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Abstract: The use of welded structural hollow sections in civil engineering is relatively new. Constructing and dimensioning joints of steel trusses made of welded structural 
hollow sections requires a more specified approach, compared to traditional joints, achieved by gusset plates. Stress and local deformations at the contact between elements 
are non-linear and very complex. In this paper, the FEM modelling of the Y-joint was performed, accounting for the non-linear behaviour of steel. The ultimate bearing 
capacities of the joint were determined numerically, by applying different failure criteria. The results showed very good agreement with the experimental data. 
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1 INTRODUCTION 
 

The use of hollow trusses for bearing steel 
constructions in civil engineering is relatively new. The 
production of hollow steel trusses with square or 
rectangular cross section begins in the second half of 20th 
century, in England (1959), by Stewart & Lloyds and in 
Germany (1962) by Mannesmann, with reshaping circular 
seamless tubes while they are hot. At the approximately 
same time, square and rectangular hollow sections trusses 
have been produced using the cold procedure. 

During the period between two World Wars, most of 
the hollow truss steel grid constructions were made using 
montage element joints, bolts/rivets and gusset plates. 
During the last 30 years, in industrially developed 
countries all over the world the ratio between working hour 
price and used materials price has grown, which led to 
producing less complex directly welded joints and 
exclusion of gusset plates and other additional elements. 

Constructing and dimensioning joints of steel trusses 
made of welded structural hollow sections require a more 
specified approach, compared to traditional joints achieved 
by gusset plates. Stresses and deformation state of joints is 
very complex, which makes the analysis of behaviour of 
these joints under ultimate limit state and serviceability 
limit state of use by only analytical postulates complicated 
and inaccurate. Modelling the primary material-steel, 
presents a particular problem. The results based on the limit 
states theory show that behaviour of these joints at the state 
of fracture depends not only on geometrical characteristics 
of connected element and primary material quality, but also 
on configuration-the shape of joint and type and level of 
load in chords. 

During last 40 years, a large number of both 
experimental and numerical investigations of the 
behaviour of joints made of RHS (rectangular hollow 
section) and CHS (circular hollow section) with various 
configurations, as well as the joints made of hollow profiles 
and H-profiles have been performed. In [1] the authors 
performed the numerical investigation of stress 
concentration in various configurations of CHS to RHS Y-
joints. The authors formulated the equations for 
determination of stress concentration factors for hot spot 
stresses by utilizing the results of FEM modelling. Wang 
et al. [2] performed non-linear FEM analysis for 
determination of ultimate loading capacity of cast tubular 

Y-joints. They found it to be highly sensitive to the 
variations of the geometric parameters, namely the 
thickness and the diameter of the chord and the angle 
between the brace and the chord. In the case of welded 
joins, the FEM modelling is even more sensitive to the 
geometrical parameters. The existence of welds usually 
implies sharp transitions in the geometry, leading to high 
stress concentrations. In these cases, the accuracy of the 
calculation is highly dependent on the mesh strategy, 
especially on the element size. In [3], the authors analysed 
different mesh generation procedures with the aim of 
achieving the best results without significant increase of 
the computational cost. However, regardless of the applied 
mesh generation strategy, intensive mesh refinement is 
usually necessary for achieving adequate calculation 
results [4-7]. Another aspect that is of great importance for 
the FEM modelling is the choice of the material 
parameters. In order to reduce the calculation time, often a 
simplified rather than the exact stress-strain relationship is 
applied. Usually, bilinear model with isotropic hardening 
is applied for defining stress-strain relationship in FEM 
analysis. Some limitations of this type of material model 
are presented in [8]. 

The aim of this paper was to perform numerical (FEM) 
modelling of a truss joint made of hollow sections, keeping 
the model as simple as possible, while taking into 
consideration material nonlinearity. The modelling was 
performed using the commercial software package 
ANSYS, on the example of "Y" joint made of RHS 
profiles. For the purpose of validating numerical results, 
the data of the experimental testing of the same joint 
configuration were provided. The calibration of the 
developed model was performed by comparing the 
numerically and experimentally obtained load-
displacement curves. The ultimate bearing capacities of the 
joint were determined numerically, by applying different 
deformation limit or the strain limit criteria. 
 
2 EXPERIMENTAL INVESTIGATION 
 

Experimental testing [9] was performed on Y-type 
joint made of quadratic hollow section cold formed 
S235JRH steel profiles. The geometry of the joint is shown 
in Fig. 1. The chord was made of RHS 80 × 80 × 3 profile. 
The brace was made of RHS 50 × 50 × 4 profile. The angle 
between the brace and the chord was 45º. The total length 
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of the chord was 400 mm and the length of the brace at the 
crown toe side was 200 mm. The two elements were 
welded and the thickness of the fillet weld was 3 mm. 

Three samples were tested quasi-statically. The test 
was aiming to determine the ultimate loading capacity of 
the joint according to the deformation limit criterion of 
reaching the local deformation of 3% of the chord width or 
height. The experimental setup is shown in Fig. 2. The 
chord was positioned inclined at an angle of 45 degrees 
from the horizontal plane, putting the brace in the vertical 
position. This allowed the application of the vertical load 
to the brace element. In order to avoid any load 
eccentricity, the load was applied through the sphere joint 
element placed between the hydraulic press and the brace. 
The load intensity was measured using a 50 kN load cell, 
placed between the hydraulic press and the sphere joint 
(Fig. 2a). Simultaneously, the local deformations 
(displacements) were measured in three spots (Fig. 2b): at 
the crown toe side weld (in the middle of the chord top 
flange), and on the two side surfaces of the chord (10mm 
from the chord top surface). The displacements were 

measured using the HBM linear variable displacement 
transducer with the measuring range of ±2 mm. Thus, the 
largest value of the displacement was limited to 4 mm. The 
data recording was performed using data acquisition 
system SPIDER8. The sampling frequency was 10 Hz. 
 

 
Figure 1 Geometry of Y-joint samples 

 
 

 
Figure 2 Experimental setup 

 
3 FEM MODELLING 
 

FEM modelling was performed using commercial 
software package ANSYS. In the analysis, material and 
geometrical nonlinearities were taken into consideration. 
 
3.1 Geometry and Boundary Conditions 
 

The joint was created as an assembly of two solid 
bodies. The first body consisted of the diagonal brace and 
the fillet weld, and the second one was the chord. For the 
purpose of simplicity, the weld was modelled only at the 
straight parts of the brace, excluding the parts at the curved 
edges. In order to accurately represent the loading 
conditions an additional solid body was created and aligned 
with the top surface of the brace. It simulated the sphere 
joint lower plate. The boundary conditions were defined in 
such a way that they represent the experimental conditions 
as accurate as possible, and given in Tab. 1 and Fig. 3. The 
contact between the brace/fillet weld and the chord, as well 
as the sphere joint plate and the upper head of the brace 
was created by defining a bonded contact pair between 
surface body faces. 

 

Table 1 Boundary conditions 
Notation 

Fig. 3 
Type of element 

Fixed 
displacements 

A Surface Z = 0 
B Line X = Y = Z = 0 
C Surface Y = 0 
D Line  

(both sides of the chord) 
X = 0 

E Node 
(middle of the top surface of the 

solid plate) 

Load as nodal 
displacement 
Y = Z = 6mm 

 

 
Figure 3 Boundary conditions 
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3.2 FE Mesh Generation 
 

The mesh was generated using the ANSYS 
Mechanical built in automatic mesh generator. The 
element size was controlled using the body sizing 
command. In the high stress zones, at the contact between 
brace and chord, automatic mesh refinement was 
performed on the surface level. It was set to one half of the 
body element size. In such a way, it was made easier to 
perform the mesh convergence study only by changing the 
element size on a body level. The results were calculated 
for the element size equal to 15, 10 and 5 mm. The meshing 
was performed using SOLID187 elements, a higher order 
3-D, 10 - node element with a quadratic displacement 
behaviour, which is suited to modelling irregular meshes. 
The results of the mesh convergence study, depicted in Fig. 
4 for the total strain development with the load increase, 
indicated that the calculations performed on the two finer 
meshed models gave no significant difference. Thus, both 
meshes could be considered as adequate. The mesh with 
the body level element size of 10 mm is shown in Fig. 5. 
 

 
Figure 4 Mesh convergence study 

 

 
Figure 5 FE mesh of the SHS Y-joint model 

 
3.3 Material Parameters 
 

The choice of the material model corresponded to the 
type of the analyses that were performed. The linear elastic 
material model is appropriate for analysing behaviour of 
the joints within elastic region, up to determining the load 

at which the first plastic strains occur. Since most of the 
analyses included the plasticity, beside the elastic modulus 
and Poisson's ratio, the input of true stress-true strain data 
was required. The use of bilinear material model has the 
advantage of reducing computational time, compared to 
more complex models. However, this type of model is not 
suitable for predicting the ultimate load capacity since it 
can result in stresses much higher than the value of ultimate 
strength of material [8]. In this study, the non-linear 
behaviour of the steel was modelled applying multilinear 
isotropic hardening. The material parameters were taken 
from the experimental results published in [10]. The values 
were taken from those tests that were performed on the 
same thickness of the element and the closest dimensions 
to the elements of the present study. The typical stress-
strain curve of cold formed steel S235JRH, obtained by 
testing coupons from HS profiles is shown in Fig. 6. 
Although the provided experimental data showed slight 
difference between the results obtained by testing flat and 
corner coupons, herein the material parameters for each 
section were considered as uniform and are given in Tab. 
2. The slope of the stress-strain curve between the yield 
strength (fy) and ultimate strength (fu) is taken as 1% of the 
Young's modulus (E). After reaching the ultimate strength, 
the material was considered to be perfectly plastic. The 
weld material was modelled using the same parameters as 
the material of the brace element. The observed maximum 
strain at failure (εf) varied more than other parameters, but 
could be considered to be around 0.3. 
 

 
Figure 6 Typical stress-strain curve from cold formed tensile coupons (SHS 60 

× 60 × 3.0) [10] 
 

Table 2 The material parameters used in FEM modelling 
element E / MPa fy / MPa fu / MPa 

SHS 50 × 50 × 4 201600 410 430 
SHS 80 × 80 × 3 207400 361 402 

 
3.4 Analysis Setup 
 

The static structural type of analysis was performed for 
different cases of loading. For determination of the 
ultimate bearing capacity of the joint, a nodal displacement 
was applied to the central node of the sphere joint plate, in 
the brace axis direction. For this reason, in order to 
simulate a rigid body, the material of this plate was 
modelled using 1000 times higher values of Young's 
modulus and material strength. Further, in order to 
compare the experimentally and numerically obtained 
deformations at the characteristic load intensities, 
additional analyses were performed by applying the nodal 
force to the centre of the plate. Application of the 
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displacement was performed in 10 steps, whereby the first 
5 steps were significantly smaller than the last ones. This 
was calibrated in such a way that load displacement curve 
shows smooth transition from linear to non-linear region. 
In later stage, when the plastic behaviour becomes 
dominant, even with the larger steps the smoothness of the 
curve is not harmed. In the cases where nodal force was 
applied to the centre of the plate the analyses were 
performed in one step, with default substep settings. 
 
4 RESULTS AND DISCUSSION 
 

In the first part of this research, during the mesh 
convergence analysis, it was noticed that the von-Mises 
stress values in the stress concentration regions 
significantly exceeded the ultimate strength of the material 
(Fig. 7). This problem was not solved even with the 
decrease of the mesh size. Since the modelling of the 
material plastic behaviour included the plateau after 
reaching the ultimate strength, it was believed by the 
authors that the reason for this problem lies in the 
computational procedures of the FEM modelling. Namely, 
the extrapolation of the solution results from the integration 
points to the nodes is accurate only in the elastic regions. 
When the plasticity is involved, this could lead to 
inaccurate results, since the linear extrapolation does not 
follow the material behaviour within one element. Error 
could be reduced by decreasing the element size, i.e. 
reducing the distance between integration points and 
nodes. The extrapolation could be also controlled using 
ERESX command [11], applied through the ANSYS 
APDL-snippet. In this way, it could be specified whether 
the results would be extrapolated or copied from 
integration points to nodes. Fig. 7 shows the von-Mises 
stress distribution with allowed extrapolation, at the stage 
at which a large part of the chord top side was in the plastic 
region. An unrealistic increase of the stresses, far beyond 
the ultimate stress, could be clearly seen at the transition 
from elastic to plastic region. Reduction of the element size 
could result in obtaining more realistic stresses, since it 
decreases the difference between the extrapolated value 
and the value at the integration point. However, in order to 
"catch" the spreading of the yielded zone, a very fine mesh 
in a relatively large zone is required. Another solution is to 
disable the extrapolation or enable it partially. In the first 
case, the values are copied from the integration points to 
nodes. The second case involves extrapolation only in 
elements which have not yielded. However, in this case, 
the occurrence of the stresses above the ultimate strength 
is observed as well. The final calculations, as well as the 
mesh convergence study (Fig. 4), were performed with 
extrapolation totally disabled. 

The calibration of the model was performed by 
comparing the numerically obtained load-displacement 
curve with the experimental one. As mentioned above, the 
nodal displacement boundary condition of 8.485 mm (6 
mm in Y and Z direction) was gradually applied at the 
centre node of the rigid plate (10 steps of 1 s). The load-
displacement curve is shown in Fig. 8. It represents the 
displacement parallel to the Y axis of the node distanced  5 
mm from the crown toe fillet weld (the measurement point 
shown in Fig. 2). On the FEM curve, the point marked with 
the arrow corresponds to the load and displacement at the 

moment when the limit strain (0.3) was reached. By 
analysing the results, it was concluded that this happened a 
little bit before the time step of 7.9125 s (Fig. 9), at which 
the total nodal displacement of the loading plate was 2.7 
mm. This point is considered as a moment of the beginning 
of failure, and the corresponding load is the ultimate 
capacity of the joint. The bearing capacity obtained in this 
way was 87.92 kN. In Fig. 10, the corresponding von-
Mises stresses are shown. 
 

 
Figure 7 The stress distribution with extrapolation enabled (default settings) 

 

 
Figure 8 Load displacement curve: experimental vs. FEM 

 

 
Figure 9 Equivalent total strain at the time parameter equal to 7.9125 

 
Further analyses were focused on the local 

deformation of the chord top flange at the specific values 
of loading. Many studies have shown that the exhaustion 
of bearing capacity of many different types of SHS joints 
is a direct result of the local plastification of the chord at 
and around the contact with the brace [12, 13]. 
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Consequently, the failure criteria are mostly based on the 
chord local deformation. The International Institute of 
Welding adopted the deformation limit of 3%, which 
corresponds to the ultimate bearing capacity of the joint 
[12]. For the chord that was analysed in this research, the 
limit deformation calculated in this way is 2.4 mm. Many 
of the recent researches on the bearing capacity of this type 
of joints were based on the application of the local 
deformation limit criteria [4, 6, 14]. Herein the local 
deformation was calculated for two different load levels. 
The first is determined as the ultimate bearing capacity of 
the joint using the Yield line method. In principle, in this 
method various yield line patterns have to be examined in 
order to obtain the lowest capacity. More details about the 
analysis procedure and the corresponding equations could 
be found in reference [15]. This model neglects the 
thickness of the chord flange as well as the thickness of the 
fillet welds. The second one, developed and presented in 
detail in [9], based on the yield line analysis principle as 

well, takes into account the thicknesses of the chord flange 
and weld. Calculation results are given in Tab. 3. 
 

 
Figure 10 Von-Mises stress distribution at the time of reaching strain limit 

 

 
Table 3 The comparison of the local deformations obtained using non-linear FEM analysis with the experimental values 

Procedure of determination of ultimate bearing 
capacity 

Applied nodal load 
(calculated Ultimate 

bearing capacity) 
/ kN 

Max local deformation -
FEM 
/ mm 

Max local  
deformation-experimental 

/ mm 

Yield line analysis with weld and flange thicknesses 
neglected 

35.32 0.249 0.22 

Yield line analysis with the weld and flange 
thicknesses included in the analysis 

69.52 0.786 0.72 

Experimentally determined 88.81 
3.6 (point of reaching the 

strain limit of 0.3) 
2.47 

 
From the results of non-linear FEM analysis, given in 

Tab. 3, it could be concluded that the calculated 
deformation is in very good agreement with the 
experimentally obtained values for both loading levels. For 
the load calculated at the moment of reaching the peak 
strain equal to the maximum strain at failure, the 
displacement is higher than experimental. However, if the 
criterion of reaching local displacement of 2.4 mm is 
applied, the corresponding ultimate bearing capacity is 
equal to 84.4 kN (Fig. 8), and in very good agreement with 
the experimentally obtained value. 

Analysing both experimental and numerical results, it 
is evident that the failure occurs due to the plastification of 
the chord top flange. The bearing capacity, calculated by 
applying Yield line analysis, corresponds to the local 
deformation of 2.5%. It is 2.5 times smaller than the 
experimental value. If the thicknesses of the flange and 
fillet weld are taken into account, this ratio decreases to 
1.25. The FEM analysis, based the limit displacement, 
showed a much better agreement (the ratio was equal to 
1.05). However, the application of limit strain criterion 
gave the value of ultimate bearing capacity closest to the 
experimentally obtained one. 
 
5 CONCLUSION 
 

This paper presented the results of numerical 
modelling of RHS Y-joint. The calculation results were 
validated using the experimental data. Ultimate bearing 
capacities were calculated by applying different failure 
criteria. The behaviour of the joint, observed within the 
experimental investigation, was very well represented by 
the results of the numerical analysis. The ultimate bearing 

capacities, calculated by the standard analytical 
procedures, giving the values equal to around 40% and 
80% of the experimentally obtained ones, were 
conservative and on the safe side. This conservativity can 
be considered as a disadvantage from the economical point 
of view. The application of non-linear FEM analysis could 
be a remedy for this problem. It resulted in much better 
predictions of the failure load. In this paper it was shown 
that even with the relatively course mesh, the results could 
be very satisfactory. 
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