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Abstract. In steel frame buildings the role of the beam-to-column 
connection is crucial for assuring structural integrity, and due to their 
complexity and non-linear behaviour, the bolted configurations of this type 
of connection are usually the most vulnerable elements of a building. In 
order to assess the behaviour of a bolted steel connection, the simplified 
model of the equivalent T-stub is used. Based on previous experimental 
studies on a parametric set of T-stubs, the aim of this study is to optimise a 
numerical model in order to validate the experimental data and produce a 
fully calibrated finite element model, created with Abaqus/Explicit FE 
software package. To model properly the nonlinear behaviour of the 
component, an analysis of the properties of the model was conducted 
regarding the finite elements properties, analysis properties and 
discretization. The solid finite element properties considered were such as 
the number of nodes, integration, contact and true stress-strain material 
definition, including damage criteria. In this context, the assembly was 
subjected to a transient quasi-static explicit FE analysis using mass-scaling 
features. The results are expressed by comparison of Force-displacement 
curves obtain via numerical analysis and experimental testing. 

1 INTRODUCTION 

The connections in steel frame structure play the most important role in providing enough 
ductility and capacity of the structure to resist progressive collapse caused by accidental 
loading such as impact, explosions, earthquakes etc. Being the most vulnerable elements 
within the structural system, the connections (Fig. 1) need to be able to support development 
of catenary forces in order to avoid progressive collapse [1]. Therefore, careful consideration 
must be paid to their design to ensure a suitable level of ductility and robustness as the 
avoidance of progressive collapse depends on the ability of the construction to transfer loads 
through alternative paths into adjacent members and finally to the foundations. In structures 
exploiting their full resistance, plastic hinges develop in the structural points where the forces 
exceed the plastic resistance of the member. In order to exploit the full plastic resistance, the 
structural members have to endure a certain plastic rotation without failure in selected points 
that could offer a ductile behaviour. In case steel moment resisting frames subjected to 
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extreme and destructive loading, the rotation and deformation capacity of the connection is 
of the primary importance to the development of alternative load paths through catenary 
action and is vital in enhancing the integrity for whole structure [2]. 

 

 

 
In order to attain the required characteristics of the connections special attention must be 

dedicated to designing all the components of joint. The most important component of bolted 
end plate beam to column connections is T-stub [3] asthis sub-system ensures the ductility of 
the connection and is used as the main indicator of its resistance. The behavior of such 
components depends on the material characteristics, bolt arrangement and geometry and it is 
accepted as a simplified model for the characterization of the behavior of the tension zone of 
a bolted joint.  

2 EXPERIMENTAL PROGRAM 
The main objectives of the experimental program were to investigate the capacity of 

bolted T-stub connections under large tensile deformations according to Eurocode demands 
and to predict the response of T-stub components [4]. The general configuration and 
dimensions of T-stub are shown in the Fig. 2 and their specific geometry is shown in Table 
1. 

 

 
Fig. 2. T-stub geometrical configuration 

 
The length of the web is 686 mm with thickness of 10 mm. The width of the web and 

flange is 90 mm with varying thicknesses of the end plate and the distance from the bolt 

Fig. 1. Steel beam-to-column connections in moment-resisting frames

center to the edge of end plate is 30 mm on both sides. The T-stubs are designed to achieve 
ductile failure modes based on static loading conditions according to Eurocode 1993-1-8 [3]. 

 
Table 1. T-stub components tested configurations 

 
 

Table 2. Results for the material tests 

 
 
Prior to the T-stub tensile testing, individual tensile tests were carried for the material 

coupons representing each type of steel plate and bolt according to EN ISO 6892-1. The 
results are shown in Table 2. 

3 NUMERICAL ASSESSMENT 

In case of FE numerical analyses, two main types of numeric approaches are generally 
considered, Implicit and Explicit, which are often used for nonlinear dynamics: 

- Explicit methods require a small-time increment size that is independent of the type and 
duration of loading. Simulations generally take on the order of 10,000 to 1,000,000 
increments, but the computational cost per increment is relatively small. 

- Implicit methods do not place a limitation on the time increment size. Implicit 
simulations typically take orders of magnitude fewer increments than explicit simulations. 
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However, since a global set of equations must be solved in each increment, the time cost per 
increment of an implicit method is far greater than that of an explicit method. 

Although the Implicit method is considered as adequate for quasi-static and simple 
models, for more complex models it can give less accurate results than the Explicit method, 
which can also analyze problems involving complex contact interaction between many 
independent bodies. 

3.1 Material property 

The stress and strain relationship for a material represents the most used method to define 
how a material will react mechanically to an applied loading condition [5]. 

 

 
Fig. 3. Nominal stress/strain curve [6] 

 
In order to define a linear-elastic steel material behaviour in Abaqus computer tool, two 

parameters were used, the Young’s modulus of elasticity of 210 GPa and Poissons’s ratio of 
0.3. The value for density is 7.85x10-9 kN/mm3. The material behaves elastically up to the 
yield point, after which starts the plastic deformation. 

For the plastic material property modified stress-strain curves were used, different one 
for every coupon. These curves were obtained from standard tensile testing of steel coupons 
according to EN ISO 6892-1 [6]. Nominal stress-strain curves (Fig. 3) from experimental 
tests were then modified into true stress – strain curves according to equations given in 
Eurocodes EN-1993-1-5 Annex C6 [7]. 

Generally, the steel material deforming plastically under a tensile load may experience 
highly localized extension and thinning, already described as a necking zone, recorded during 
the failure of the specimen. These formulas are valid up to necking point, after which the 
steel material seems to soften while it actually hardens. Namely, during the plastic 
deformation of the steel material, its load bearing capacity per unit cross-section area 
increases, as a result of the strain hardening effect -Fig. 4. At the same time, the effective 
cross-section is reduced due to stretching of material.  

 

 
Fig. 4. Necking observed on a tensile test piece 

 
As consequence, the stress/strain curve will run upwords as long as the strain hardening 

is increasing faster than the cross-section area is reducing. At some point the increase in 
strain-hardening will be overcome by the cross-section area reduction [5]. This practically 
represents the point of maximum load that the specimen can carry. Fig. 5 represents as 
example the nominal and true stress-strain curves for coupon P-20 with a thickness of 20mm. 

 
Fig. 5. Nominal and true stress-strain curves 

3.2 Damage criteria 

Damages in structures are caused by degradation of material due to initiation and growth 
of micro cracks in a real-life material element. Due to micro-granular irregularities, some 
zone in the original material form irregularities under the form of weak zones, that will not 
be able to carry the loading applied. The loading will cause a weaker area to strain further 
than the rest of the model, even if the load is not increased. 
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In Abaqus computer FE tool the final fracture is characterized using the Damage Initiation 

criterion and Damage Evolution for ductile materials through different coefficients. This 
material property defines the behaviour of material after reaching the ultimate strength i (Fig. 
6). The input data to the fracture model was obtained by running the model without this 
fracture criterion. Further, the average value of the equivalent plastic strain for the elements 
that were supposed as failed, was measured at the point of the final fracture. This strain value 
is actually used as the damage initiation criterion. It is important to note that the values of the 
coefficients depend on the mesh size and shape as mentioned in [8]. Damage evolution option 
is defined using tabular softening type. The coefficients used in case of T-stub analyses are 
shown in Table 3. 

 
Table 3. Coefficients used in the Ductile Damage criteria 

 

3.3 Discretization 

The influence of different mesh size of elements can be described in function of 
dissipation of energy. With mesh refinement dissipated energy decreases. The dissipated 
energy is treated as an additional material parameter, and it is used to compute the 
displacement at which full material damage occurs. Up to the point of ultimate strength the 
plastic properties are the same for different mesh size, but at higher strain values, the plastic 
behaviour is dependent on the element size. Since the post-critical behaviour is dependent on 
the mesh size, the engineering stress/strain curve cannot be directly used to mechanically 
model the material: in a FE model the continued elongation of the model is concentrated into 
straining of a few elements. For this deformation the element size is crucial. Since the 
elongation is produced through even one single element, the properties of this element will 
govern the behaviour of the whole model [5]. Therefore, the global response for the coarser 
mesh will be stiffer than for the finer mesh. 

Fig. 6. Material curve with progressive damage degradation [10] 

In order to enhance the fine response in case of T-stub models, linear hexahedral elements 
were used for meshing (8-node brick C3D8R) with reduced integration and enhanced 
hourglass control. 

3.4 Material calibration results 

The experimental force/displacement behaviour was validated numerically and different 
material properties and mesh sizes were set to be further used in T-Stub models. 

 
Fig. 7. Numerical and experimental comparison (for coupon P20) 

 
Fig. 7 shows the numerical response curve with respect to the traction test on coupon, 

based on the force-displacement curves. The results show a very good approximation of the 
model behaviour of the coupons, showing insignificant errors smaller than 2% to testing. 

3.5 T-stub numerical analysis 

In order to validate experimental data and the obtained results, a numerical model is 
generated with Abaqus/Explicit FE package. The models are created using precise 
measurements evaluated before testing of the specimens. Material properties are determined 
using experimental coupons tests previously mentioned. The nominal diameter of the bolt is 
16mm. However, its real diameter is less than 16 mm due to the thread: thus, the actual 
diameter was evaluated according to standard ISO 898-1:2009 [9]. 

 

 
Fig. 8. T-stub elements discretization 

 
In order to carry out the parametric study, numerical models were validated against 

experimental ones and then calibrated by increasing the distance between the bolts. The 
validation was done using F-δ response which offers the overall behaviour of T-stub 
elements. The models used for validation were specimens T-10-16-100, T-10-16-140, T-15-
16-100 and T-15-16-140. 
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4 NUMERICAL RESULTS 

Fig. 9 and Fig. 10 show the validation of T-stub models through numerical and 
experimental force-displacement curves . The numerical results were compared with the 
experimental data through force-displacement response and showed good correlation. 

 

 
 
The numerical models accurately predict the actual behaviour of the T-stub specimens, 

proving a good accuracy for the elastic stiffness and the plastic transitions. Differences in 
yield force, ultimate displacement and initial stiffness are less than 10% error range.  

 

 
 
Fig. 11 shows the deformed shape of the T-10-16-140 model under the form of equivalent 

plastic strain map in comparison with the corresponding deformed specimen after 
experimental testing. The FE model follows with high accuracy the actual behaviour of the 
tested specimen and shows similar failure mode. 

The generally accuracy of the results between the experimental tests and the numerical 
models show the validity of the calibration method with high accuracy, can be further 
considered to more complex configurations. The presented example shows that if enough 
experimental information is collected at the basic level of the material properties, 
increasingly complex models can be developed, allowing for the development of more 
accurate technical solutions for problems with high dependency of the accuracy of the initial 
conditions, such as cyclic loading of connections. 

 

Fig. 9. Comparison between numerical and experimental results – T-10

Fig. 10. Comparison between numerical and experimental results – T-15

 
 

5 CONCLUSIONS 

The paper presents the way in accurate FE modelling. The study leads to the following 
main conclusions: 

- a satisfactory match can be obtained between experimental and numerical results 
provided that a thorough calibration phase is conducted; 

- the calibration of the material behaviour is especially important: it should follow the 
European standards recommendations for true stress-strain characterization and 
damage criteria should be added and calibrated based on parameters such as fracture 
strain, stress triaxiality and strain rate; 

- the size of the mesh is equally important and it should suffer minimal changes after 
the calibration process; 

- the significant variability of the characteristics of the delivered steel is an important 
factor and can significantly affect the reliability of numerical results. Therefore, 
material tensile testing needs to be carried out in order to provide a good basis for 
the calibration process. 
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