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1 INTRODUCTION  

Since the introduction of closed sections in the early 
1950s, researchers have investigated their behaviour 
under various loading conditions and configurations. 
Innovative fabricated columns have been one of the 
major improvements suggested by researchers in re-
sponse to the growing demand from the construction 
industry for stronger sections. This concept, which 
has been investigated (Aoki & Ji 2000) and further 
developed during the past two decades, needs to be 
studied in more detail. These studies should include 
not only the behaviour of structural members of this 
type, but also the connections that could be used 
with this type of member. The particular type of in-
novative column used in this study consists of four 
plates welded to tubes at each corner. This concept, 
which has been investigated by many researchers 
(Javidan et al. 2015; Nassirnia et al. 2015; Heidar-
pour et al. 2014; Heidarpour et al. 2013; Ye et al. 
2007; Rhodes et al. 2005) is referred to as a hybrid-
fabricated column (HFC) in this paper. 

A wide variety of connections is available for use 
with open and closed sections in moment frames in 
either standards or construction practices. However, 
in relation  to choosing robust connections between 

beams and HFCs, there is a knowledge gap that 
needs to be covered. While many different connec-
tions, including flush endplates, extended endplates 
and blind bolting systems, are available for conven-
tional open and closed sections (I-beams, rectangu-
lar/circular hollow sections), to date there has been 
no investigation of connections for HFCs, with the 
exception of the research conducted by the authors 
of the present paper (Sadeghi et al. 2016). 

One of the main characteristics of a connection 
that is usually used as a reference to classify and 
compare different connections is its moment-rotation 
diagram. Researchers and standardization organisa-
tions have introduced several classifications based 
on this curve (Bjorhovde et al. 1990; Nethercot et al. 
1998; Eurocode3 2005). Since the European stand-
ard (Eurocode3) is widely used in research and en-
gineering practice, it is used in this research work. 

Eurocode3 (2005) categorises the connections in-
to three main groups based on their initial stiffness: 
pinned, semi-rigid, and rigid. Numerous considera-
tions need to be taken into account before making 
the decision on how to treat a connection based on 
these categories (such as moment-bearing capability, 
rotation capacity, etc.). However, in reality most 
connections behave as semi-rigid connections. 
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In order to obtain the moment-rotation curve for 
connections, researchers use different methods. 
These include performing experimental studies, de-
veloping numerical models such as finite element 
analysis or utilizing methods such as yield-line theo-
ry or component- based models. While experimental 
results are the most valuable and reliable set of data 
for studying connection behaviour, numerical or 
theoretical models provide researchers with more 
data with acceptable accuracy but at a lower cost and 
in a shorter time. 

 

Figure 1. HFC column and innovative connection assembly 
 
Although the topic of connections between HFCs 

and I-beams has not been studied in the past, except 
by the authors of the present paper (Sadeghi et al. 
2016), connections between rectangular hollow sec-
tions and I-beams have been investigated by several 
researchers. A group of researchers have focused on 
finding the behaviour of different connections, such 
as flush endplates, extended endplates, reverse 
channels, etc. between I-beams and hollow sections. 
On the other hand, some investigations have been di-
rected to studying the behaviour of different bolting 
systems (blind bolting systems, Hollobolt, ONE-
SIDE), which are used to tackle the problem of dif-
ficulty of access to the inside of hollow sections 
(Wang & Wang 2016; Wang & Spencer 2013), 
which makes the use of bolted connections in con-
struction less attractive. 

A vast amount of research has been done on the 
connections between beams and I-section columns, 
but beam-to-rectangular hollow-section column 
connections have attracted less research interest 
(Mirghaderi et al. 2010). End-plate connections are 
among the most commonly used connection meth-
ods and have therefore been under investigation for 
decades (Ghobara et al. 1993; Ghobara et al. 1996; 
Mourad et al. 1996; Shi et al. 2007). Other types of 

connections ranging, from simpler types such as re-
verse channel to more complex systems such as 
ConXL (Robert and Simmons 2005) have also been 
investigated (Heistermann et al. 2015; Al Hendi & 
Celikag 2015; Rezaeian et al. 2014; Yang et al. 
2016). 

This paper reports the results of an investigation 
of a recently introduced generation of connections 
for connecting I-beams to fabricated columns (Fig. 
1). The connection has been tested under monoton-
ically applied force and the moment-rotation curve 
of its behaviour has been extracted. Two tests have 
been conducted with the difference being the materi-
al used in the corner tubes of the column. In order to 
be able to investigate the behaviour of the connec-
tion in more detail and in cases that will not be ex-
perimentally tested, a robust numerical model was 
developed in ABAQUS. The results of this finite el-
ement analysis are not presented here, but can be 
found in another work by the authors (Sadeghi et al. 
2016). 

The innovative connection presented in this paper 
is formed by assembling fifteen parts (Fig. 1 - parts 
1 to 7), which together form a strong and robust base 
for connecting a beam to a column. The assembly 
transfers the loads from the beam to the column 
through four parts that are welded to the corner tubes 
(parts 3-1, 3-2, 3-3, 3-4). The remaining parts are 
designed such that they sit fixed in their place due to 
the matching shapes and surfaces on adjoining parts. 
Although the gravity and building loads maintain the 
integrity of the connection assembly, sixteen bolts 
are used to guarantee this integrity at all times from 
construction to extreme loading conditions. This 
connection provides the possibility of bi-directional 
connection, and can be used along with different 
beam and column sizes. 

2 EXPERIMENTS 

The results of two experiments performed in the 
Structures Laboratory of the Civil Engineering De-
partment of Monash University on this connection 
are presented in this section. 

2.1 Test setup 

A schematic view of the test set-up can be found in 
Figure 2. The set-up consists of the column, support 
structure, connection, beam, and the loading ma-
chine, which is a 250 kN vertical hydraulic jack. 
Eleven strain gauges and three displacement meas-
urement devices are also placed in different loca-
tions in order to record the deformations and deflec-
tions during the test. 

The hybrid column used in these tests is 1m in 
height with the cross-section details presented in 
Figure 3 and Table 1. The flat faces of the column 



 
 

are mild steel (Grade 250) plates and the corner 
tubes are of ultra-high strength steel (Grade 1200) in 
Test 1 and of mild steel (Grade 250) in Test 2. 

 
Table 1. Dimensions of the column cross-section 

Symbol 
Value 

 Symbol 
Value 

mm mm 

W1 
W2 
H1 

286 
286 
1000 

 
T1 
T2 
R1 

3 
3.2 
34.8 

 
The column was fabricated by fillet welding the 

corner tubes to the flat plates (Fig. 4). The column 
was under constant 50 kN axial load during the tests. 
This load is far from the column capacity (1523 kN 
(Javidan et al. 2015)) but it simulates the gravity 
load and the only-vertically-free boundary condition 
at the top. No other constraint other than the afore-
mentioned loading was applied on the top side of the 
column. The bottom section of the column was fixed 
to the test rig.  

 
Figure 2. Test set-up schematic view 

 

  
Figure 3. Column parametric dimensions 

The connection parts were machine-cut from 
Grade 250 mild steel blocks. The four corner parts 
were welded to the corner tubes using the tungsten 
inert gas (TIG) welding method on all edges around 
the parts (Fig. 4). 

For the calculation of the rotation of the connec-
tion, the deformation of the beam is assumed negli-
gible. Therefore, the rotation () can be calculated 
using Eq. 1. 

Although the above relation does not precisely 
represent the actual rotation of the connection but it 
can be used for comparing the behaviour of different 
connections (FEMA350 2000). The points used for 
measurements are located at 200, 500, 1150 mm 
from the connection face where the beam is attached 
to the connection. The beam is a universal beam 
200UB22.3 (AS/NZS 3679.1) in size, which is 1200 
mm long. 

Figure 4. Column and corner welds 

2.2 Test 1: Connection to column with UHSS 
corner tubes 

In this test, the column corner tubes are made of ul-
tra-high strength steel (Grade 1200). The load was 
applied at 1mm/min rate at a point 1 m far from the 
connection face. A special fixture was used to con-
nect the hydraulic jack to the beam that while trans-
ferring the load to the beam, allows for rotation of 
the beam as it travels further down from its horizon-
tal state. Test 1 setup is presented in Figure 5. Detail 
of the attachment of the beam to the connection can 
be found in Figure 6. 

The final state of the connection and the moment-
rotation curve for this connection can be found in 
Figures 7 and 8 respectively. The results of this test 



 
 

show that the connection has good ductility and rota-
tion capacity (0.14 rad), more than three times that 
of the standards requirement (AISC 2010), which 
usually is about 0.04 rad. The moment capacity is al-
so high compared to the plastic moment capacity of 
the connected beam (66.5 kN.m), which makes the 
connection a full-strength connection.  

 

Figure 5. Test 1- setup 
 

Figure 6. Detail of the beam to connection attachment 
 

Figure 7. Final state of the Test 1 

The first failure (point A in Fig. 8) occurred at the 
point pertaining to the fracture of the left side of the 
top angle (Fig. 9). Although failure was initiated, the 
drop in the moment capacity was not significant and 
the connection preserved 80% of its capacity. Point 
B in Figure 8 is the stage at which the majority of 
the top angle fails and the capacity drops noticeably. 

 Figure 8. Test 1: Moment-rotation curve 
 
It is worth noting that M16 bolts are used for 

connecting the top angle to the connection face, and 
also holding the connection parts together. 

Figure 9. Failed top angle 
 
Figure 10 shows how the applied load on the 

connection led to the plastic deformation of these 
bolts. Bolt Number 1 is the first bolt on the left side 
of the connection, which connects the top angle to 
the connection and number 4 is the one on the right 
side. 

 
Figure 10. Test 1: Deformation of the bolts connecting the top 
angle to the connection 



 
 

Figure 11 shows the permanent deformation of 
the top angle connected to the top flange of the 
beam. 

Figure 11. Plastic deformation of top angle 
 
After removal of the damaged parts (top and bot-

tom angles, beam and side plates), the connection 
parts sprang back in their original place and further 
inspection proved that they were still in their elastic 
range and could be reused. 

2.3 Test 2: Connection to Column with MS corner 
tubes 

The second test was similar to the Test 1, with the 
difference being in the material of the corner tubes 
of the column. The corner tubes were made of mild 
steel (grade 250) and welded to the corner tubes, 
similar to the previous test column. The loading re-
gime was also the same as that used in Test 1. 

The moment rotation curve of this test can be 
found in Figure 12. Unlike the previous test, there 
was no sign of abrupt drops in moment capacity re-
sulting from failure in any parts of the connection. 

Figure 12. Test 2: Moment-rotation curve 
 
The connection parts in this test underwent signif-

icant deformations but none showed any sign of 
fracture or rupture. The column corner tubes de-
formed and squashed under the load and contributed 
to some extent to the general deformation of the 

connection. Their chord face failure capacity accord-
ing to Eurocode3 (2005) is 70.38 kN. Since there 
was no failure in the connection, the test was 
stopped at a point when the hydraulic jack’s ram 
displacement capacity was about to end. 

 

Figure 13. Test 2: Final state 
 
Figure 13 shows the final state of the Test 2 set-

up. It can be seen in the figure that the bottom part 
of the corner tubes where the connection is welded 
to the corner tubes was deformed noticeably, some-
thing which was not observed in the column with 
UHSS corner tubes.  

Figure 14 shows the top segment of the connec-
tion at the end of Test 2. As the figure shows, the 
angle was not deformed as significantly as in Test 1. 
The gaps between the top collar and the corner parts 
show that the connection deformed noticeably, but 
after removing the beam and cutting the extension, it 
sprang back to its original place. This indicates that 
the deformations were still in the elastic range. 

 

Figure 14. Test 2: Top segment of connection 
 
Figure 15 shows the strain measured on the parts 

belonging to the top segment of the connection. 
Strain gauge #3 was located on the left upper corner 
part of the connection (part 4-1 in Fig. 1); strain 
gauge #15 was located on the top collar (part 1 in 



 
 

Fig. 1), and strain gauge #16 was located on the 
right upper corner part of the connection (part 4-4 in 
fig. 1). Based on the yield strain of the material 
(0.13%), it is concluded that these parts were still 
within their elastic range, as the maximum strain 
was 0.04%. 

 

Figure 15. Test 2: Strain data on top segment parts 
 
Warping of the lateral flat faces of the column al-

so occurred in Test 2, as can be seen in Figure 16. 

Figure 16. Test 2: Column side view 

3 DISCUSSION 

The connection proposed in this paper effectively 
transfers the load from the beam to the corner tubes 
(as the strong components of the connection), and 
while the column components are thin (3 mm), the 
moment capacity of the connection is high. For in-
stance, in the case of Test 2, although the corner 
tubes were crushed, the load was still being trans-
ferred and the moment-rotation curve did not show 
any sign of a reduction in the moment-bearing ca-

pacity of the connection. This is an indication of 
how effectively the connection utilizes the corner 
tubes as the strong component of the HFC section.  

In the case of the connection attached to the col-
umn with mild steel tubes, the corner tubes were 
crushed and the column lateral plates showed pat-
terns of warping. This is not a favourable phenome-
non and therefore should be avoided. Although the 
column in Test 2 deformed significantly compared 
to that in Test 1 and had relatively weaker compo-
nents (in terms of the material properties of the cor-
ner tubes), its initial stiffness was still close to the 
initial stiffness of the connection in Test 1. The ini-
tial stiffnesses of the connections in tests 1 and 2 
were 1850 kN.m and 1404 kN.m, respectively. 
Comparison of the initial stiffness of the connection 
in both cases with the limits introduced by Euro-
code3 (2005) for classification of the connections, 
shows that this connection with this beam and its 
span is a semi-rigid connection. 

In the column with UHSS corner tubes the beam 
flange buckled locally at the side that was close to 
the connection near the weld line attaching it to the 
bottom angle. This shows that the connection has a 
capacity comparable to the beam-bending capacity. 
In the case of the connection attached to the column 
with the mild steel corner tubes, the moment capaci-
ty (74 kN.m) was slightly higher than the beam ca-
pacity (66.5 kN.m) but in the column with the UHSS 
corner tubes, the connection moment capacity (93 
kN.m) was almost 40% higher than the beam mo-
ment capacity. 

The extension (part 7 in Fig. 1, which connects 
the top and bottom segments) deformed significant-
ly, proving that it plays an important role in the dis-
tribution of the loads in the connection. This part 
transfers a portion of the load to the face of the col-
umn, and although it is weaker than the other com-
ponents of the connection, it takes part in making the 
connection more ductile. The rotation capacity of the 
connection in both cases is far more than 0.04 rad, 
which that is the value required by most standards 
(e.g. AISC 2010) for the rotation of the connections 
in moment frames. Therefore, this connection is a 
suitable candidate for use in moment frames. 

The side plates on either side of the beam web 
that connect the beam, extension, and column web 
together did not deform generally. Due to the slip-
page of the bolts, the plates came in contact with the 
bolts, which resulted in local bearing of the bolt 
holes. Nevertheless, the connection parts, with the 
exception of the web extension (part 7 in Fig. 1) and 
the side plates (part 5-1 in Fig. 1), were completely 
re-usable after the first test, which proves the claim 
that this innovative connection can be used in struc-
tures for both temporary and permanent buildings. 

Although the connection parts used in these tests 
were machine-cut, for the mass production of the 



 
 

connection, the suggested method of construction is 
casting, which can greatly reduce the cost. 

4 SUMMARY AND CONCLUSION 

This paper reports the results of experimental work 
performed on an innovative type of connection be-
tween an I-beam and HFCs in order to determine its 
behaviour under static loading. The first test was on 
the connection connected to a hybrid-fabricated col-
umn with ultra-high strength corner tubes. The sec-
ond test had a similar set-up but the column had 
mild steel corner tubes. 

The connection shows a high moment capacity, 
which in both tests was higher than the plastic mo-
ment capacity of the connected beam. The moment 
capacity for the column with mild steel tubes was 
almost 19.6% lower than that of the other case. 

The connection is of semi-rigid type, based on the 
Eurocode3 (2005) classification system. It also has 
high ductility. The rotation capacity of the connec-
tion is at least three times the widely accepted crite-
rion of 0.04rad, which is a requirement for the con-
nections used in moment frames. 

This modular connection is expected to have the 
capability of being re-used in the erection of tempo-
rary structures or being salvaged after the destruc-
tion of permanent buildings. Its modularity allows 
for higher quality construction, reduces construction 
time, and almost removes the need for on-site weld-
ing of the structure. 

Although the connection has shown promising 
performance, more simulations and experimental 
work are required to prove the concept and make 
improvements. 
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