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CREDIBILITY OF FEM ANALYSIS IN THE T-STUB
MODELLING

The paper presents the results of a comparativgs@between numerical calculations
of T-stubs of the '8 stage of FEM models hierarchical validation arel iésults of
laboratory tests. The procedure for the developiwietite material characteristics used
in numerical calculations of FEM models is presénf€he scope of this article
allows determining the non-linear characteristitthe T-stub which maps the work
of the end-plate joint of the beam to the columnhi@& tensile zone. The results of
laboratory tests of a series of T-stubs made tddqgirofiles (HEB240, HEA240) and
of welded profiles (thickness of end-plate=t12 mm andpt= 20 mm) have been
presented. The principles of shaping the geoméfiecdures of the FEM model of
end-plate joints of the T-stub type are given, aittiticular emphasis on the shaping
of the bolt with a thread. The impact of the botetd on the accuracy of the obtained
results was assessed. The criterion of reliakilfithe obtained results with respect to
the maximum force in the bolt obtained on the bakigboratory tests in the axial
tensile test of the bolts in the configuration:tbakasher - nut was formulated.

Keywords: T-stub, rotation capacity, material ductility, nmistage hierarchical
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1. Introduction

For a relatively long time, traditional steel coatiens have been considered
as afully rigid or ideally hinged, regardless ¢feit actual behavior. This
assumption considerably simplified the calculatfpocess and the expense of
unoptimized projects and higher production costddo produce construction
elements [1], [2]. Principles for the assessmenhefstructural elements behavior
have well-established methodology, allowing to duiee all the instability
effects and to assess the safety of local systesmgell as the whole structural
system [3]. In the case of joints, a similar leeélknowledge and the applied
methodology is not available, in particular in theea of response surface
prediction of rotation angle defined in the forntloé joint rotation curve Mp.
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The behavior of steel structure joints is very chicaped and requires
consideration of many occurring phenomena includimaterial nonlinearities,
contact surface nonlinearities, local geometricgierfections, as well as complex
configurations of joints geometry. The difficultiase encounter in creating
analytical models describing the joints’ behavior the full scope of their
deformability is caused by the compilation of fasttaving their basis in the
phase shift of the plastic deformations initiatahindividual joint components.
There is an equilibrium path for each elementighatrt of the joint, which has its
own non-linear force-strain characteristicsA)FE3], [4]. This relationship causes
that the behavior of the joint subjected to loadh@ form of bending moment is
also characterized by non-linear behavior.

This non-linearity occurs because a joint is aentilbn of several components
which interact differently at different levels op@ied loads. Each non-linearity
regulates the behavior of the joint and is at thmes time an obstacle to the
systematic and theoretical solution to this prob[&in Analysis of this complex
behavior has a usually approximate character wile tise of drastic
simplifications. The tests (both laboratory and etinal) are often carried out in
order to obtain an actual answer, which is then eteatl by approximating the
solution by means of mathematical formulas, haviefgrence to the main
properties of the joint structure.

During the last decades, different approaches baga applied in the area of
assessment of the steel joints behavior. Extetisivature studies present a well-
developed methodology of experimental research [[@], [8] and developed
empirical [9], [10], analytical [11, 12], numericHl3], [14], [15], [16], [17] and
mechanical models [18]. After the introduction efrs-rigid connections concept,
many researchers have focused their efforts onratety predicting parameters
such as initial stiffness (&), moment resistance (&) and rotation capacity of
joints (@), to obtain the actual response surface of ratagiogle of joint Me.
Numerous research works dedicated to estimate tteagth and stiffness of
T-stubs connections (Zoetemeijer [19], Yee and Kkais [20]) contributed to the
creation of a new trend in the analysis of the bigiaf the bolted connections,
where a particular example of this approach isstivealled component method,
which was actually adopted as a calculation prageduwell-known regulatory
standards, such as Eurocode 3 [5, 21]. Componetitoohéncluded in PN-EN
1993-1-8 [22] is used to determine the moment ta@sie and stiffness of joints.
The wide application of the component method indbsign of joints was possible
due to the development of mechanical and spring elspdsupporting the
development of analytical and empirical models. Hasic principle of these
models is to divide the connection into simpler poments for which the
moment-rotation relation (M) of the whole bolted connection is determined by
assembling all individual responses of its comptsina spring system.

However, the procedures of the component methodotgrecisely define
the rules for determining the rotation capacityjahts in the full range of
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deformability. In a relatively large number of labtory tests conducted as part
of the research work on the behavior of joints,tteimum rotation anglep,)
was not focused on. In these tests, the initiabzmfrdeformation of the joint was
analyzed, which was associated with the deternunatf its initial stiffness Q.
The second determined test parameter was therbsigtance of joint M

In addition to many advantages, the basic disadgenof laboratory tests is
the time and cost of their execution. For this oeathe use of numerical analyzes
to simulate the behavior of joints, becomes a neutictivity in research processes.
The FEM analyzes reduce research costs, providé mmace information about
the state of strain and stress of the tested ahjetiich is not possible to achieve
in such a wide range by performing traditional dedive laboratory tests.
It should be noted that in case of using numergcellyzes, the results of such
analysis may be subjected to a relatively largerem the absence of proper
verification and validation of numerical models. the article, the authors
presented the extended results 'BfsBage of multistage hierarchical validation of
FEM models, as a continuation of the validationcpes of FEM models, for the
needs of rotation capacity prediction of joints][23

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

The development of computer technology, whose dimanowth has been
recorded since the 80s of the last century, alloteedlevelop computational
methods using the finite element method to thel lethere the complicated effects
of the examined objects can be calculated on R€sidRsly, it was possible to do
only in computing centers. It is assumed that #sulis obtained in numerical
analyses using the finite element method can bsidered reliable if they are
comparable with the results of experimental re$eanc other known precise
solutions.

In each FEM analysis, the accuracy of the modetvisluated. Relevant
regulations including the formalization of validati and verification procedures
were developed by the American National Institutt Standards [24].
The evaluation of the accuracy of the FEM modelukh@recede every more
serious FEM analysis [25]. The verification procéssan evaluation of the
accuracy of the solution in the FEM calculation elodompared to known
solutions, e.g. analytical solutions. In the vdiiola process, the computational
accuracy of simulated solutions is evaluated by paieon with experimental
results. The validation should be performed grdguat. at the level of the material
model, set of fasteners, subassemblies and steuthgments. In the literature it
has been called as a hierarchical validation [Z# validation is an iterative
process, and the final result in the form of propeterial characteristics and
a calculation model is a set of requirements thatill be met in a computational
model that maps the analyzed real model (Fig. 1. vialidation must evaluate the



222 K. Ostrowski, A. Koztowski

Model
building

REALITY [

A

MATHEMATICAL
MODEL

Validation

o Prediction
activities -

=z

Programming

COMPUTATIONAL o
MODEL Verification

activities

Fig. 1. Diagram of the verification and validatioreraction circle in the numerical
modeling process (on the basis of [24])

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

The hierarchical validation of FEM models usedhe analysis of the joints
behavior in the full range of deformations was iegrrout as part of the work
[23], [26] in the following four stages:
| Stage — tensile test of steel and bolt specinf€igs 2a),

Il Stage — bolt tensile in the configuration: belivasher — nut (Fig. 2b),
Il Stage — tensile test of the T-stubs (Fig. 2c),
IV Stage — test beam to column connection in thdigoration of frame (Fig. 2d).

BN | I

Fig. 2. Multistage Hierarchical Validation of FEMoufels: a) | stage: the tests of material of steel
samples: b) Il stage: the tests of fasteners ircdndiguration of bolt-washer-nut; c) 11l stage:
the tests of T-stubs; d) IV stage: the joint téstthe configuration of frame
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In Fig. 3 FEM models used in the process of hidiiaat validation were
presented. Introduced 4-stage process of modedtatnt in the scope of material
characteristics describing the properties of thedushaterials and geometrical
features assumes the analysis of the models wifbratit levels of complexity.
Such an attitude enables to obtain the required lgvdetailing which is needed
to obtain results convergent with the results dbotatory tests. Material
characteristics which do not have logarithmic strare a kind of reliability
guarantor of optimized object due to the fact, thauch cases the analysis always
proves earlier achievement of the tolerable staesd strain state. The only
characteristic which complies with the requiremdatsccurate strain mapping of
the tested object is the stress - strain charatitenieferring to cross section
momentary areas, which are real stresses in tloended section. The adjustment
process is obtained as a result of modificatiothefcurveo—¢ to such a form by
which the acceptable compatibility between resuits laboratory tests is achieved.

O,.=0(1+¢) D

true

strue = In(1+ 8) (2)

The area for which the characteristic stress +#sg&nown is determined by
the formula (1) and (2). The modification of then@ican be made only in the
unknown scope of material behavior, that is frora thoment of creating the
neckingin the tested material sample, for which it is irsgble to determine the
stress - strain relation based on the analytidatioas available in the literature.
The value of the maximal stressis determined on the basis of the force value in
the tensile test before failure referred to defatrmmss-section area of the sample
A after failure. The maximal value of the strairtorresponding to maximal stress
duis determined in iterative manner by increasinguauétiong,to such values at
which the best adjustment of the actual response ode is obtained.

3. Laboratory tests of T-stubs

Research program of thé& $alidation stage, included the tensile test of 12
T-stub connections. The study included performing tests of 4 series T-stub
connections with division into rolled and weldedfies.

T-stubs from rolled profiles:
- series HO1 — T-stub of profile HEA 240, steel: S235samples,
- series BO1 — T-stub of profile HEB 240, steel: S355samples.

Welded T-stubs:

- series SPO1 — welded T-stub: end-plate 20 mm, St&ffh — 3 samples,
- series SP02 — welded T-stub: end-plate 12 mm, S&&&%h — 3 samples.

The range of the tested T-stubs was constructedich a way that, in the

tested models, we obtain th#and 2 failure mode according to the classification
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included in the standard [5]. In humerical modeidested objects, geometry
projection has been made based on exact measurefithetelements subjected
to tensile test. During the sample measurementnifiignt geometrical
imperfections of the profiles have been found. @8ons dispersion in thickness
of the flanges for HEB 240 (series BO1) was inrdrege 16.35+17.84 mm and it
was the highest from all tested series. After megaguthe fasteners sets, some
dimension deviations with respect to nominal dinems were also noted
(ISO 4014). These deviations were introduced td-al&! model.

In sample A, series HO1, a strain gauge systemused to measure strains
at predefined characteristic points. The locatibthe strain gauges is shown in
Fig. 3c. In order to measure the strains in thasbal system of strain gauges
arranged on the periphery of the bolt shank wasl irsea radial system with
a 120° offset (Fig. 4a). All tested samples wetachied in an auxiliary holder,

a) b)

Fig. 3. Sample HO1: a) sample of series HO1 irstirtg machine after damage; b) location of
strain gauge in the bolt; ¢) location of strain gain the sample of series HO1

IITTTETTrrTTrm

Fig. 4. Measuring system: a) set of fasteners wistrain gauge system; b) sample of series HO1
before damage
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which ensured the axial introduction of force irethest sample (Fig. 3a).
Measurement of deformations of the examined joirds made by means of an
optical extensometer, measuring the distance ineméfretween 2 points applied
to the side surface of the centre of the testegkeam

The distance between the points was about 100 mrarder to eliminate
the clearances in contact, the prestressing obbdkte with a force of F = 50 kN
has been introduced (Fig. 68)ue to geometrical imperfection in tested samples
in each series the differences in the responsedefvwere noticed (Fig. 5a and
Fig. 5b).
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g. 5. The results of tensile test: a) series Hf)eries B0O1; ¢) series SP01; d) series SP02

4. Description of the numerical model

For the creation of the numerical model 3-dimeralidimite elements type
Tet10, Hex20, Pyr5, Hex8 and Wed6 were used (Figléee multi-linear material
model defined on the basis of the 1st scope oatubical validation (Fig. 7a and
Fig. 7b) was used. The contacts between partielganents of joint were created
as nonlinear with the friction factor assumed far surface in a natural condition
with the value of1=0.2. A reduction in contact stiffness has beerodhiced with
each subsequent iteration. For all contacts imibdel, an augmented Lagrange
contact formulation was applied [27]. Contact stefawere introduced in the
areas of contact between: end plates, washer platej-washer — nut and washer
— head of the bolt. Additionally, radial surfacentaxts between bolt hole and bolt
shank and thread were introduced in the model Gay.
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Fig. 6. FEM model: a) 3D view (meshing); b) modBl &f T-stub in double symmetry; c) location
of a prestressing force application
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Fig. 7. Material characteristic: a) steel S355hdly grade 10.9 (ISO 4014)

A specific type of contact surface which has be#roduced into the FEM
model is shown irFig. 9c. The last from mentioned contacts createntary
conditions to support the bolt that rests on theeiinsurface of the plate’s hole
caused by a large joint gap. In the initial stagiat deformation, the side surface
of the washer and the upper surface of the plate ha contact, but with a large
gap in the joint they interact between each otoed, plate surface is the support for
the lateral surface of washer. Introducing suchiamisurface is dictated by possible
occurrence of non-coinciding the FEM model causepdmetrating objects.

In the model of washer, three layers of finite edata and the division into
48 elements were introduced. In the area wherththad connects to the nut, mesh
density was increased to the size of 1 mm. In date-pive layers of finite elements
were introduced. The corresponding density of teehin this area greatly helps to
achieve convergence of the FEM model. In summanygelkelaborated meshing
model is a necessary condition to obtain the cometormation of particular
elements of the analyzed joint.
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In order to increase the calculation efficiencydauble symmetry was
introduced to the computational model with resgecthe center planes of the
system, as illustrated in Fig. 6b. In order to eatd the impact of the thread in the
bolt 2 computational models were prepared. In fr& fnodel the bolts with
modeled metric thread were used (Fig. 8a), in deored one the bolt without
thread was used. In this model the nut was perntignesnnected with the bolt
shank(Fig. 8b).

Fig. 9. Contacts: a) radial contact: bolt — endeplg) anti-slip contact: bolt — washer; ¢) contact
between end plate and external surface of washer

The FEM models were loaded in the same method, &ss the case in
laboratory tests, by introducing a displacementlida models with thin end-
plates (series: HO1 and SP02) the load was appii@80 steps. In the BO1 and
SPO1 series, the load was applied in 50 steps.tibosaof the applied loading
are shown in Fig. 6b. The numerical calculationghef analysed objects were
performed using the material characteristics shiomkig. 7.

5. Results comparison and summary

The T-stubs research program presented in the pagped for the needs of
the 3¢ stage of multi-stage hierarchical validation oMFEhodels, provides a wide
range of information needed to geometric discriétinaof analysed objects in
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numerical analysis. Available tools in Ansys sofyaallow to obtain many
interesting results that are only obtainable in thee of advanced numerical
analysis performing. If during the creation of themerical model in a sufficiently
accurate manner the geometrical and material irepgohs are mapped, then as
a result we can obtain not only the deformatiotesté the tested object (Fig. 10),
but also a reliable result of the force distribati-ig. 11) and distribution of
stresses (Fig. 12) in the analysed objects.

Fig. 10. Comparative analysis: a) laboratory temtnge HO1 — type C; b) FEM analysis — sample

series HO1
Force in the bolt Curve: F-¢
a) 300 b) 300 4
270 b 275 4 -
250 47
240
16 225 4 /
= I 200 A
Z 180 | 175 4
w150 | £ 150
g 10| w125 i
(<]
i

@
e | £ 100

--;-Boléw.thounhréd £ 75 4
o It with th 201
30 bt || em— Bolt with thred 5
0 : e 0 —
0,00 0,01 002 0,03 004 005 006 0,07 0,08 0,09 0,10 000 001 002 003 004 005 006 007 008 0,09
Displacement A [mm/mm] Strain € [mm/mm)

Fig. 11. Distribution of forces in the bolt: a) ppsise curve A - T-stub connection: series BO1,
HEB 240, steel grade: S355, the forces in the bitht thread and without thread; b) response
curve Fe — 2nd stage of hierarchical validation

One of the most important results obtained in thedyais is the value of the
maximum force in the bolt, which is comparablehte value of force in the bolt
obtained in the laboratory test in th® &age of validation [23]. The maximum
bolt force in the laboratory test wasufan = 263.18 kN (Fig. 10b — SAF10) and
it is most approximate to the results obtainedumaerical analysis in a bolt in
set with inserted thread (Fig. 8a). The resultsqmeed in Fig. 8a and Fig. 8b
indicate that bolt without thread achieves an enudieformation achievement,
at which the bolt achieves the maximum value ofdoiT he value of the force in
the bolt obtained in the set with the thread islEnan relation to the value of
the force in the bolt in the set without a thread & Fnreas= 273.11 kN.
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Separation of the thread
contact surfaces

Fig. 12. Separation of the thread contact surfaeéseen the bolt and the nut

In the analyzed connection it was observed charsiiteeffect of the increase
in the effective length of the thread. After reachihe plastic stress, a neck is
formed in the area of the thread, which with itsge&reaches up to one-third the
height of the nut (Fig. 12). This effect will nataur in the case of bolt modeling, in
which the bolt is connected to the nut (Fig. 8hjrdduced to the FEM analysis
model of the bolt with thread is dedicated to iadies where there is the need for
accurate assessment of the forces distributidmeimbalyzed model.
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Fig. 13. The results comparison of the numericalyais with the results of laboratory tests:
a) Sample of series B01; b) Sample of series HO1

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

Determination of the force distribution in the bigitlaboratory conditions of
the separate structure elements testing (joingsnds etc.) is quite troublesome
and possible only in a certain range of stresssirain. The available research
instruments are well suited for elastic stresslaade a free, unexplored space for
analysis of the force distribution in the bolt ange of plastic deformation.

The analysis of end-plate bolted connections dedtions defined in the
T-stub form is usually performed assuming the gml#si of occurrence of three
plastic hinges (two in the front panel: the finstthe bolt area, the second in the
connection of and-plate with the web panel, thedtpiastic hinge in the bolt).
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In the case under study (Fig. 13b), a fourth mdstige is formed in the web panel.
Fig. 14 shows the progress development of plastiez for the five load phases
defined in the form of displacement. In the firstape, the plastic zones have
developed in the face of end-plate (Fig. 14a)hi 2nd phase the plastic zones
start to develop in the region of the web paneghmbolt axis (Fig. 14b), in the

next phase the plastic zones (in the bolt axis)gménto one the compact zone
and this state is maintained until the end of &s¢ {Fig. 14c, Fig. 14d, Fig. 14e).

) b} g, <

Fig. 14. Development of plastic zones: a) displaaeth = 5 mm; b) displacemerdt= 12.5 mm;
¢) displacemenh = 25 mm; d) displacemet= 37.5 mm; a) displacemefit= 50 mm

This irregularity in the behaviour of the web paisetaused by the membrane
effect which results from the low stiffness of ted-plate. The confirmation of
this phenomenon is the distribution of von Misegesstes depicted in Fig. 15,
along a path located in the bolt axis on the uppeface of the end-plate. There
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Fig. 15. Distribution of stresses in the end-phiteng a path located in the axis of the bolt
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was a significant decrease of stresses in relatigtress at the point of the bolt
fixing and at the point where the end-plate comméxthe web panel. This effect
of the variable redistribution of deformations ipaaticular obstacle to the regular
analytical description of the connection behaviouhe case where the web panel
is the weakest link in the chain.

Conducting a multistage hierarchical validatiom iprerequisite for obtaining
reliable results of the FEM analysis of the examtiobjects. This is particularly
important in relation to the structure and its patibjected to large deformations.
Introduction of material characteristics as a ttesilhe process of tuning the FEM
models implemented as part of the validation allbwsinalyze the behavior of
joints subjected to significant deformations, clas¢he state of exhaustion of the
structural capacity for load transfer.

Finite element method is an alternative approatherpredicting behavior of the
T-stub type connections. Based on the resultsreatan the numerical calculations,
we encounter relatively large difficulties in fortating the analytical relationship
describing the state of the joint's behavior, girtylin the case of laboratory tests.
However, using numerical analyzes, it is much edsiebtain enough data for the
behavioral assessment when statistical methodssackfor this purpose.
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