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ABSTRACT:

Performing a numerical analysis in the nonlinear range requires entering appropriate input data for the
material. For this purpose, the actual stress-strain characteristic is used for the finite element calculation.
In order to establish the actual stress-strain curve, a simple tensile test of a steel specimen was performed.
The stress-strain curve obtained from the numerical analysis was compared with the tensile test result.
Additionally, the work compares the use of three material models for the screw connection of cold-bent
elements on the basis of the numerical analysis performed. One of the models used for the calculations was
based on the characteristics of a bilinear material with gain. The remaining ones were defined on the basis of
the tensile test curve and the real curve obtained from transformations.
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1. Introduction

Complex numerical simulations require the introduction of appropriate input data for the
creation and validation of computer models with experiments. This is particularly true for plastic
analysis where different material models are used. The stress-strain characteristics used for
a given material are determined on the basis of the course of experiment, e.g. uniaxial tensile
testing, and presented by means of a diagram. There are three types of these charts. A machine
diagram which is the relationship between the applied force and the displacement recorded
directly by the measuring system of the testing machine. The second is the stress-strain diagram,
in which, among others, the actual loading force is related to the initial cross-sectional area of
the tested element. Finally, another characteristic can be obtained as a result of the stress-strain
conversion of the engineering curve by means of logarithmic equations into a real curve.

Simplified material models are used to carry out simple numerical analyzes. Such a model
is a bilinear stress-strain curve with or without reinforcement. More precise results are obtained
taking into account the actual stress-strain characteristics with its elastic and plastic parts.

In this work, numerical validation was performed with the conducted tensile tests of steel
in order to determine the material characteristics. Additionally, the influence of the adopted
characteristics on the results of numerical calculations of the screw joint of cold-formed elements
was discussed. For comparison with the real curve, a simplified bilinear model with gain was
adopted. The analysis was carried out in the Ansys Research 2021 program based on the finite
element method.
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2. Defined material models for FEM analysis

In order to determine the material characteristics, a uniaxial tensile test was carried out
on cylindrical samples (Fig. 1). The test was performed on a testing machine up to 100 kN.
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Fig. 1. Geometry of steel specimens used in the uniaxial tensile test: a) dimensions of the test sample
in millimeters, b) view of the specimen before testing, c,d) view of the specimens after the test.

Based on the recorded results, the basic parameters describing the characteristics of the
tested material were determined: yield stress fy = 350.14 MPa, tensile strength fu = 444.04 MPa
and Young's modulus equal to 200 GPa.

The result of the tensile test is a force-displacement curve that has been converted into a
stress-strain engineering characteristic. The engineering stress g.,, [MPa] is expressed as the
ratio of the loading force F [N] to the initial area of the cross-section A [mm] of the tensioned bar:

F
Ueng = Z (1)

where: oeng - engineering stress [MPa], F - loading force [N], A - initial cross-sectional area of
the sample [mm)].
The engineering strain eeng was determined on the basis of:

AL
Eeng = T (2)

where: €eng — engineering strain, AL - change of sample length depending on the loading force
[mm], L - initial sample length [mm].

The stress value at each point of the stress-strain engineering characteristic is determined
in the un-deformed original state of the sample, which makes the use of the engineering curve as
a material property in numerical analyzes incorrect [1-3]. Therefore, it is necessary to transform
the engineering curve into a real stress-strain curve, in which the deformation state of the sample
L [mm] is related to the successive extensions AL [mm]. The implementation of the stress-strain
engineering characteristic without conversion to the real curve may cause a calculation error not
only at the end point of the strength curve, but in the entire plastic area. We convert the engineer-
ing curve to the real curve using logarithmic equations (4) and (5). Assuming that the volume V
of the material remains unchanged in the uniaxial tensile test, we obtain the following relation-
ships between the actual stresses and strains and the engineering stresses and strains:

V = const 3

F FL
Otrue = Z = A_lf) = Oeng = U'eng(l + Seng) (4)
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o

Loql,
e = [ T2 = 1L+ Eeng) (5)
L

where: V - bar volume during deformation [mm3], otrue — true stress [MPa], €wue - true strain,
Oeng — engineering stress [MPa), eng — engineering strain.

Expressions (4) and (5) lose their validity when the transverse section (the so-called neck),
where the costs of permanent deformation with better and better transport, are no longer valid.
In Figure 2 it can be seen that the stress-actual strain curve is greater than the engineering strain.

Engineering stress on the load carried by the specimen divided by the variable original
surface. Due to the equalization of the deformation along the tested sample, the actual stress
can be calculated as the division of the axial and the planar transverse version of the transverse
test sample (4).

The engineering strain, defined as the relative elongation of the entire specimen, is the strain
averaged over the entire specimen length. The actual deformation in the throat area of the sample
is much greater. The actual deformation is characterized by the division of the deformation
increment and the actual length (5). In the area of destruction, the sample significantly narrows
(the so-called "neck" is formed) and the real area is much smaller, and thus the actual stress
is much greater than the engineering stress.
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Fig. 2. Material models adopted for numerical analysis

The material characteristics used for the analysis are shown in Figure 2. Apart from the engi-
neering curve and the real curve, the bilinear characteristics of the material were also used for
comparative purposes (Fig. 2). The bilinear model of the material was based on the yield stress
fy = 350 MPa Young's modulus E = 200 GPa and the tangential plastic modulus E Epl = 1.45 GPa.

Figure 2 also shows the results of the real curve obtained from transformations using
equations (4) and (5) with the obtained stress-strain curve as a result of simulating the uniaxial
tensile test of the sample with the dimensions given in Figure 1a. The performed numerical
analysis reflects the nature of the real curve obtained from logarithmic transformations.

3. Numerical model of the connection of cold-formed elements

The numerical simulation was performed using Ansys Academic Research 2020R1 software,
based on the finite element method. The scope of the numerical analysis assumed the modeling
of a thin-walled profile using a shell model of the Shell181 type. The screws, on the other hand,
used the Solid187 solid model. The analyzed connection consisted of a C 140 channel with stiffener
and a U143 channel without reinforcements 1.5 mm thick. The elements were connected with
screws with a diameter of 4.8 mm. The finite element mesh was generated in the Multizone mode
(Fig. 3b), based on cubic elements, which guarantees the formation of a smaller number of nodes
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and elements and greater accuracy of results compared to tetrahedral meshes [4, 5]. The view of
the numerical model with the boundary conditions is shown in Figure 3. For the purposes of the
calculations, the analyzed connection was loaded with a vertical displacement of 6 mm, caus-
ing stretching of the C140 section (Fig. 3a). This allowed for the analysis of the critical state in
the plastic area. As a support, the lower part of the U145 profile element was restrained (Fig. 3a).

Fig. 3. Model of the screw connection of cold-formed sections: a) boundary
conditions of the analyzed fragment, b) mesh view

Two types of contact were adopted for modeling the contacts between the elements. Bonded
contact, which means that the pair of contacts cannot separate and move, and Frictional contact
that allows the contacts to separate and shift to one another. Similar types of contacts was dis-
cussed in [4-6]. A bonded contact was used to connect the cold-rolled elements with the screw.
On the other hand, at the joint of the profiles, a frictional contact with a friction coefficient of
0.8 was assumed, which corresponds to the steel-steel friction coefficient [4, 7].

4. Numerical analysis results

Figure 4 shows the operating curves of the bolted connection of cold-formed elements for
the assumed material characteristics. Based on the analysis, the stresses reduced for the bilinear
curve are approx. 15% greater than that obtained from the real curve. On the other hand, the
simulation of the connection of cold-formed elements, taking into account the engineering curve,
will show reduced stresses by 8% in relation to the real characteristic. The approach with the
bilinear model leads to an overestimation of the load capacity of the structure and, as a result,
may result in the failure of the structure due to overloading.
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Fig. 4. Stress-strain curves obtained from the numerical analysis of the screw connection of cold-formed elements
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The simulation reflecting the nature of the real curve was created in Ansys on the basis of
a multiline model. Figure 4 shows a change in the material model scheme, which significantly
lowered the load capacity of the analyzed connection. The presented stress-strain curves, apart
from differences in load capacity, reflect the similar nature of the work of all three material
models.

5. Conclusions

The main objective of the research was to present the use of the real stress-strain curve as
a correct material property to perform a numerical analysis in the nonlinear range. The presented
simulation shows that the adopted material model has an impact on the results obtained in the
analysis of elasto-plastic states of nonlinear stability using the finite element method. A general-
ized approach found in the literature, based on a bilinear model, may lead to an erroneous
estimation of the bearing capacity, in this case, of a screw connection. Also, the comparison of
the operating curves of the analyzed screw connection of cold-formed elements with the use
of the engineering curve leads to erroneous results, which is confirmed by the above studies.
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Wplyw charakterystyki materialowej naprezenie-odksztalcenie
na otrzymane wyniki MES polaczenia sSrubowego
ksztaltownikéw zimnogietych

STRESZCZENIE:

Wykonanie analizy numerycznej w zakresie nieliniowym wymaga wprowadzenia odpowiednich danych wej-
$ciowych materiatu. W tym celu do obliczer metoda elementéw skoriczonych wykorzystuje sie rzeczywista
charakterystyke naprezenie-odksztatcenie. W celu ustalenia rzeczywistej krzywej naprezenie-odksztatcenie
przeprowadzono prosta probe rozciggania stalowej probki. Uzyskana z analizy numerycznej krzywa napre-
zenie i odksztatcenie poréwnano z wynikiem proby rozciggania. Dodatkowo w pracy poréwnano na pod-
stawie przeprowadzonej analizy numerycznej wykorzystanie trzech modeli materiatowych dla potaczenia
Srubowego elementéw zimnogietych. Jeden z modeli uzytych do obliczen opieral sie na charakterystyce
materiatu bilinearnego z wzmocnieniem. Natomiast pozostate zdefiniowano na podstawie krzywej z préby
rozciggania i uzyskana z przeksztatcen krzywa rzeczywista.
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