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MODELLING 

The paper presents the results of a comparative analysis between numerical calculations 
of T-stubs of the 3rd stage of FEM models hierarchical validation and the results of 
laboratory tests. The procedure for the development of the material characteristics used 
in numerical calculations of FEM models is presented. The scope of this article 
allows determining the non-linear characteristics of the T-stub which maps the work 
of the end-plate joint of the beam to the column in the tensile zone. The results of 
laboratory tests of a series of T-stubs made of rolled profiles (HEB240, HEA240) and 
of welded profiles (thickness of end-plate: tp = 12 mm and tp = 20 mm) have been 
presented. The principles of shaping the geometrical features of the FEM model of 
end-plate joints of the T-stub type are given, with particular emphasis on the shaping 
of the bolt with a thread. The impact of the bolt thread on the accuracy of the obtained 
results was assessed. The criterion of reliability of the obtained results with respect to 
the maximum force in the bolt obtained on the basis of laboratory tests in the axial 
tensile test of the bolts in the configuration: bolt - washer - nut was formulated. 

Keywords: T-stub, rotation capacity, material ductility, multistage hierarchical 
validation, FEM modelling  

1. Introduction 

For a relatively long time, traditional steel connections have been considered 
as a fully rigid or ideally hinged, regardless of their actual behavior. This 
assumption considerably simplified the calculation process and the expense of 
unoptimized projects and higher production costs borne to produce construction 
elements [1], [2]. Principles for the assessment of the structural elements behavior 
have well-established methodology, allowing to determine all the instability 
effects and to assess the safety of local systems as well as the whole structural 
system [3]. In the case of joints, a similar level of knowledge and the applied 
methodology is not available, in particular in the area of response surface 
prediction of rotation angle defined in the form of the joint rotation curve M-φ. 
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The behavior of steel structure joints is very complicated and requires 
consideration of many occurring phenomena including material nonlinearities, 
contact surface nonlinearities, local geometrical imperfections, as well as complex 
configurations of joints geometry. The difficulties we encounter in creating 
analytical models describing the joints’ behavior in the full scope of their 
deformability is caused by the compilation of factors having their basis in the 
phase shift of the plastic deformations initiation of individual joint components. 
There is an equilibrium path for each element that is part of the joint, which has its 
own non-linear force-strain characteristics (F-∆) [3], [4]. This relationship causes 
that the behavior of the joint subjected to load in the form of bending moment is 
also characterized by non-linear behavior.  

This non-linearity occurs because a joint is a collection of several components 
which interact differently at different levels of applied loads. Each non-linearity 
regulates the behavior of the joint and is at the same time an obstacle to the 
systematic and theoretical solution to this problem [5]. Analysis of this complex 
behavior has a usually approximate character with the use of drastic 
simplifications. The tests (both laboratory and numerical) are often carried out in 
order to obtain an actual answer, which is then modeled by approximating the 
solution by means of mathematical formulas, having reference to the main 
properties of the joint structure. 

During the last decades, different approaches have been applied in the area of 
assessment of the steel joints behavior. Extensive literature studies present a well-
developed methodology of experimental research [6], [7], [8] and developed 
empirical [9], [10], analytical [11, 12], numerical [13], [14], [15], [16], [17] and 
mechanical models [18]. After the introduction of semi-rigid connections concept, 
many researchers have focused their efforts on accurately predicting parameters 
such as initial stiffness (Sj,ini), moment resistance (Mj,Rd) and rotation capacity of 
joints (φcu), to obtain the actual response surface of rotation angle of joint M-φ. 
Numerous research works dedicated to estimate the strength and stiffness of  
T-stubs connections (Zoetemeijer [19], Yee and Melchers [20]) contributed to the 
creation of a new trend in the analysis of the behavior of the bolted connections, 
where a particular example of this approach is the so-called component method, 
which was actually adopted as a calculation procedure in well-known regulatory 
standards, such as Eurocode 3 [5, 21]. Component method included in PN-EN 
1993-1-8 [22] is used to determine the moment resistance and stiffness of joints. 
The wide application of the component method in the design of joints was possible 
due to the development of mechanical and spring models, supporting the 
development of analytical and empirical models. The basic principle of these 
models is to divide the connection into simpler components for which the 
moment-rotation relation (M-φ) of the whole bolted connection is determined by 
assembling all individual responses of its components in a spring system. 

However, the procedures of the component method do not precisely define 
the rules for determining the rotation capacity of joints in the full range of 
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deformability. In a relatively large number of laboratory tests conducted as part 
of the research work on the behavior of joints, the maximum rotation angle (φcu) 
was not focused on. In these tests, the initial zone of deformation of the joint was 
analyzed, which was associated with the determination of its initial stiffness Sj,ini. 
The second determined test parameter was the limit resistance of joint MR. 

In addition to many advantages, the basic disadvantage of laboratory tests is 
the time and cost of their execution. For this reason, the use of numerical analyzes 
to simulate the behavior of joints, becomes a routine activity in research processes. 
The FEM analyzes reduce research costs, provide much more information about 
the state of strain and stress of the tested objects, which is not possible to achieve 
in such a wide range by performing traditional destructive laboratory tests. 
It should be noted that in case of using numerical analyzes, the results of such 
analysis may be subjected to a relatively large error in the absence of proper 
verification and validation of numerical models. In the article, the authors 
presented the extended results of 3rd stage of multistage hierarchical validation of 
FEM models, as a continuation of the validation process of FEM models, for the 
needs of rotation capacity prediction of joints [23]. 

2. The necessity of validation for the needs of the correct FEM 
modeling 

The development of computer technology, whose dynamic growth has been 
recorded since the 80s of the last century, allowed to develop computational 
methods using the finite element method to the level where the complicated effects 
of the examined objects can be calculated on PCs. Previously, it was possible to do 
only in computing centers. It is assumed that the results obtained in numerical 
analyses using the finite element method can be considered reliable if they are 
comparable with the results of experimental research or other known precise 
solutions. 

In each FEM analysis, the accuracy of the model is evaluated. Relevant 
regulations including the formalization of validation and verification procedures 
were developed by the American National Institute of Standards [24]. 
The evaluation of the accuracy of the FEM model should precede every more 
serious FEM analysis [25]. The verification process is an evaluation of the 
accuracy of the solution in the FEM calculation model compared to known 
solutions, e.g. analytical solutions. In the validation process, the computational 
accuracy of simulated solutions is evaluated by comparison with experimental 
results. The validation should be performed gradually, i.e. at the level of the material 
model, set of fasteners, subassemblies and structure fragments. In the literature it 
has been called as a hierarchical validation [24]. The validation is an iterative 
process, and the final result in the form of proper material characteristics and 
a calculation model is a set of requirements that should be met in a computational 
model that maps the analyzed real model (Fig. 1). The validation must evaluate the  
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Fig. 1. Diagram of the verification and validation interaction circle in the numerical 

modeling process (on the basis of [24]) 
 

predictive ability of the FEM model in its physical aspect and should take into 
account any uncertainties that arise from both the results of the numerical 
simulation and the experimental data. 

The hierarchical validation of FEM models used in the analysis of the joints 
behavior in the full range of deformations was carried out as part of the work 
[23], [26] in the following four stages: 
I Stage – tensile test of steel and bolt specimens (Fig. 2a), 
II Stage – bolt tensile in the configuration: bolt – washer – nut (Fig. 2b), 
III Stage – tensile test of the T-stubs (Fig. 2c), 
IV Stage – test beam to column connection in the configuration of frame (Fig. 2d). 
 

a) 

 

b) 

 
c) 

 

d) 

 

Fig. 2. Multistage Hierarchical Validation of FEM models: a) I stage: the tests of material of steel 
samples: b) II stage: the tests of fasteners in the configuration of bolt-washer-nut; c) III stage: 

the tests of T-stubs; d) IV stage: the joint tests in the configuration of frame 
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In Fig. 3 FEM models used in the process of hierarchical validation were 
presented. Introduced 4-stage process of model adjustment in the scope of material 
characteristics describing the properties of the used materials and geometrical 
features assumes the analysis of the models with different levels of complexity. 
Such an attitude enables to obtain the required level of detailing which is needed 
to obtain results convergent with the results of laboratory tests. Material 
characteristics which do not have logarithmic strain are a kind of reliability 
guarantor of optimized object due to the fact, that in such cases the analysis always 
proves earlier achievement of the tolerable stress and strain state. The only 
characteristic which complies with the requirements for accurate strain mapping of 
the tested object is the stress - strain characteristic referring to cross section 
momentary areas, which are real stresses in the deformed section. The adjustment 
process is obtained as a result of modification of the curve σ−ε to such a form by 
which the acceptable compatibility between results and laboratory tests is achieved.  

 true (1 )σ = σ + ε  (1) 

 true ln(1 )ε = + ε  (2) 

The area for which the characteristic stress – strain is known is determined by 
the formula (1) and (2). The modification of the curve can be made only in the 
unknown scope of material behavior, that is from the moment of creating the 
necking in the tested material sample, for which it is impossible to determine the 
stress - strain relation based on the analytical relations available in the literature. 
The value of the maximal stress σu is determined on the basis of the force value in 
the tensile test before failure referred to deformed cross-section area of the sample 
A after failure. The maximal value of the strain εu corresponding to maximal stress 
σu is determined in iterative manner by increasing deformation εu to such values at 
which the best adjustment of the actual response curve σ-ε is obtained.  
 

3. Laboratory tests of T-stubs 

Research program of the 3rd validation stage, included the tensile test of 12 
T-stub connections. The study included performing the tests of 4 series T-stub 
connections with division into rolled and welded profiles.  
T-stubs from rolled profiles: 
− series H01 – T-stub of profile HEA 240, steel: S235 – 3 samples, 
− series B01 – T-stub of profile HEB 240, steel: S355 – 3 samples. 

Welded T-stubs: 
− series SP01 – welded T-stub: end-plate 20 mm, steel S355 – 3 samples, 
− series SP02 – welded T-stub: end-plate 12 mm, steel S235 – 3 samples. 

The range of the tested T-stubs was constructed in such a way that, in the 
tested models, we obtain the 1st and 2nd failure mode according to the classification 
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included in the standard [5]. In numerical models of tested objects, geometry 
projection has been made based on exact measurement of the elements subjected 
to tensile test. During the sample measurement, significant geometrical 
imperfections of the profiles have been found. Deviations dispersion in thickness 
of the flanges for HEB 240 (series B01) was in the range 16.35÷17.84 mm and it 
was the highest from all tested series. After measuring the fasteners sets, some 
dimension deviations with respect to nominal dimensions were also noted 
(ISO 4014). These deviations were introduced to the FEM model. 

In sample A, series H01, a strain gauge system was used to measure strains 
at predefined characteristic points. The location of the strain gauges is shown in 
Fig. 3c. In order to measure the strains in the bolts, a system of strain gauges 
arranged on the periphery of the bolt shank was used in a radial system with 
a 120° offset (Fig. 4a). All tested samples were attached in an auxiliary holder, 
 

a) 

 

b) 

 

c) 

 

Fig. 3. Sample H01: a) sample of series H01 in a testing machine after damage; b) location of 
strain gauge in the bolt; c) location of strain gauge in the sample of series H01 

 
a) 

 

b) 

 

Fig. 4. Measuring system: a) set of fasteners with a strain gauge system; b) sample of series H01 
before damage 

Strain gauge 
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which ensured the axial introduction of force in the test sample (Fig. 3a). 
Measurement of deformations of the examined joints was made by means of an 
optical extensometer, measuring the distance increment between 2 points applied 
to the side surface of the centre of the tested samples. 

The distance between the points was about 100 mm. In order to eliminate 
the clearances in contact, the prestressing of the bolts with a force of F = 50 kN 
has been introduced (Fig. 6c). Due to geometrical imperfection in tested samples 
in each series the differences in the response curve F-∆ were noticed (Fig. 5a and 
Fig. 5b). 
 

a) b) 

 

c) d) 

Fig. 5. The results of tensile test: a) series H01; b) series B01; c) series SP01; d) series SP02 

4. Description of the numerical model 

For the creation of the numerical model 3-dimensional finite elements type 
Tet10, Hex20, Pyr5, Hex8 and Wed6 were used (Fig 6a). The multi-linear material 
model defined on the basis of the 1st scope of hierarchical validation (Fig. 7a and 
Fig. 7b) was used. The contacts between particular elements of joint were created 
as nonlinear with the friction factor assumed for the surface in a natural condition 
with the value of µ=0.2. A reduction in contact stiffness has been introduced with 
each subsequent iteration. For all contacts in the model, an augmented Lagrange 
contact formulation was applied [27]. Contact surfaces were introduced in the 
areas of contact between: end plates, washer – end-plate, washer – nut and washer 
– head of the bolt. Additionally, radial surface contacts between bolt hole and bolt 
shank and thread were introduced in the model (Fig. 9a). 
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Fig. 6. FEM model: a) 3D view (meshing); b) model 3D of T-stub in double symmetry; c) location 
of a prestressing force application 

  

Fig. 7. Material characteristic: a) steel S355; b) bolt grade 10.9 (ISO 4014) 

A specific type of contact surface which has been introduced into the FEM 
model is shown in Fig. 9c. The last from mentioned contacts create boundary 
conditions to support the bolt that rests on the inner surface of the plate’s hole 
caused by a large joint gap. In the initial stage of joint deformation, the side surface 
of the washer and the upper surface of the plate have no contact, but with a large 
gap in the joint they interact between each other, and plate surface is the support for 
the lateral surface of washer. Introducing such contact surface is dictated by possible 
occurrence of non-coinciding the FEM model caused by penetrating objects. 

In the model of washer, three layers of finite elements and the division into 
48 elements were introduced. In the area where the thread connects to the nut, mesh 
density was increased to the size of 1 mm. In end–plate five layers of finite elements 
were introduced. The corresponding density of the mesh in this area greatly helps to 
achieve convergence of the FEM model. In summary, a well-elaborated meshing 
model is a necessary condition to obtain the correct deformation of particular 
elements of the analyzed joint.  

a) b) c) 

Support 

Displacement 
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In order to increase the calculation efficiency, a double symmetry was 
introduced to the computational model with respect to the center planes of the 
system, as illustrated in Fig. 6b. In order to evaluate the impact of the thread in the 
bolt 2 computational models were prepared. In the first model the bolts with 
modeled metric thread were used (Fig. 8a), in the second one the bolt without 
thread was used. In this model the nut was permanently connected with the bolt 
shank (Fig. 8b).  

 

  
Fig. 8. FEM model of bolt: a) Bolt with thread; b) Bolt without thread 

 

 

Fig. 9. Contacts: a) radial contact: bolt – end-plate b) anti-slip contact: bolt – washer; c) contact 
between end plate and external surface of washer 

The FEM models were loaded in the same method, as was the case in 
laboratory tests, by introducing a displacement load. In models with thin end-
plates (series: H01 and SP02) the load was applied in 150 steps. In the B01 and 
SP01 series, the load was applied in 50 steps. Locations of the applied loading 
are shown in Fig. 6b. The numerical calculations of the analysed objects were 
performed using the material characteristics shown in Fig. 7. 

5. Results comparison and summary 

The T-stubs research program presented in the paper, used for the needs of 
the 3rd stage of multi-stage hierarchical validation of FEM models, provides a wide 
range of information needed to geometric discretization of analysed objects in 

a) b) 
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numerical analysis. Available tools in Ansys software, allow to obtain many 
interesting results that are only obtainable in the case of advanced numerical 
analysis performing. If during the creation of the numerical model in a sufficiently 
accurate manner the geometrical and material imperfections are mapped, then as 
a result we can obtain not only the deformation state of the tested object (Fig. 10), 
but also a reliable result of the force distribution (Fig. 11) and distribution of 
stresses (Fig. 12) in the analysed objects. 

 

 

 

Fig. 10. Comparative analysis: a) laboratory test: sample H01 – type C; b) FEM analysis – sample 
series H01 

 

  

Fig. 11. Distribution of forces in the bolt: a) response curve F-∆ - T-stub connection: series B01, 
HEB 240, steel grade: S355, the forces in the bolt with thread and without thread; b) response 

curve F-ε – 2nd stage of hierarchical validation 

One of the most important results obtained in the analysis is the value of the 
maximum force in the bolt, which is comparable to the value of force in the bolt 
obtained in the laboratory test in the 2nd stage of validation [23]. The maximum 
bolt force in the laboratory test was Fbolt,lab = 263.18 kN (Fig. 10b – SAF10) and 
it is most approximate to the results obtained in numerical analysis in a bolt in 
set with inserted thread (Fig. 8a). The results presented in Fig. 8a and Fig. 8b 
indicate that bolt without thread achieves an earlier deformation achievement, 
at which the bolt achieves the maximum value of force. The value of the force in 
the bolt obtained in the set with the thread is smaller in relation to the value of 
the force in the bolt in the set without a thread and is Fthread = 273.11 kN.  

 

b) a) 

b) a) 
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Fig. 12. Separation of the thread contact surfaces between the bolt and the nut 

In the analyzed connection it was observed characteristic effect of the increase 
in the effective length of the thread. After reaching the plastic stress, a neck is 
formed in the area of the thread, which with its range reaches up to one-third the 
height of the nut (Fig. 12). This effect will not occur in the case of bolt modeling, in 
which the bolt is connected to the nut (Fig. 8b). Introduced to the FEM analysis 
model of the bolt with thread is dedicated to case studies where there is the need for 
accurate assessment of the forces distribution in the analyzed model.  
 

  
Fig. 13. The results comparison of the numerical analysis with the results of laboratory tests:  

a) Sample of series B01; b) Sample of series H01 

Relationship of loading F and relative change in the distance between 
reference points are shown in Fig. 13. 

Determination of the force distribution in the bolt in laboratory conditions of 
the separate structure elements testing (joints, frames etc.) is quite troublesome 
and possible only in a certain range of stress and strain. The available research 
instruments are well suited for elastic stress and leave a free, unexplored space for 
analysis of the force distribution in the bolt in range of plastic deformation.  

The analysis of end-plate bolted connections deformations defined in the  
T-stub form is usually performed assuming the possibility of occurrence of three 
plastic hinges (two in the front panel: the first in the bolt area, the second in the 
connection of and-plate with the web panel, the third plastic hinge in the bolt). 

b) a) 

Separation of the thread  

contact surfaces 
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In the case under study (Fig. 13b), a fourth plastic hinge is formed in the web panel. 
Fig. 14 shows the progress development of plastic zones for the five load phases 
defined in the form of displacement. In the first phase, the plastic zones have 
developed in the face of end-plate (Fig. 14a), in the 2nd phase the plastic zones 
start to develop in the region of the web panel in the bolt axis (Fig. 14b), in the 
next phase the plastic zones (in the bolt axis) merge into one the compact zone 
and this state is maintained until the end of the test (Fig. 14c, Fig. 14d, Fig. 14e). 
 

 
Fig. 14. Development of plastic zones: a) displacement ∆ = 5 mm; b) displacement ∆ = 12.5 mm; 

c) displacement ∆ = 25 mm; d) displacement ∆ = 37.5 mm; a) displacement ∆ = 50 mm 

This irregularity in the behaviour of the web panel is caused by the membrane 
effect which results from the low stiffness of the end-plate. The confirmation of 
this phenomenon is the distribution of von Mises stresses depicted in Fig. 15, 
along a path located in the bolt axis on the upper surface of the end-plate. There  
 

   

Fig. 15. Distribution of stresses in the end-plate along a path located in the axis of the bolt 
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was a significant decrease of stresses in relation to stress at the point of the bolt 
fixing and at the point where the end-plate connects to the web panel. This effect 
of the variable redistribution of deformations is a particular obstacle to the regular 
analytical description of the connection behaviour in the case where the web panel 
is the weakest link in the chain. 

Conducting a multistage hierarchical validation is a prerequisite for obtaining 
reliable results of the FEM analysis of the examined objects. This is particularly 
important in relation to the structure and its parts subjected to large deformations. 
Introduction of material characteristics as a result of the process of tuning the FEM 
models implemented as part of the validation allows to analyze the behavior of 
joints subjected to significant deformations, close to the state of exhaustion of the 
structural capacity for load transfer. 

Finite element method is an alternative approach in the predicting behavior of the 
T-stub type connections. Based on the results obtained in the numerical calculations, 
we encounter relatively large difficulties in formulating the analytical relationship 
describing the state of the joint's behavior, similarly in the case of laboratory tests. 
However, using numerical analyzes, it is much easier to obtain enough data for the 
behavioral assessment when statistical methods are used for this purpose. 
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