are as in Fig.
1 and also Table 1. To form an I-beam and I column, two of the
lipped C-channel section were placed back to back and called as
Double C-Channel sections with the length of 1000 mm for the
beam sections and 1402 mm length for the column section. The
model specimen was designed with a little tolerance to fit exactly
on the test frame in the laboratory. For this study, all the fasteners
that were utilized are non-preloaded bolts M16 Grade 8.8 and all
bolt holes have been standardized into 17 mm in diameter to pre-
vent any unexpected deformation due to large spaces in the bolt
hole among the steel members. In this study, the connections were
made using a haunch gusset plate and also bolted flange cleats.
The experimental test specimen’s data are compiled as in Table 2..
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Fig. 1: Lipped C-channel

Table 1: Lipped channel - dimension and properties of the sections

Nominal Dimension Section Area Mass
D | B [ L [ t Galv. | Black
mm mm2 kg/m
203 [ 76 [ 24 | 30 1140 9.07 [ 8.95
Second Moment of Area Centroid, ¢
Ix | ly
106mm4 mm
7.1150 | 0.8750 23.1
Table 2: Details of Laboratory Specimen
Test Size of Size of Size of e arEDlE NG i el
at Beam at Column
No. Beam Column Bolt X .
Connection Connection
Lf_ngih, Le:_ng_th, 16 mm
B — C—
! 1000 1402 Ggage 4 12
mm mm )
Note:

The dimension of beam and column are according to the manufacturer’s
specification. Design steel grade = 350 N/mma2.
All bolts M16 Grade the 8.8. Bolt size d, = 16 mm; Diameter of bolt hole

dy=dy+1mm=17 mm.

3. Method

For this study, only one laboratory test was carried out. The
method of the experimental testing was based on the previous
study done by Tan et al. as in [5] The test was carried out using 30
kN self-reaction test frame as presented in Fig. 2. For the support,
the top part of the column section was set-up as a pinned support,
meanwhile, for the bottom part of the column section, it was set-
up as a fixed support. A bracing system was implemented to the
top and bottom part of the beam-column specimen to restrict the
movement. Due to the restriction in the laboratory, the load only
can be applied manually using the jackscrew and the load was
being applied on the end of the sections. A 100 kN load cell re-
corded the load applied to the model specimen. Displacement
transducer (LVDT) was being utilized in this experiment so that
the moment-rotation of the model specimens can be determined.
Five LVDT’s named D1 to D5 were added to the arrangement to
evaluate the displacement of each component during the testing;
beam sections, column section and gusset plate section. The ex-
perimental setup for data collection layout is presented in Fig. 3.
Data from the load cell and the displacement transducers were
directly transferred into the computer via data logger. An incre-
ment of 0.1 KN was used as the loading interval.
The loading was continuously being applied to the model speci-
men until there was a considerably large amount of deflection of
the beam section being detected. During this time, the deflection
of the beam members is given more effect to the applied load in-
crements rather than the load itself. At this stage, an increment of
2 mm deflection was implemented. The experiment was run until
the model specimen of beam-column cold-formed steel failed. The
following criteria was considered to justify the failure of the
model:
a. Itis being observed that there was some substantial reduction
in the applied load.
b. The beam was deflected significantly and the connections
were deformed significantly.
c. Extreme deflection of the beam, i.e., the LVDT’s limit was
reached.
It is being expected that more than one failure modes may occur
before the beam-column connection reach to the limit. Therefore,
the failure mode was observed carefully along the analysis and the
order of the failure mode was documented properly and compared
with published reference [6]. Some deflection that might occur to
the model specimen due to slipping during the beginning of the
testing was excluded for easier comparison with the proposed
specimen models.

Fig. 2: An actual arrangement in the laboratory (before testing)
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Fig. 3: Full-scale isolated joint test and data acquisition system

Fig. 4: The exploded view of the model
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Fig. 5: The model of the gusset plate

4. Results and Discussion

At the beginning of the experiment, a slight deflection on the
beam was observed and recorded. The deflection occurs due to
weight incurred at the end of the beam by the load cell and cube.
The isolated beam-column connection test was conducted until
failure condition is obtained which may occur for a range of rea-
sons such as yielding of angle-cleats, bending of beam flange and
bending of column flange. For this study, the analysis was stopped

due to some significant reduction in applied load were obtained.
The modes of failure that happen in this experiment are explained
in detail, aided by Fig. 6 below. At an early stage of the experi-
mental testing progress, visible bending already occurred at the
beam members. A significant large deflection was observed at the
end of the beam. Based on the previous studies, the test was sup-
posed to stop when the LVDT (D1) record exceeded the LVDT
limit which in this case is 100 mm. However, in this study, the test
was stopped because the loading value was found to decrease even
before the deflection at LVDT (D1) even reached 100 mm. This is
due to the specimen has reached the maximum lateral torsion. The
stiff top angles pulled the column flange, while angles pushed into
the column members, caused bending of the column flange. The
compression zone of the column flange of the model was the most
prone to failure. Buckling happened because high concentrated
force from the bottom flange of the beam members pressed the
flange of the column member. Even though there was bending to
the column-beam connection structure, it was to be noted that
there was no really any major visible defect occurred on the bolts,
beam section, column section, gusset plate and also the angle
flange.

c)
Fig. 6: An actual arrangement in the laboratory (after testing)
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4.1. Failure Mode

The maximum load recorded for the beam-column connection
specimen was at 6.9 kN, where the model specimen failed and the
failure mode was local buckling in the beam section of the steel
structure. During the testing, the beam’s failure mode happen first
by the plastic bending at the end of the beam section caused by the
tension zone of the connections. Meanwhile, the failure mode of
the column occurred because of the plastic bending and the tensile
zone followed by local buckling at the column web of the com-
pressive area.

The failure mode of the beam-column specimen was progressive
due to the excessive deformation of the compressive section.
However, the defect on the bolts, beam and column section was
not really noticeable. The experiment was terminated at the mo-
ment the specimen failed. Fig. 7 and Fig. 8 show the deformation
versus load applied to each of the displacement transducers
(LVDT). The LDVT results differ in two different graphs as D4
and D5 have a different direction than D1, D2 and D3.
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Fig. 7: Deformation of each (LVDT) vs Applied Load (D1, D2, D3)

20

15

10

Deformation (mm)

0 2 4 6 8
Load Applied (kN)

——D4 (mm) ——D5 (mm)

Fig. 8: Deformation of each (LVDT) vs Applied Load (D4 & D5)
4.2. Joint Stiffness

Eurocode 3 BS EN 1993-1-8 [7] was utilized to calculate the mo-
ment capacity and stiffness of bolted beam-column connections.
The theory of moment resistance and joint stiffness for cold-
formed steel sections that have been established in Eurocode 3 BS
EN 1993-1-8. Equation (1) was used to calculate the shear resis-
tance of the bolt, where the corresponding values of a, and yy, are
based on the Eurocode 3.

Fv,Rd = “ut )

According to Bu¢mys et al. as in [8], the mechanical model for
beam-column gusset-plate connection utilized component method
where the cold-formed steel sections were separated into three
separate components, i.e., the beam, column and the gusset-plate
(Fig. 9). An acting force, F was generated at the end of the beam
section as shown in Fig. 10. The calculation for the bending mo-
ment of the beam and column sections bolt groups are as follows;
M; is for the beam section and bending moment M, are for the
column section. The bolt groups for the beam and column sections
were to be investigated separately than the gusset plate section as
the bolt groups for beam and column are being affected by differ-
ent bending moment as in Fig. 9: M; = F-I; for beam section and
gusset plate; M, = F:I, for column section and gusset plate.
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Fig. 9: A three spring model of the beam-column connection
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Fig. 10: A bending moment of model

According to Eurocode 3 Part 1-8 [7], the stiffness of a single
bolt, ky, is represented as in Equation (2).

1 ¢l _ 1 1 1
k—b—Zki— + + 6]

k12a k12b k11

Every single bolt in a bolt group is affected by force F,that could
be calculated from applied force. The relationship of force F, and
deformation A, is as in equation 3:

Fb: kb.E.Ab (3)
The stiffness of the bolt group, S, ;,; can be expressed as:

M Ez? Ez}
Pl e o @

kby kbn

Shini =
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In order to calculate the stiffness of a gusset plate connection,
Eurocode 3 Part 1-8 does not provide any specific recommenda-
tion. Thus, by referring to the formulation from study that have
been done by Buémys et al. as in [8] the rotation of the gusset
plate @ has consequently been derived as a sum of separate out-
stand element rotations ¢/, ¢2, @3 due to shear force V, bending
moments M; and M as in Fig. 10 resulting that the stiffness of a
gusset plate, Sy;, in; can designed referring to the formula as in [8]:

ni = = = rval 7
9p. @ P1tPt93 Mila, VL5+ LpM 2Mila+VLy  LypM
Ely ' 2Ely  2LcEly 2EI;

T 2LcEIL,

The rotation of joint of the beam-column cold-formed steel sec-
tion, ¢; is equal to the sum of the rotations obtained for the three
springs:

V= Qgp+ Op+ @ (6)

In this study, the strength and stiffness of the beam-column model
are also affected by the design resistance and failure mode of a
bolted angle that strengthen the beam-column model. Thus, the
design resistance and failure mode of bolted angle flange cleat
section together with its accompanying bolts should be done ac-
cording to Eurocode 3 Part 1.8 [4] section 6.2.4. As a result, the
overall initial stiffness of the joint, S; ;,; was calculated assem-
bling the initial rotational stiffness of each spring using the for-
mula below:

1
Sj,ini= T 1 T 1 (@)

! !
+ + +
Sgpini Sbjini Scini Safc,ini

4.2. Moment Rotation of Beam and Column Graph

From some of the previous studies, extensive range of experimen-
tal testing and numerical simulations analysis for evaluating the
behaviour of beam-column connections of cold-formed steel sec-
tions have been presented. Wong and Chung as in [9] performed
beam-column connection testing with different arrangements of
the bolted gusset-plate connections. The study was about the in-
vestigation of the effect of the thickness of gusset plate, the exis-
tence of the chamfer on the gusset plate and also each bolt dis-
tance on the strength and stiffness of the beam-column connection.
Lateral restraints are being utilized for the beam and column struc-
tures. From the study, it was discovered that the shape of the gus-
set-plate plays a role in the behaviour of the beam-column connec-
tion. In the study by Yu et al. as in [10], they presented a semi-
empirical design method that can evaluate the rotational stiffness
of the bolted gusset-plate connection. However, the technique that
was presented was not very easy to use in common application
because engineers need to predict the bearing deformation of the
section web around the hole of the bolt first before applying the
technique.

Sabbagh et al. [5, 6, 7] performed experimental and also numerical
testing on the beam-to-column structure with gusset-plate connec-
tions. In the experiment, the beam-column connection was experi-
encing cyclic loads in order to consider the different stiffeners
applied to the beam sections. Lateral restraints for a beam and the
column structure were also being utilized in the study and as result,
an optimum configuration of stiffeners for the model suggested
was determined. The study by Ying-Lei et al. [14], focused on the
in-plane behaviour of the beam-column connection using cold-
formed steel lipped channel section. The type of loading applied
on the models are axial compression, major axis bending, axial
compression with minor bending (compression) and also axial
compression with minor bending (tension). From the study, it was
concluded that the connection models undergo the axial compres-
sion with minor bending (tension) shows a more ductile behaviour
compared to the other models that undergo other types of loading.
Zeynalian et al. [15], performed experimental analysis to eighteen

full-scale cold-formed steel truss connection whereby the model
maximum load capacity and load-deformation behaviour were
being analysed. Besides that, the failure mode on each of the truss
connection also being studied. By comparing the experimental
results with the design calculation according to the design stan-
dard whereby in this study AISI design standard was used, it was
discovered that the truss connection capacities according to the
design code are much lower than the actual capacities obtained by
experimental analysis. Therefore, Zeynalian et al. concluded that
the design code can be used as references but cannot be relied
fully to obtain the accurate capacities for the cold-formed steel
truss section.

The moment-rotation curve (M-@) can determine the behaviour of
beam-column connection of the cold-formed steel sections [16].
The connection among the bending moment, M, that have been
applied to the beam-column members and also the rotation, &
between the connections represent the moment-rotation for the
steel members. The bending moment acting on the beam-column
connection can be calculated by multiplying the applied load with
the distance between the point of load application and the face of
the end-plate of the member. The rotation, @ of the connected
members is the rotation between the beam and the column axes.
The rotation values can be obtained by performing laboratory
testing. The rotation values are gathered by the utilization of dis-
placement transducers, LVDTs during the laboratory experiment.
Therefore, the moment-rotation curve (M-®) was drawn from the
measured values of laboratory experiment as shown in Fig. 11.
The following characteristics shown in Fig. 11 are obtained from
the Eurocode 3 Part 1.8.
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Fig. 11: Design moment-rotation characteristic for a joint [7]
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The moment-rotation curves (M-®) of the beam and column con-
nections in this study presented in Fig. 12 and Fig. 13 are found to
be non-linear. Since the large deformation in the tensile and com-
pressive zones, ultimate rotation of the beam member was found
to be higher than that of the column. The failure of the steel model
depends on the placement of the load on the beam member and its
properties.

Table 3: Strength and stiffness at 6.9 kN

Stiffness
No. Connection T O (KN.m/rad)
Beam Column Beam Column
6 mm Gusset
1. Plate 5.934 7.297 120.94 182.42

The results were compared to the previous study by Aminuddin et
al. [6]. The experimental test results from the studies are used as a
reference wherein the study, beam-column connections were also
being arrange as an isolated joint of cold-formed steel. The steel
sections were analysed until its reach failure. However, the type of
connection used in the previous study was only rectangular gusset.
Whereby, in this study, a haunch gusset plate and angle flange
cleat was used. The results from [6] were as in table 4 below.

Table 4: The strength and stiffness of the experimental test result in a
previous study [6]

i Moment Stiffness,
No. Connection Load (kN) (kN.m) (kN
Rectangular
L | Gusset Plate 15.68 15.68 1948.06

The comparison from this study and the previous study by Ami-
nuddin et al. [6] shows that there were difference between the
moment capacity and the joint stiffness value. This comparison
might happen due to the different configuration of the bolt in this
study and also previous study. The type of joint also can contrib-
ute to this differences. In the previous study, a rectangular gusset
plate was used, whereas in this study a haunch gusset plate was
used.

5. Conclusion

A laboratory analysis on full-scale isolated joint was conducted to
assess the moment-rotation of cold-formed steel sections. The
laboratory model failed due to the lateral torsion caused by the
excessive deflection of the beam. The maximum moment of beam
member model was found to be 5.934 kN whereas the moment for
the column member was 7.297. The stiffness of beam was found
to be 120.94 kN.m/rad and that of the column was 182.42
kN.m/rad. This study was limited to the number of joint configu-
ration tested. Therefore, the joint behaviour of a wider range of
bolted connection is recommended to be studied numerically.
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