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FAILURE MODES OF         
I-BEAM WELDED TO SHS 
COLUMN JOINT DUE TO 
CONNECTION MODELING  

When it comes to bolted connections, the most 
used cross-sections for columns and beams 
are without a doubt the I-profile family. There is 
sufficient research and theoretical knowledge in 
the literature to determine the stiffness 
characteristics of moment connections of this 
category. The moment connection analysis 
methodology for this family of sections is known 
as the Method of Components, developed by 
Zoetemeiier [6], and which is also adopted in 
EN 1993-1-8 [2]. This method provides a 
theoretical evaluation of the three of the most 
important properties of connections, namely: 
Strength, stiffness and ductility, and is based on 
a mechanical model. 

On the other hand, cases are not rare when 
square or circular sections, welded with I-
beams, are used for columns, instead of open 
sections. For this configuration, according to 
the knowledge of the authors, there is no unified 
analytical formulation (adopted in the form of a 
code/rulebook) that would describe the three 
most important properties of the connections. 
For these reasons, in design practice, it is often 
the case for welded connections between 
square columns and I-beams that the 
connection is modeled as a fully rigid 
connection. 

In this paper, an approximate method for 
determining the rotational stiffness for this 
category of welded connections is proposed, 
using FEM software, Ideas StatiCA 21.1. 

The moment at the joint from an external load, 
generated by this rotational stiffness, is 
calculated. The effect resulting from the action 
of this moment including the deformation of the 
front face of the column is also considered. 

The same deformable effects are calculated 
when the joint is treated as fully rigid. Finally, a 
comparative analysis at the level of a frame with 
a semi-rigid connection and a frame with an 
ideally rigid connection is conducted. The 
results and effects of these assumptions are 
interpreted. 
 
Keywords: semi-rigid connections, rotational 
stiffness, column face bending, column 
punching shear 
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1. INTRODUCTION 

The choice of I and H sections for structural 
steel frame is more dominant in Europe and the 
USA in comparison with Japan. In these 
regions, modular planar frames have been 
applied, frames where stiffness is dominant in 
its plane, while around weak axis, stiffness is 
provided with the help of bracing system. In 
Japan, the situation is different, where space 
frames are more dominant [7]. This is achieved 
with the help of rectangular (RHS), square 
(SHS) and circular hollow sections (CHS). 
Depending on the dimensions, they tend to 
have a more equal distribution of the radius of 
inertia in the two main directions compared to I-
sections. 

Conventionally known details from this group 
are welded I or H beams with RHS columns, as 
in Figure 1. 

 

 

Figure 1. a) Typical welded I-beam to SHS column 
conncetion, b) base view 

In design practice, a welded connection 
between any steel section is modeled as a fully 
rigid connection [11, section 2.6] Depending on 
the geometry of the frame, without taking into 
account the local stiffness and deformable 
characteristics of the node itself, a distribution 
of moments is generated. 

Directly proportional to the increase in the 
cross-section area of the columns (RHS or 
SHS), the moment in the connection node also 
increases. If no additional stiffeners are 
provided in the column side, additional effects 
are transferred to the column walls. In the 
following paragraphs, the possible adverse 
effects in the column face (in the joint region) 
due to improper treatment of the beam-to-
column connection are given. 

 
 

2. ROTATIONAL STIFFNESS 
ESTIMATION 

A initial step in order to have an idea of the 
transfer of the negative moment from the beam 
to the node of the connection, is the 
determination of its rotational stiffness. The 
deformability, i.e. the rotation of the connection 
θ and the negative moment Mj,Rd are mutually 

related by the equation for the rotational 
stiffness according to the following expression: 

Sj,ini =
Mj,Rd

θ
 (1) 

 
In the following figure 2, a numerical model 
between welded I-beam to SHS column 
connection is given, where the regions that are 
activated due to the transfer of moments from 
the beam to the beam-column connection are 
shown. 

 

Figure 2. a) Typical physical model between welded 
I-beam to SHS column connection 

The action of the negative moment causes 
deformations of certain components of the 
connection itself. In order to mathematically 
quantify these deformations (the area marked 
in red, Figure 2), a general approach consists 
in creating a Model with linear springs. 
Subsequently, a model is constructed that 
takes into account these deformed areas of the 
column, assuming that the beam does not yield 
in any load combinations. 
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Figure 2. Mathematical model based on linear 
springs 

The active components that make up the 
mathematical model are: 

1. kct −Column face tension 
2. kcc −Column face in compression 

3. kcs −Column side wall shear 
4. kcb −Column face bending 

 
In the paper of Godoi et al [3], expressions for 
the determination of the active components for 
the case of an I-beam welded to a circular 
column (SHS) are proposed. A model for 
determining the same active components, only 
in the case of a rectangular or square column 
welded to an I-beam, is proposed in the paper 
[7]. However, there is still no unified explicit 
solution in the form of a code for determining 
these active components. For these reasons, in 
this paper, approximate methods, based on the 
finite element method, have been used with the 
help of Idea StatiCA 21.1 software. 

The approach to determining the rotational 
stiffness is as follows: 

A welded connection between the beam and 
the column is modeled using CBFEM 
(Component-based Finite Element Method) in 
Idea StatiCa 21.1, [12]. All steel plates are 
modeled by 2D finite element method assuming 
ideal elastic-plastic material on the other hand, 
welds are modeled as nonlinear springs. The 
transversal load immediately next to the welded 
joint is calculated, and it is given as an external 
load in the software. The next step is to apply a 
bending moment as an external load. 

An initial calculation of the connection is 
performed and the following capacities from the 
software are read: capacity of welds and the 
efficiency ratio of the all other components as 
well as the initial rotational stiffness at that 
particular step of the analysis. 

If it is noted that the efficiency ratio of the all 
constituent elements is below 90%, it means 
that the obtained initial rotational stiffness is 
greater than the real value and the the 
incremental increase of bending moment Med,i 

(i-th step) should continue. 

The analysis continues in the next step, by 
gradually increasing the bending moment 
(keeping the transverse loads constant) and 
reading the efficiency ratio of the constituent 
elements and the value of the rotational 
stiffness. 

Such incremental analysis continues until the 
set moment (incremental moment) does not 
cause yield of any of the constituent elements 
to be exceeded and the rotational stiffness of 
the connection to drop drastically.  
The moment value that does not cause yielding 
of the constituent components, but represents 
99% efficiency ratio of the connection, 
generates the required rotational stiffness. 

2.1. MODES OF FAILURE 

To describe the modes of failure in connections 
between welded sections, it is necessary to 
understand the transfer of forces between the 
joined elements. According to the studies of 
Wardier [5], significant types of failures for this 
type of connections are: 

1. Local failure of the beam flange 
2. Column face wall plastification  
3. Column punching shear 
4. Column shear failure  

 
In this paper, only ,,Column face wall 
plastification” and ,,Column punching shear” 
are analyzed. 

2.1.1. SHS COLUMN FACE WALL  
PLASTIFICATION  

The mechanism that causes this type of failure 
is the participation of the flanges in the 
plastification of the column face wall. The 
largest number of tests simulating the 
deformation of an I-beam welded to a square 
hollow section column were made by Makino et 
al. [9] and Kamba et al. [8]. In these studies, the 
equations for determining the bearing capacity 
are derived from analytical models. These 
equations were modified to fit the numerical 
data which were assumed to have a 
deformation of at most 3%b0, were b0 presents 
column width. 

In this paper, on the column wall bending, only 
the influence of the flanges is taken into 
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account. While incorporating the web as well, 
research and analytical equations are 
presented in the PhD thesis of Lu [4]. 

 

Figure 3. a) Column wall in bending b) Effect of 
front column face plastification (front view) 

Figure 3 a) shows the deformation of the side 
of the rectangular column under the influence 
of the negative moment transferred from the I-
beam. The magnitude of M is directly 
proportional to the rotational stiffness of the 
connection, which needs to be further 
calculated. The lever arm of internal forces, F, 
activates the regions in the flanges as shown in 
Figure 3 b) The bending capacity of the 
connection under the influence of the moment 
MRdCWP

,, according to [5], is determined by the 

following equation: 

MRdCWP
=

f0,yt0
24

√(1 − β)
(h1 − t1) 

 

(2) 

,where: 
1. f0,y −yield limit for steel 

2. t0 −column wall thickness   

3. h1 −column height 
4. t1 −beam flange width 

 

The coefficient β is a quantity that depends on 
the ratio between the width of the side of the 
column in relation to the width of the flange, ie 
β = b0/b1. This coefficient takes values from 
0.45 up to 0.85. When β>0.85, the width of the 
column flange approaches the lateral sides of 
the RHS column cross-section, thus the 
bending capacity increases rapidly, that is, the 
expression (2) theoretically tends to infinity. 

2.1.2. COLUMN PUNCHING SHEAR 

The punching shear of RHS(SHS) column from 
the load transfer of the I-beam, according to the 
tests of [5] and [10], can be treated as the 
punching  of steel plate in the RHS column. The 

beam web is located on the softest side of the 
column face and thus is generally not effective. 
In the following figure, the active regions 
(flanges) and their effective compression and 
tension width be are shown. 

 

Figure 4. a) Effect of flanges on punching shear of 
Column b) Column punching shear (top view) 

For the same grade of steel for the beam and 
column, the algebraic expression for 
determining be is given by [3]: 

be =
10

(
b0

t0
)

∙ b1 
(3) 

 
Where b0, t0 are the column side width, column 
wall thickness, respectively. 

The force that tends to shear the wall from the 
column, according to the expression explained 
in [5] is calculated by: 

NRd,CPS = f0t0(2be + 2t1)/√3 (4) 

NRd,CPS acts on pressure and tension, and the 

figure 4b) illustrates the case when it acts on 
tension. 

3. COMPARATIVE STUDY 

3.1.1. DESCRIPTION OF ANALYSED 
STRUCTURES 

In the following, 2 groups of steel frames are 
analyzed. In the first group, three one-bay, 
single-story frames are considered where the 
beam-to-column connection is treated with its 
corresponding rotational stiffness. A 
characteristic framework that is the subject of 
analysis is shown in figure 4. 
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Figure 4. Characteristic one-bay, one story steel 
frame with semi-rigid connection 

The geometric characteristics and the type of 
sections are given in Table 1, while the steel 
grade is S235. In the second group, exactly the 
same frames are analyzed with one difference, 
the connection between the beam and the 
column is treated as ideally rigid. 

Table 1.Geometric characteristics of the steel frame 

SHS column IPE beam Lb 
[mm] 

H 
[mm] 

150.150.5 IPE 270 
6000 3500 

160.160.5 IPE 270 
6000 3500 

180.180.5 IPE 270 
6000 3500 

The beam in all connections remains with 
unchanged dimensions while the geometric 
characteristics of the column are different. The 
thickness of the column walls, which in all cases 
is t0 = 5mm, meets the condition from the 
equation, 
 

𝑏0

𝑡0
= 𝑐√

235

𝑓𝑦
+ 3 

 

(5) 

 
recommended by EN 1993-1-8 with the limit 
equal to 40. In the equation (3), fy is the steel’s 

yield limit Coefficient c depends on the section 
class, the cross section and the loadings.  For 
SHS (or RHS), it is conservatively assumed that 
the width of the “flat” is equal to the external 
width b or depth h of the RHS minus 3t. In this 
situation, 180/5=36 < 40. The difference is in 
the width of the face walls, varying from 
150 mm to 180 mm. 

 

3.1.2. CALCULATION OF ROTATIONAL 
STIFFNESS AND THE CORESPONDING 
HOGGING MOMENT FOR THE FIRST 
GROUP OF JOINTS 

The rotational stiffness and secant stiffness for 
the three analyzed connections of this group, 
calculated with Idea StatiCA 21.1, are given in 
Table 2. 

Table 2. Initial rotational stiffness and secant 
rotational stiffness 

SHS 
column 

IPE 
Beam 

Sj,ini 

MNm/rad 

Sj,s 

MNm/rad 

150.150.5 IPE 270 12 9.1 

160.160.5 IPE 270 5 5 

180.180.5 IPE 270 2.7 2.5 

 
The rotational stiffness decreases when the 
width of the column front side is increasing, 
while retaining the same thickness. According 
to the data from Table 1, the negative moments 
from the external load of pEd = 10kN/m′   were 
calculated in the joint themselves, for the three 
connections of the corresponding frames. 

Table 3. Hogging bending moments- frame with 
semi-rigid connections 

 150.150.
5 IPE 270 

160.160.
5 IPE 270 

180.180.
5 IPE 270 

MEd
i [kNm] 13.44 12.47 10.04 

3.1.3. CALCULATION OF FAILURE MODES 

In the following, the failure types for the three 
connections of the respective frames are 
calculated. 

Table 4. Column face wall plastification (MRd,CWP), 

column punching shear (NRd,CPS) 

 150.150.5 
IPE270 

160.160.5 
IPE270 

180.180.5 
IPE270 

MRdCWP
[kNm] 18.50 14.80 11.70 

NRd,CPS,t[kN] 18.61 17.60 15.91 

 
It is clear from the Table 4 that for the case of a 
column with smaller cross-sectional 
dimensions, the load capacity of the column in 
punching shear or bending is greater compared 
to the column with dimensions 180.180.5. 

3.1.4. CALCULATION NEGATIVE BENDING 
MOMENT FOR IDEALY RIGID JOINT 

As the last step of the analysis is the 
determination of the negative moments in the 
joints of the three frames of the same external 
load, pEd = 10kN/m′, if the connection is 
considered ideally rigid. 
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Table 5. Hogging bending moments- frame with 
rigid connections 

 150.150.
5 IPE 270 

160.160.
5 IPE 270 

180.180.
5 IPE 270 

MEd
i [kNm] 16.65 18.49 21.10 

 
It is observed that, with the increase in the 
dimensions of the column from 150.150.5 to 
180.180.5, the negative moment in the 
connection node gradually increases. In the 
three considered cases, the negative moment 
exceeds the permissible loads, according to the 
type of fracture, shown in Table 5. 

CONCLUSIONS 

From the results shown in the Table 5, it can be 
seen that with the increase in the dimensions of 
the column (width and height), the welded 
beam tends to act inside from the column face 
wall. As the outer sides of the flanges are 
further away from the column outside wall, 
which also act as “support”, the shear or 
bending capacity is reduced. It should be 
emphasized that the bearing capacity of the 
outside column walls, for the same connection 
configuration and loads, is always greater than 
the bending or shearing capacity of the column 
face wall. 

According to the results shown in Table 2, it is 
noted that with the increase in the dimensions 
of the column, the rotational stiffness, and thus 
the negative moment in the node of the 
connection, decreases. These moments, 
shown in Table 3, are smaller than the bearing 
moments shown in Table 4. 

On the other hand, if the connection is treated 
as fully rigid, the magnitudes of the negative 
moments (shown in Table 5) are significantly 
larger than Column face wall plastification 
(MRd,CWP) and column punching shear (NRd,CPS) 

for the corresponding connections (Table 5). 

Finally, it can be concluded that, if the 
coefficient b0/t0 is close to the recommended 
maximum value, from expression (5), and if 
additional stiffening of the connection itself is 
not foreseen, then modeling the connection as 
completely rigid would lead to large hogging 
moments than the connection capacity itself. 
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