Research Programme of the Research Fund for Coal and Steel

STRONger Steels in the Built Environment (STROBE)

D3.3 Acceptance limits for local plastic buckling in plates and beams

Markus Feldmann, Helen Bartsch, Simon Schaffrath

' l Institute of

‘ Steel Construction

RWTH Aachen University

RWTH

WP 3 — Stability Design with HSS

Deliverable 3.3

RFSR-CT-2016-743504




STROBE

Version Date Purpose Author Reviewer Approved
01 01/10/2020 |First Version Bartsch
02 15/02/2021 |Second Version Bartsch




STROBE

EXECUTIVE SUMMARY

Within the scope of the STROBE project, Task 3.4 “Acceptance limits for plates and
beams exposed to local plastic buckling” deals with a formulation of a general statement
of deformation limits for plates subject to buckling.

To sum up, the first sections focus on the state of the art regarding stability of plated
structures followed by an outline of the current state of research. In the main part of this
task, numerical simulations of plated structures subject to in-plane loading, which leads
to buckling, have been performed. As there are no experimental tests available to verify
the numerical results with the FE-programme ABAQUS, a validation was performed to
evaluate the settings in the programme. Additionally, the results were compared to the
results of the effective width method in EN 1993-1-5.

Thus, a parametric study was performed. The main part comprises a standard case: A
plate with simply supported edges. The plate was simulated and varied with four
parameters to investigate their impact on the plate behaviour throughout a load bearing
analysis. The four parameters were the plate slenderness 4, the aspect ratio «a, the
stress ratio ¥ and the material model flow curves to define the material’s behaviour.
The focus lies on a high-strength steel of the steel grade S690. Later on, results have
been compared to clamped plates, plates made out of S355 and structural I-shaped
beam section.

At the moment, Annex C.8 of EN 1993-1-5 suggests a limitation to the attainment of the
maximum load or a limitation to 5% of the principal strain in regions subjected to tension.
The positive, maximum logarithmic strain €, 4 maxpos Was regarded in the scope of the
evaluation. Furthermore, a subroutine with the damage concept based on WP 1 of the
STROBE project was applied. With this, the progress of the damaged steel has been
evaluated and a limitation of the deformation has been identified.

The influence of the plate slenderness 1 has shown that simulations of plates with smaller
slenderness can be applied to a larger load throughout the analysis and therefore
inelastic buckling occurs. Simulations with larger slenderness experienced elastic
buckling. Throughout the parametric study, three different aspect ratios o
have been investigated. The attainment of the maximum load changes
depending on the stress ratio . For instance, it decreases with increasing
a for Y = 1 and it increases with increasing a foriy = —1. Furthermore, four different
stress ratios 1 were used. The loading condition which implies pure compression (Y =
1) on the width b of the plates creates regions subjected to tension only at a large
deformation. When pure bending (¢p = —1) is subjected, these simulations develop
regions subjected to tension at smaller deformations. The remaining two stress ratios
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imply three quarter of the load subjected to compression (p = —%) and three quarter

subjected to tension (yy = —3). Especially in simulations with the stress ratio ip = —3,
the damage criterion and the 5% tension strain criterion are reached at a very small
deformation. Lastly, two different approaches for the implementation of flow curves,
which define the material in the plastic region, were analysed. A quad-linear material
model with strain hardening in the upcoming prEN 1993-1-14 [1] (EC3-1-14-material
model) and the true stress strain material model [2] based on a database (WP1) of the
STROBE project (STROBE-material model) were compared. It showed that for
simulation of plates which buckle only in the elastic region of the material, the difference
was insignificant. However, when the simulations of plates reached the yield strength,
so for plates with a larger thickness, the difference during the post-buckling behaviour
between the material models becomes noteworthy.

With all of the information gained, a general formulation of deformation limits for plates
subject to in-plane loading has been developed. For each combination of aspect ratio
and stress ratio, diagrams have been created in which the maximum deflection u ,,,,, at
the onset of damage is given depending on the plate slenderness, making it a convenient
and easy tool for finite element programme users.
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1 INTRODUCTION

Today, modern production techniques allow economic production of steels with yield strengths
between 500and 700 MPa. However, the structural behaviour of high-strength steel has not yet
been investigated sufficiently, despite their great potential. One aspect is the formulation of
deformation limits in case of buckling. The aim of this task is the formulation of a general statement
of deformation limits for plates and beams subject to buckling. Eurocode 3 implies in its Part 1-5
[3], Annex C.8 a limitation to the attainment of the maximum load or a limitation to 5% of the principal
strain in regions subjected to tension when performing a numerical check. However, this is an
arbitrary value and no deflection limits are given. Especially for high-strength steels, limitations on
elongation and deflection are important as the elastic range is much larger than for conventional
steels. This task focuses on investigations on the stability of components made of high-strength
steels subject to stability risks. For this purpose, thin plates have been modelled with the help of
the FE programme ABAQUS 6.14 and subjected to in-plane loading. Additionally, a subroutine with
a damage concept from WP1 has been implemented to help evaluate the material behaviour
throughout the simulation and formulate a suitable deformation limit. With this loading condition and
the initial imperfection of the structure, plate buckling occurs. Even though plates have a stable
post-buckling behaviour due to their structure, it is of great interest the way in which different
parameters, such as the aspect ratio, the plate slenderness and the loading condition, impact the
plate’s behaviour. To outline this task, Section 2 discusses the current state of the art and research
for stability of plated structures. The third section contributes to a model verification on a numerical
basis. Finally, Section 4 analyses the results of the numerical simulations of the plates which were
performed with the FE-programme ABAQUS and a general formulation for deformation limits is
drafted. Section 5 will finally summarise this task, form a conclusion and give an outlook for further
investigations.
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2 STATE OF THE ART AND RESEARCH FOR
STABILITY OF PLATED STRUCTURES

2.1 General

In scope of this task, plated structures will be analysed. Therefore, the focus of this chapter lies on
the theory of stability of plates, in particular their behaviour when local buckling occurs. Instability
occurs when a compression member or structural system loses the ability to resist increasing loads
and displays instead a decrease in load-carrying capacity. It happens at the maximum point of the
load-deflection curve. To analyse the stability of a structural member or system, it is important to
know the material’s stress-strain relationship during elastic and initial inelastic ranges of behaviour
[4]. Petersen defines buckling as bifurcation of the equilibrium of the membrane basic stress
state [5]. In addition, if the structure is subjected not only to membrane stresses, but also to bending
stresses, this turns into a stress problem of second order (Theory of Il Order), defined as buckling
by bending. There can be transverse loading, eccentric acting edge loads and pre-buckling. But
after reaching the critical load o, the plate is able to develop a double curved buckling shape,
which is described as overcritical state [5]. In theories with highly idealised bifurcation theory, an
absolute centric load, perfect geometry and linear material behaviour is assumed. Within the
bifurcation theory, buckling is described as a sudden sideways deflection with an unknown
amplitude due to an indifferent equilibrium. When the load is increased, a sudden deformation is
expected. Of course, these perfect conditions do not reflect the reality.

The instability of compression members can be subdivided into two categories:

1. Bifurcation of equilibrium: The perfect member subjected to increasing loads initially deforms in
one mode and at the critical load it suddenly changes to a different deformation mode.

2. Without previous bifurcation: Instability occurs when the system reaches a maximum and
deforms in a single mode from the beginning of loading until the maximum load is reached [4].

In addition to the different ways of how the buckling occurs, the buckling scenario can also be
categorised in elastic and inelastic buckling. Inelastic buckling happens when the stress exceeds
the elastic limit before the buckling stress is reached [6]. Or in other words by Ziemian [4]: When
the material yielding occurs prior to the elastic critical buckling stress a,,-. The phenomenon of post
buckling can therefore occur for elastic and inelastic buckling. Post-buckling is defined as when the
strength at magnitudes is greater than the elastic critical buckling stress [4]. The phenomenon post-
buckling can be explained with the help of a grillage model with vertical columns and horizontal ties.
When the plate is subjected to in-plane loads, the vertical columns buckle as if they were not
connected to the horizontal ties. But due to the horizontal ties, these can restrain the buckle motion
and provide the so-called post-buckling reserve (see Figure 2-1) [4].
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Figure 2-1: Simple model for post-buckling of a thin plate in uniform compression [7]

Important to note at this point is that the calculated critical load of a compression member from a
linear analysis of an idealised perfect member does not have to be the same for the real imperfect
member. To be able to calculate the failure load of the actual member, it is necessary to take initial
imperfections into account and consider the entire non-linear load-deflection curve [4]. A
compression member subjected to an increasing load can become either stiffer or more flexible
with increasing lateral deflection. Ergo, the stiffness of an actual structure increases or decreases
when buckling occurs. As the deformation increases in magnitude, the load required to keep the
structure in a deformed configuration may either increase or decrease. In the case of an increasing
load, it can be talked about a stable post-buckling curve. The other case is called an unstable post-
buckling curve. This is shown in Figure 2-2: On the left a stable post-buckling curve and on the right
an unstable post-buckling curve of a compression member is displayed. Pc describes the critical
load [4].
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4

(a) (b)

Figure 2-2: Buckling of a bifurcation model: (a) stable post-buckling curve; (b) unstable post-
buckling curve [4]

A stable post-buckling curve can be found for an axially compressed plate with restrained edges.
When the plate buckles, the buckling deformation leads to an increase of tensile membrane
stresses normal to the direction of loading. This increases the stiffness of the plate and therefore
this plate can resist additional loading. As long as a system has a stable post-buckling curve, small
initial imperfections do not significantly affect the behaviour of the system. The failure of such
systems occurs after yielding of the material. The steepness of the post-buckling curve and the
relative magnitude of the critical load and the load at which the yielding begins, impact on how large
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the post-buckling strength of such a system is. An axially compressed plate has a relatively steep
post-buckling curve and therefore a sizeable post buckling strength. An axially loaded column for
example has an extremely small critical load. Though to be able to develop this significant post-
buckling strength, such systems have to have a yield load much higher than the critical load. Only
plates can be expected to display this kind of post-buckling strength [4]. When looking at unstable
post-buckling curves, initial imperfections have a huge impact. These systems fail below the critical
load and are called imperfection sensitive. This is often seen with columns [4].

As the aim of this task is the analysis of thin plates subjected to compression and bending, the
stability phenomenon of these systems will be looked at carefully. Thin plates are shell structures
with the characteristic of very small thickness compared to the other dimensions. [5] When a plate
element is subjected to

» direct compression,

* bending,

» shear,

» or a combination of the above

in its plane, the plate buckles locally before the whole system becomes unstable or before the yield
stress of the material is reached [4]. There are several parameters that influence the buckling load:

» the geometry of the structural component including geometric imperfections
* boundary and support conditions
» material behaviour.

Due to the almost unpreventable presence of initial imperfections, the growth of the buckling
deflection is continuous and not a sudden phenomenon as discussed before. However, buckling
stresses are obtained from the concept of bifurcation of an initially perfect structure to calculate
elastic local buckling [4]. This results in even more complex calculations in case of initial imperfect
plates. The imperfections lead to second-order forces and strains. Therefore, the stress field varies
along the length, across the width and through the thickness of a plate [4]. To be able to calculate
inelastic buckling, post-buckling and the strength of thin plates, mostly a numerical method is used.
In this task, the finite element method with ABAQUS 6.14 will be used. Furthermore, it will be
compared to the method of the EN 1993-1-5 [3] which uses the effective width method.

2.2 Theoretical background of local buckling

In the following, the derivation of the buckling theory will be exemplary explained on a rectangular
plate. With isotropic materials, it can be assumed that the here required BERNOULLI hypothesis
for a plate under buckling is satisfied. Stresses and strains can be identified by using HOOKE’s
Laws (see Figure 2-3). The full derivation can be found in [5], [8].

As this is a buckling problem, no lateral load is acting on the plate and therefore the outer, normal
load to the plate equals zero (q = 0).
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Figure 2-3: Coordinate system and stresses in the mid-plane of a plate
This results in the differential equation of the deflected surface w (see Equation (2-1)) [5]. It contains
the internal forces of the plate N,, N, and Ny,. The left side represents the derivation of the shape
functions in x and y direction, the right side represents the inner and outer forces acting on the
plate [5].

*w *w *w 1 ’w ’w tw

Yo 5 80 Fo_1(, e Yo CE (2-1)
ax* ax2ay?  ay* D (Nx ax? + Ny ay? +2 xy axzayZ)

With D being the flexural rigidity of the plate including thickness of the plate t, Young’s
Modulus E = 210 000 MPa and Poisson’s ratio v = 0.3:

p = _E (2-2)
12(1-v)

As discussed in the previous section, an initial curvature or imperfection is expected. Therefore,
there are already forces acting in the middle plane of the plate which make the initial deflection
grow indefinitely. These are the critical values that need to be derived. The critical value is the
smallest one calculated [5]. To solve this differential equation, boundary conditions have to be set.
Figure 2-4 shows a "simply supported” rectangular plate with the width b and the length a under
constant compression in one direction with the force N,. "Simply supported" implies the deflection
w is zero along the edges [8].

Figure 2-4: Plate subjected to in plane compression [8]
For an approximate solution, the deflection surface of the buckled plate can be described with a

shape function for a plate under double curvature:

w(X,y) = Dm-1 Yne1 Amn SiN (%) sin (%) (2-3)
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As explained with a and b being length and width, m and n describe the number of half-waves of
the buckled plate in longitudinal and transversal direction. Figure 2-5 shows exemplary three plates
with one, two or three half-waves in longitudinal direction.

Figure 2-5: Different number of half-waves in longitudinal direction

The solution for this problem can be found by integration of the differential Equation (2-1) or the
energy method [8]. For the detailed derivation see [5], [8]. This results in Equation (2-4) which
presents the elastic critical buckling stress ocr:

P =gt () () = ok &

The first part results in the elastic critical stress o, and the second part in the plate buckling factor k,
which will be derived and explained in the following. Expressed in dependency of the acting force
N, and with assuming that there is only one half-wave in transversal direction, setting n = 1, delivers
the lowest stress result:

(Nx)cr = D_nz (m + a—z)z (2-5)

a? mb?2

It is interesting to note that the first factor represents the Euler load for a strip of unit width and of
the length a. The second factor is the proportion which shows that the stability of a plate is greater

than of an isolated strip. Therefore (N,)., depends on the ratio a = % and on the number of half-

waves m. For a < b, the second term becomes smaller than 1 and therefore results in the smallest
possible value for m = 1 and the critical load is found:

=224 e

Equation (2-6) shows that for b = constant, the critical load is found for a plate being square and
the plate buckling factor k, equals 4 (see Figure 2-6). Assuming that the plate buckles into two half-
waves, the derivation is done by inflecting a line dividing the plate into halves with each being

exactly the same as the other. A simply supported plate of a length % is created. Equation (2-6)

becomes:
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Dm? (2b a\? (2-7)
(Ner = 7(; ﬁ)

Figure 2-6 shows the results of the derivation for simply supported plates under compression. This
figure provides a value for the buckling factor k, for every assumption of number of halfwaves m.
Now, it is only necessary to know the aspect ratio of a plate and check the value on the abscissa
and choose the curve with the smallest ordinate for that point in order to estimate k, in a

conservative way. The transition for one half-wave to two is for a ratio of% = 2.

—_
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Figure 2-6: Buckling factor k, depending on the dimension of a plate subjected to compression [8]

As shown in Equation (2-4) and again here in Equation (2-8), k, is depending on the number of
halfwaves m in longitudinal direction, the width b and the aspect ratio a. This factor is a big
benchmark for understanding the behaviour of thin plates [4].

2 -
ko= (2+%) (2-8)
From Equation (2-4), the elastic critical stress &, can be subtracted [5]:

_ En? (t)2 (2-9)
% =120 -vH\b

In this task, the plate will not only be analysed under compression but also for pure bending and
later on also a combination of compression/tension and bending. The next paragraph will look into
the derivation of the differential equation for pure bending.
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Figure 2-7: Thin plate with the length a and width b (a) subjected to bending (b) [8]

(a)

Equation (2-10) shows the definition of N,. The stress ratio y =% results for p =1 in pure

2

compression and for i = —1 in pure bending. The stresses ¢; and o, are found at the upper and
lower edge along the width of the plate as defined in EN 1993-1-5 [3]. The values of ¢ in between
1 and —1 apply a combination of compression and bending and for y < —1, the plate is subjected
to bending and tension.

Ne=No(1+@-1) %) (2-10)

As shape function, the trigopnometric equation (2-3) is used again. [8] uses the energy method to
obtain a system of equations with several unknowns. The solution can be found by successive
approximation. Unfortunately, this first approximation only gives satisfactory results for i close to 1
(pure compression). The second approximation still has an error of 8% for pure bending. The
accuracy of this approximation decreases as ¥ decreases [8]. Finally, the third approximation is
accurate enough for ¢ = —1. The results are shown in Figure 2-8 for one, two or three half-waves.

The smallest value for k, can be found for % = gwhich is ks = 23.9.
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Figure 2-8: Buckling factor k, depending on the dimension of a plate subjected to bending [8]

2.3 The EN 1993-1-5 method for plate buckling

With the knowledge of Section 2.2, the focus here is to understand how EN 1993-1-5 [3] uses the
theory to calculate the load bearing capacity of a thin plate subject to in-plane loads. To get a better
understanding of the methods of the Eurocode, including the effective width method which is
widely used for unstiffened plated structures, they will be explained in this section. The idea of the
effective width method is to determine the buckling resistance of cross-sectional areas of
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components subject to buckling. The calculation of the reduced section, the creation of "holes" in
the cross-sectional area, is to simulate the reduction of stiffness and strength due to local plate
buckling [9]. To begin, there are several parameters to be defined:

1. p: plate buckling reduction factor depending on the plate slenderness 4,,.

b
_ |y _ T . . _ 235 . .
2. Ay = /GCT = Zeacqic plate slenderness with ¢ = 7 where f, is the yield stress.

3. oumit = p * f,- mean value of stress distribution, resulting from local buckling of a plate element
(see Figure 2-9) [3], [9].

~realistic stress distribution

Figure 2-9: Stress distribution caused by local buckling of a plated element [9]

What is shown in Figure 2-10 can be evaluated to be equal to: "For each plate element "i" there is
an equivalence between the resistance calculated with the reduced stress oy;,,;; ; Or calculated with
the reduced section A.¢f;" [9]:

Olimiei " bi " i = fy ) beff,i b Opmiri " A = fy 'Aeff,i (2-11)
b
n J+
b A
:
— PR
Oimit fy

Figure 2-10: Equivalence between the resistance calculated and the reduced stress oy, ; or
calculated with the reduced section A.¢f; [9]

Throughout Section 3 where the validation of the model will be presented, the concept of effective
width method will be used to help verify the results with the FE-programme ABAQUS.
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2.4 Limit State Criteria

As already mentioned, the aim is the development of deformation limits for components subject to
stability risks made of high-strength steels. The different possibilities to calculate the load bearing
capacity of such structures have been examined as well. EN 1993-1-5 [3] suggests an effective
width method, however in practice numerical methods are widely used.

For this purpose, the following paragraph in EN 1993-1-5 [3] has been developed and will be
investigated in scope of current research activities, specifically its Annex C.8. Its background is
unknown. The current deformation limits state in EN 1993-1-5 Annex C.8 Limit State Criteria:

"(1) The ultimate limit state criteria should be used as follows:
1. for structures susceptible to buckling: attainment of the maximum load

2. for regions subjected to tensile stresses: attainment of a limiting value of the principal
membrane strain.

Note 1. The National Annex may specify the limiting of principal strain. A value of 5% is
recommended." [3]

This task aims to validate if this value of 5%, for limiting the principal strain of components subjected
to tensile stresses, is reasonable. As there are more possible criteria to limit a structure to become
at risk of stability such as the maximum load or reaching a certain damage criterion, it will be
evaluated and examined which one is the most convenient, especially for high-strength steels. As
mentioned, the background of the 5% limit strain is unknown. Though mentioned in [9], the value
of 5% is a precaution for avoiding unconservative results. It has supposedly been detected that
strains smaller than 5% still allow components to reach the maximum load while buckling for all
steel grades [9]. But as mentioned in [10], ultra-high-strength steel grades might reach the
maximum load before reaching the 5% strain. In the doctoral task by Axhag [11], it can be seen
that in scope of all the coupon tests, the high-strength steels reach a strain of at least 10 % after
reaching the maximum load. Therefore, it is suspected that the 5% chosen by Johansson for the
Eurocode 3-1-5 is a guess to be on the safe side.

2.5 New effective width method by Xing et al.

Xing et al. introduced a new effective width method in their paper [12] compared to the one already
in place for steel elements in fire, which was verified by experiments from literature with different
temperature levels. The influence of different steel grades, dimensions and loading conditions has
been analysed. The new effective width method is according to this paper [12], supposedly more
accurate than the one in EN 1993-1-5. In contrast to steels addressed in this task, Xing et al. refer
to stainless steels. It is noted, that stainless steels achieve higher strength and stiffness retention
at elevated temperatures compared to carbon steels. In addition, it must be taken into account that
stainless steel members with slender cross-sections, reaching the full cross-section resistance is

10
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prevented by local instabilities. Previous research had shown that plates in fire of class 1, 2 and 3
using the strength at 2% total strain f, o give good predictions for ultimate cross-section strength.
For class 4, the strength at 0.2% proof strain f,,, ¢ is better as local buckling of plates prevents
high strain levels.

The stainless steel plates were modelled in the finite-element program ABAQUS with two different
dimensions and each having different boundary conditions. As element type, the four noded
reduced element integration general purpose shell finite element S4R was chosen as well as an
element size of 20x20mm. In additon to the boundary conditions already discussed, different
loading conditions were applied: pointed forces for pure compression, bending moments for pure
bending as well as a combination of the two with the help of the stress ratio . The imperfection
implemented was scaled to 1/200 for the internal elements and 1/50 for the outstanding elements
as recommended in EN 1993-1-5 [3].

After a successful validation of these models, a parametric study was performed to analyze the
structural performance. It was looked at different stainless-steel grades, elevated temperature
levels, plate thicknesses depending on different slenderness values and loading conditions. Since
the current Eurocode method does not correspond well to the results of the experiments, a new
effective width method was being developed with two cross-section classification: ’slender and
‘'non-slender’. For each class, equations depending on steel grade and internal or outstand element
help classify each member. When one member is slender, the whole set becomes a slender-
classified cross-section.

According to [12], this new effective width method leads to accurate axial strength and stiffness for
plates at elevated temperatures.

2.6 Continuous Strength Method by L. Gardner

Gardner introduces in [13] the Continuous Strength Method. This method is based on a "continuous
relationship between slenderness and (inelastic) local buckling and a rational exploitation of strain
hardening". It is presented as already mentioned in 2.5, that the cross-section classification in EN
1993-1-1 and EN 1993-1-5 are too conservative and the stepwise definition does not reflect the
reality.

A bi-linear (elastic, perfectly-plastic) material behaviour is usually implemented in the structural
design codes for steel. According to [13], the presented Continuous Strength Method achieves a
more precise material modelling. In addition, an implementation of a continuous non-dimensional
numerical measure of the deformation capacity of the cross-section is given instead of the cross-
section classification. All information for developing this model is taken from stub column tests in
compression on flat plates and circular hollow sections to implement the relationship between
cross-section slenderness and cross-section deformation capacity [13]. At first, the slenderness for
the individual elements has to be calculated.

11
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To be able to capture the relationship between deformation capacity and cross-section
slenderness, the equations, that already capture the relationship between the elastic critical
buckling strain and the cross-section slenderness, have to be modified with the effects of inelastic
buckling, imperfections, residual stresses and post-buckling behaviour. The next step in developing
the Continuous Strength Method was to calculate the cross-section resistance. For this, the
corresponding local buckling strength can be determined from the material stress-strain model.

With the knowledge of the above-mentioned aspects, the bending resistance can be calculated as
well. Furthermore, the results are compared to experimental tests and the current Eurocode. It can
be stated, that the Continuous Strength Method is more accurate and notes a reduction in scatter
of the predictions. The Continuous Strength Method increases the results by 12% for cross-section
compression strength and by 15% for in-plane bending strength. Additionally, the knowledge of the
cross-section deformation capacity enables one to know more about the ductility supply and
demand. Concluding this, as already observed in Section 2.5, a new derivation for the already
existing cross-section classification with the help of a more complex calculation of the cross-section
slenderness, enables one to give better prediction of the structural behaviour.

12
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3  VALIDATION OF NUMERICAL MODEL

The numerical analysis within this task is done with the FE-programme ABAQUS 6.14. The model
was created with a Python-Script, which can be easily implemented in the programme. The big
advantage with using such a script is the high flexibility of changing the parameters, for instance
aspect ratio, material and mesh size. Additionally, a subroutine is implemented which contains the
damage concept of WP1. The mesh properties and damage parameters need to be adjusted
according to the mesh-size used. Since unfortunately, experimental tests cannot be conducted in
the frame of this task for verification purposes, a model validation will be performed on a humerical
basis. Throughout this section, the geometry, loading and boundary conditions used for validating
the numerical model will be presented in Section 3.1. Section 3.2 will explain the material models
used. Furthermore, Section 3.3 deals with the calculation of the initial imperfection which will be
implemented in the following load bearing analysis, explained in Section 3.4. In this section, the
validation of all parameters will be described, serving a basis for the parametric study in Section 4.

3.1 Geometry, Loading and Boundary Conditions

For the validation of the model, a simulation of a plate with the length a and width b of 300 x 300 mm
was used. According to this, the aspect ratio results in a = % = 1 with a chosen slenderness of
A = 1.0, which was explained in Section 2.3. The thickness (see Equation (3-1)) is depending on
the buckling factor k,, whose derivation was discussed in Section 2.2. The buckling factor again is
depending on the aspect ratio a and on the loading applied, here in form of the stress ratio .

b (3-1)

t=——
228.4¢\/k,

The validation includes two loading conditions. These are pure compression with i = 1 and pure
bending with ¢y = —1. Figure 4.1 shows the two loading conditions applied in ABAQUS:

—
S ~ O,
— ~ -~
—e -— - -~—
- -— - .
e -
~e A «
- — A
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e -
-
~ -
~e - o >
~ -— -~ -
> -— -~ ~
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L - A N
z x A z X
'S
G, G,

Figure 3-1: Loading conditions used throughout the validation of the model: pure compression ¢ =
1 (left) and pure bending ¥ = —1 (right)

13



STROBE

Since the calculated thickness depends on the loading condition, when the slenderness is kept
constantly, it differs for the two plates resulting to t = 9.05 mm for ¢ =1 ant = 3.58 for yp = —1.

In Figure 3-2, the boundary conditions are displayed. To simulate the "simply supported" edges, all
edges are restrained in out of plane translation (u, = 0). In addition, the longitudinal edges are
restrained in vertical translation (u,, = 0) and the mid-length nodes along the longitudinal edges are
restrained along the longitudinal translation (u, = 0). Section 3.4.2 will discuss the effect of different
applied boundary conditions.

Middle node Longitudinal edge

00\ @0 |
Vertical Edge A
(u,=0) Vertical Edge
(u=0)
e,
Middle node H\"“*;.\
(u=0) Longitudinal edge

(u,=u,=0)

Figure 3-2: Default boundary conditions of the plate

A default mesh size of 2 mm by 2 mm was chosen. The sensitivity study concerning the chosen
discretization will be presented in Section 3.4.4.

3.2 Material

For the validation, a steel grade of S690 was chosen. A medium flow curves of the STROBE project
(WP1) here named “STROBE-material model” with a ratio %z 1.117, a uniform elongation of
y

Ay = 0.084 and a Lider's plateau of 0.025 will be utilised. Its use will be validated and discussed in
Section 3.4.1. Figure 3-3 displays the technical and true stress strain curves.

1400

STROBE Flow curve (true)

1200 STROBE Flow curve (tech)

1000
800
600

o [N/mm?]

400

200

0.0 0.1 0.2 0.3 0.4 0.5

Figure 3-3: Average normalised flow curve for a steel grade of S690 of STROBE project (WP1)

14



STROBE

The true stress-strain curve will be implemented in ABAQUS to define the plastic material behaviour
after reaching the yield strength.

3.3 Buckling analysis

Before performing the actual load bearing analysis, first a linear elastic buckling analysis is
performed. After every buckling analysis, the lowest eigenmode (see exemplarily Figure 3-2) will
be selected and implemented as the imperfection figure in the load bearing analysis which follows.

cooocoo0o
CO-=2NWAEOD
COW~NOUOOA

ik
Figure 3-4: First eigenvalue of the buckle analysis within the plate’s simulation for both loading
conditions: pure compression (left) and pure bending (right)

The default imperfection throughout the validation was set to %. Figure 3-5 displays how the

imperfection is defined for local buckling of a plate in EN 1993-1-5 [3] and reflects the results
received with ABAQUS seen in the figures above. The impact of the size of the imperfection will be
validated in Section 3.4.3.

Figure 3-5: Definition of imperfection for local buckling of a plate by EN 1993-1-5 [3]

3.4 Load bearing analysis

After the buckling analysis is completed, the plate behaviour will be analysed while performing a
load bearing analysis for which the 'Riks’ method by ABAQUS was used.
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In the 'Riks’ method, the loading applied will be specified in the first increment and then
automatically adjusted by ABAQUS throughout the analysis. The big advantage of this method is
that an analysis can be done without knowing the final deformation of a plate. As element type, the
four-noded reduced integration general purpose shell finite element S4R was selected and as
element shape the quad-dominated with advancing front algorithm was chosen. Section 3.4.5
explains the validations of the element shape and the element type. In addition, the magnitude of

the shell edge load is set to 1000 X
mm

To validate the numerical results with the analytical calculations by EN 1993-1-5 [3], the verification
will be compared:

N Mg, + Nggze -
ny = —Fd_ | ZEd EEN _ 4 o (3-2)
fyAers fyWers
Ymo Ymo

Herein, Ng; and Mg, are the design axial force and the design bending moment. The shift in the
position of neutral axis is ey results for the loading condition pure compression in ey = 0 and for
pure bending in ey =5 mm. It therefore does not have large impacts on the results in will be
neglected throughout the validation. The partial factor y,,, is setto 1.0. The effective cross-section
Aqrr and effective elastic section modulus W,z are calculated as explained in Section 2.3.
Transforming Equation (3-2) provides the maximum value for the axial force and the bending
moment:

_ FyAess (3-3)
NAnalytics - Yuo

_yWeys (3-4)
MAnulytics - Ymo

Figure 4.5 shows the resulting deformation of the plate when subjected to the discussed loading
and boundary conditions.
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Figure 3-6: Deformation and stress state (MPa) of the load bearing analysis within the plate’s
simulation for both loading conditions: pure compression (left) and pure bending (right)

To verify the result's accuracy, they will be compared to the results calculated by
EN 1993-1-5 [3] with the effective width method, see Figure 3-7. The abscissa displays the
deflection u, 4, Which was derived from the element which first reaches 5% tension strain. It has
to be pointed out, that the Force and Moment are depicted over the out of plane deformation here
in order to be able to compare compression and bending loads.

The left-hand side of Figure 4.7 shows that the settings chosen for the plate result in great accuracy
with the methods by EN 1993-1-5 [3]. The right-hand side on the other hand shows that the
numerical results are slightly larger than calculated with the Eurocode. But as explained in Section
2.2, the derivation of the buckling factor for a loading condition of pure bending is done by
approximation. Therefore, these results can vary more than the ones for pure compression, where
the differential equation can be solved completely.

1600 40
1200 _ 30 \e.‘-'
X =
g s 2
= 800 \
400 10 S—
w=1 —M_Rd
. —F_Rd 0
0 20 40 60 0 4 8 12

u mm
uz,max [mm] e [ ]

Figure 3-7: Deformation and stress state (MPa) of the load bearing analysis within the plate’s
simulation for both loading conditions: pure compression (left) and pure bending (right)
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Marked with an ’x’ is for both plates the point at which the 5% tension strain is reached. Furthermore,

marked with a '0’ are the points where the damage criterion D = 1 is reached for all possible

toughness levels from 50J to 350J of a material.

0.12 0.12
=1
0.08 5% criterion 0.08
5 0.04 % 0.04
g 0 g 0 4
w w
-0.04 -0.04 —y=1
5% criterion
-0.08 -0.08
0 20 40 60 0 4 8 12
uz,max [mm] uz,max [mm]

Figure 3-8: Strain-deflection curve for both loading conditions: pure compression (left) and pure
bending (right)
Figure 3-8 displays the development of the tension strain &, maxpos throughout the analysis for
each loading condition. It can be seen that in the beginning, these regions are subjected to
compression and suddenly experience a change and are subjected to tension. The element, which

reaches the 5% tension strain first, is the one displayed. The discussed theory of bifurcation in
Section 2.1 can be seen here.

3.4.1 Validation of material

As mentioned before, the STROBE-material model will be used and in addition compared to an
ideal-plastic material model with a nominal plateau slope. Figure 3-9 shows their differences. In the
frame of the parametric study, also a quad-linear material model will be applied.
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Figure 3-9: STROBE-material model and ideal-plastic material model

Figure 4.10 and Figure 4.11 demonstrate that the simulations of the plate with the ideal-plastic
material model has the same pre-buckling behaviour.

1600 0.08 5% criterion 18
1400 = 0.06 —— Strobe 1.6 ——Damage
Ideal - 1.4 ——Strobe
1200 0.04 :
— —_ : — 1.2 Ideal
Z 1000 — =
= g 0.02 o
Y 800 % o
s 0 g 08
600 &> S 46
—— Analytics -0.02 e
400 0.4
—— Strobe .
200 Ideal -0.04 Q 0.2
0 -0.06 0
0 20 40 60 0 20 40 60 0 20 40 60
uz,max [mm] uz,max [mm] uz,max [mm]

Figure 3-10: Result of the plate’s simulation when defined with different material models when the
loading condition pure compression is applied: Load-deflection curve (left), Strain-deflection curve
(middle) and Damage-deflection curve (right)

After reaching the maximum load, the results differ and reflect the facts known from the theory: only
a very small strain-hardening behaviour is defined in this ideal-plastic material model. Interesting
to note is that the simulation of the ideal-plastic material model reaches a larger positive, maximum
logarithmic strain with smaller deflection as well as the limiting value of D = 1 at a toughness grade
of 50J.
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Figure 3-11: Result of the plate’s simulation when defined with different material models when the
loading condition pure bending is applied: Load-deflection curve (left), Strain-deflection curve
(middle) and Damage-deflection curve (right)

3.4.2 Validation of boundary conditions

Figure 4.13 shows the results received with different boundary conditions for both pure compression
and pure bending compared to the ones displayed in Figure 3-2. The different boundary conditions
result in very different plate behaviours.

2500 i 50 —— Analytics
— Analytics —— Simply supported
—Slmp_ly supported ——2 Points uy=0
2000 —_2 qunts uy=0 B 40 Verti_cal edges uz=0
Vertical edges uz=0 2 Points uz=0
2 Points uz=0 r\
—. 1500 =30
< <
1000 =20
500 10
0 0
0 50 100 150 0 5 10 15 20 25
uz,max [mm] uz,max [mm]

Figure 3-12: Results of simulations with different boundary conditions for pure compression (left)
and pure bending (right)

The red graph presents the results, where instead of the longitudinal edges completely restrained
in vertical direction (u, = 0), only the mid-width points are restrained. In green depicted are the
results where, instead of all edges restrained in out of plane direction (u, = 0), only the vertical
edges are restrained. The third analysed option (yellow) suggests to only restrain the mid-width
points along the longitudinal edges in the out of plane direction (u, = 0). This yellow graph displays
that the simulation of the plate does not experience any deformation but can be applied with a large
load. Figure 3-13 reflects the results seen in Figure 3-12 (left): The first chosen boundary conditions

20



STROBE

reflect the behaviour of a simply supported plate exactly. Even though when only two points are
restrained in the vertical direction, the behaviour can reflect the pre-buckling effect quite well but
when the maximum load is reached, the behaviour differs largely from the plate of the first chosen

boundary conditions.

Figure 3-13: Deformation of the plate with different boundary conditions in pure compression: only
two points are restrained in vertical dir. (Ileft) Only the vertical edges are restrained in out of plane
dir. (middle) and only two points are restrained in out of plane dir. (right)

Figure 3-14 shows the deformations with these boundary conditions when pure bending is applied.

Figure 3-14: Deformation of the plate with different boundary conditions in pure bending: only two
points are restrained in vertical dir. (left) Only the vertical edges are restrained in out of plane dir.
(middle) and only two points are restrained in out of plane dir. (right)

It can be concluded that the first chosen boundary conditions reflect best the buckling behaviour of
a simply supported plate for both analysed loading conditions. The other cases analysed are not
suitable in scope of this task. However, the deformation figures of the varied boundary conditions
are of interest, showing the buckle behaviour under different supporting situations.

3.4.3 Validation of applied imperfections

To verify the impact of different amplitudes of the initial imperfection e,,,, three other imperfections
in addition to the default one (1.2 mm) were investigated: 0 mm, 2.4 mm and 12 mm. Figure 3-15
displays the results due to pure compression when a different magnitude of imperfection is
subjected. An imperfection of 1.2 mm and 2.4 mm both show promising results also in comparison
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to the analytical results of the Eurocode. But with a much greater imperfection of 12 mm, the
simulation of the plate cannot reach its load bearing capacity. When there is no imperfection used
(0 mm), the simulation of the plate does not deform at all. Interesting to see in Figure 4.16b is that
the simulation with 1.2mm imperfection reaches the 5% criterion already at a smaller deformation
than the other two imperfections. In addition, the simulation with a 1.2mm imperfection can reach a
larger strain than the simulation with 2.4mm imperfection. Interesting to see is, that the tension
strain develops earlier with larger initial imperfection (see right hand side of Figure 3-15). However,
for all three reasonable initial imperfections, a very similar deformation is eventually reached.

1400 A\ 0.1 5% Criterion
\ 0.08 —e=1.2 mm
1200 TS 0.06 e=2.4 mm /
N\ : e=12 mm
= 1000 - ——
< N\ 5 0.04
w 800 —— Analytics \ &
_ £ 0.02
600 ——e=1.2mm g
e=2.4 mm w 0 —
400 e=12 mm -0.02 \
200 e=0 mm
-0.04
0 "
-0.06
0 20 40 60
U (mm] 0 20 40 60
ome uz,max [mm]

Figure 3-15: Results of the simulated plates with different imperfections when pure compression is
applied: Load-deflection curve (left) and Strain-deflection curve (right)

Figure 3-16 represents the results when pure bending is subjected on the simulation of the plate.
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Figure 3-16: Results of the simulated plates with different imperfections when pure bending is
applied: Load-deflection curve (left) and Strain-deflection curve (right)
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The differences are similar to the ones discussed before but not as large. The impact of a greater
imperfection does not seem to impact the load bearing capacity of the simulation as much as with
pure compression. And again, the simulation of the plate does not deform with no initial
imperfection. As seen before, a simulation with a smaller imperfection can reach a larger
deformation before reaching a large strain (see right hand side of Figure 3-16).

3.4.4 Validation of discretization

In this sensitivity study, the appropriate discretisation of the model according to realistic results and
an appropriate calculation time have been analysed. Seven different mesh sizes were chosen:
0.5 mm, 1 mm, 2 mm, 5 mm, 10 mm and 20 mm as well as a mesh size where only in vertical
direction the elements have a width of 2 mm and in the other directions 5 mm on which the damage
curves of WP1 and WP2 have been based. Figure 3-17 shows the simulations for all analysed
mesh sizes when the plate is subjected to pure compression. The right-hand side displays that a
mesh size of 10 mm and 20 mm cannot depict the behaviour of the simulation properly. The
difference of a mesh size of 5 mm compared to 2 mm is not as large. The much smaller mesh sizes
of 1. mm and 0.5 mm show also good results but have a longer analysis time and are therefore not

efficient.
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0 10 20 30 40 50 60 0 10 20 30 40 50 60
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Figure 3-17: Results of the simulated plates with different mesh sizes when pure compression is
applied: Load-deflection curve (left) and Strain-deflection curve (right)

The same can be seen in Figure 3-18 where the results of pure bending are displayed. Again, the
mesh size of 20 mm cannot show the behavior of the plate properly. The mesh size of 10 mm gives
better results in the case of this loading condition.
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Figure 3-18: Results of the simulated plates with different mesh sizes when pure bending is applied:
Load-deflection curve (left) and Strain-deflection curve (right)

It can be concluded that with a mesh size of 5 mm by 5 mm an already appropriate result can be
achieved with a much shorter calculation time (around 1.5 hours) than with a mesh size of 2 mm
by 2 mm (around 4 hours).

3.4.5 Validation of element shape and element type

There are several possibilities to choose the element shape and element type for the mesh. The
element shape can be:

* Quad: Use of exclusively quadrilateral elements, no use of any triangles
* Quad-dominated: Use of primarily quadrilateral elements, but allow triangles in transitional
regions
* Tri: Use of exclusively triangular elements
As the plate is a square, there is no difference between 'Quad’ and 'Quad-dominated’ element
shape. In addition, the meshing scheme can be chosen as well:

* Medial axis algorithm: Divides the region into smaller simpler regions and uses structured
meshing to fill out everything with smaller elements. This technique is faster, when the area
is bigger and a larger number of elements has to be generated.

» Advancing front algorithm: Begins to mesh at the boundary of the structures and moves
systematically into the region

Concluding this, with a structure as simple as the plate considered in this task, no difference in the
mesh and its results should be expected.

Figure 3-19 shows that the choice of element shape has no big impact on the chosen structure.
Only the element shape 'Tri’ shows slightly different results.
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Figure 3-19: Impact on the load-deflection curve of the plate’s simulation when different element

On the other hand, the choice of element type is much more important. In this validation, four
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shapes are used: Pure compression (left) and pure bending (right)

different types were used:

The left-hand side of Figure 3-20 shows that the simulations with the element type S4R and S4
show the exact same results when considering the load-displacement curve. The simulations with
S4R5 and S8R develop a different behaviour after reaching the maximum load. Looking more

15

S45: A 4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite
membrane strains.
S4R5: A 4-node doubly curved thin shell, reduced integration, hourglass control, using five
degrees of freedom per node.
S4: A 4-node doubly curved general-purpose shell, finite membrane strains.
S8R: An 8-node doubly curved thick shell, reduced integration

closely at S4R and S4 in the right-hand side, a slight difference in results can be remarked.

Unfortunately, using the S4 element type is not very efficient as the calculation time takes much

longer than for the S4R element type.
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Figure 3-20: Impact on the plate’s simulation when different element types are used and pure

compression is applied: Load-deflection curve (left) and Strain-deflection curve (right)
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The simulations with the loading condition pure bending (see Figure 3-21) show larger differences,
where simulations with the element types S4R5 and S8R show a significantly smaller deflection
U,... 1he simulations with element types S4R5 and S8R show also quite different results
concerning the damage-deflection curve, whereas the simulations with element types S4 and S4R
again are very similar.
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Figure 3-21: Impact on the plate’s simulation when different element types are used and pure
bending is applied: Load-deflection curve (left) and Strain-deflection curve (right)

Concluding this, the default chosen element shape ’Quad dominated with advancing front algorithm’
and the default element type S4R will be used for the parametric study.

3.4.6 Overview of chosen settings

The chosen settings for the parametric study based on the presented results of the validation are
the following: Regarding material, the STROBE Database flow curve and a quad-linear material
model according to [1] will both be applied. A simply supported plate will be regarded as standard
case. An imperfection of 1.2 mm for a 300 x 300 mm plate will be used. The mesh size will be
5 mm. Quad-dominated elements with advancing front and type S4R will be applied.
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£ NUMERICAL SIMULATION OF PLATES SUBJECT
TO IN-PLANE LOADING

4.1 Presentation of the numerical model and simulation system

Throughout this parametric study, four parameters have been varied to analyse their impact on the
behaviour of the plate, particularly in the region subjected to tension.

The first parameter that will be looked at is the aspect ratio a. Three different a values will be used

where a = 1—10 and a = 10 and depict extremes in order to investigate limit values:

a 300mm

L] a = —-== =
b 300mm
a 3000mm

s a=-= =10
b 300mm
a 30mm 1

° a=—-= = —
b 300mm 10

Figure 4-1 shows the different plate sizes in comparison.

Figure 4-1: Different plate sizes due to different aspect ratios a

The second parameter that will be varied is the plate slenderness A. Within this, five different 1
values will be looked at:

+ 1=05
+ 1 depending on the limiting case when the reduction factor becomes p =

and therefore depending on the stress ratio ¢: 1 = 0.5 + \/0.085 — 0.055v [3]
+ 1=1.0
« A=15
« 1=3.0

1-0.055(3+y)

> 1.0

Exemplary, Figure 5.2 shows the influence of different values chosen for the plate slenderness A.
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Figure 4-2: Comparison of the thicknesses of different slenderness values A chosen(a = 1)

The third parameter that will be varied is the stress ratio :

c P=1
c P=-1
- Y=-3
. lp=_§

Figure 4-3 shows the difference between the stress ratios y when subjected to the width b of the
plate.

o, =1 o, Y=Y o, y=-1 o =3
L f b
G,=0, a o,=—/40, a G,=—0y ’ a ’ 6,=-30, a

Figure 4-3: The different loading conditions which will be used in form of the stress ratio

The fourth parameter varied is the material model. Two different approaches will be used. The flow
curve of the STROBE project (STROBE-material model) which was already used for the validation
of the numerical model and the quad-linear material model with strain hardening in
prEN 1993-1-14 [1] (EC3-1-14-material model). Throughout this section the results with the prEN
1993-1-14 material model will always be labelled with the lighter colour compared to the results
using the STROBE-material model.

Figure 4-4 displays the two material models. Until the yield strength is reached, ABAQUS uses the
information given for elastic material behaviour which are Young’'s Modulus E = 210000MPa and
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Poisson’s ratio v = 0.3. From this point on, the defined plastic material behaviour with either of the
two material models is applied in the simulation.
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Figure 4-4: Comparison of the two flow curves used throughout the parametric study

Concluding this, 120 simulations have been performed. Throughout this task, the models will be
named as described here: a_1_y_material model.

As explained already, the lowest eigenmode has to be chosen from the buckling analysis which will
be implemented in the load bearing analysis to define the initial imperfection. Figure 4-5 to Figure
4-7 display the lowest eigenmode-affine imperfection typical for each of the aspect ratios and the
loading condition.

Figure 4-5: Lowest eigenmode for plates with aspectratioa=1: ¢ =1,y =-3,¢ = —% (right) and
P = —1 (left)
Questionable at this point is the eigenmode-affine imperfection for the plates with aspect ratio
a= 1—10 and stress ratio y = —3 displayed in Figure 4-6. Since the eigenmode analysis is not true to
the sign, it is not possible to calculate a positive eigenmode when applying a load of ¥y = —3: During
the analysis, the sign of the loading is automatically changed to ¥ = —i, since this is the load

situation with more compression amount leading to lower eigenmodes than iy = —3.
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Figure 4-6: Lowest eigenmode for plates with aspect ratio a = 1—10: Yy=1¢9= —§ (right), p = -1
(middle) and ¥ = —3, (left)

Figure 4-7: Lowest eigenmode for plates with aspect ratio a = %: Yp=19 = —% P = =3 (right),
P =1with 1 =0.5,A(p = 1) (middle) and y = -3, (left)

All the calculations are done by the 'Riks’ method as explained in Section 3.4, except for the ones
with the stress ratio of iy = —3. Due to the large amount of tension, the 'General’ step method was
used in order to avoid negative load proportional factors. In general, the default mesh size chosen

was 5 mm by 5 mm as discussed in Section 3.4.4. Only for the aspect ratio a = 1—10 a mesh size of

2 mm by 2 mm has been applied as the dimensions are much smaller. The subroutine implemented
had to be adapted since it is a mesh dependent curve. A comparison of the influence has been
investigated and it shows that there is no big difference in choosing a smaller mesh size. It
emphasizes that the mesh size of 2 mm by 2 mm is more conservative.

In the following figures in this section, the 5% tension strain will be marked with a ’x’ and when the
damage of D = 1.0 is reached for a toughness of 50J, it will be marked with a’o’. Six damage curves
were evaluated with toughness grades of 50J to 350J. However, in the scope of this evaluation
process, only the lowest damage grade will be considered because this is the conservative one.

The evaluation for the 5% tension strain is done with the absolute maximum logarithmic strain which
differentiates between strain due to tension or compression. Sometimes this 5% criterion is reached
before or after the 5% strain on the abscissa which is the maximum logarithmic strain.
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4.2 Influence of the plate slenderness

In the following paragraphs, the results for the influence of plate slenderness A will be presented
depending on the stress ratio . Each section will first provide the diagram with the aspect ratio

a = 1. This is followed by the diagrams with the other two aspect ratios a = 1—10 and a = 10.

421 Stressratioy =1

Figure 4-8 displays the load-strain curve for the plates with different plate slendernesses when pure
compression i = 1 is subjected. Only in simulations of thick plates with 2 = 0.5, the yield strength
of f, =690MPais reached and therefore inelastic buckling occurs. In the simulations of the
remaining slenderness values, buckling occurs just before the yield strength and for very thin plates
(A = 3.0 or A = 1.5) buckling occurs at a much lower stress and is therefore elastical. Concerning
the criteria, the 5% tension strain and the damage criteria D = 1.0, it is interesting to see that in
simulations of thick plates, damage is reached and in simulations of thin plates, the tension criterion
is reached earlier. This switch happens at slendernesses between 1 = 0.67 (for p = 1) and 1 = 1.0.
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Figure 4-8: Plate buckling behaviour when subjected to ¥ = 1 and with an aspect ratio a = 1

Figure 4-9 shows the deformation for three slenderness values.

Figure 4-9: Deformation of the plate when D = 1.0 is reached or at the maximum deformation
with @ = 1 and the STROBE-material model when subjectto = 1: 4 = 0.5 (left), A = 1 (middle) and
A =3 (right)
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With increasing slenderness, the deformations decrease.

The left-hand side of Figure 4-10 displays the results for an aspect ratio of a = % It is interesting

to see that the simulations of thicker plates do not experience a load decrease, but rather are able
to handle more load throughout the simulation. As displayed above, for simulations of thicker plates
only inelastic buckling occurs and for thinner plates, elastic buckling occurs. In addition, none of the
criteria are reached here. Same results can be seen in the right-hand side of Figure 4-10. However,
in these simulations of the plates, all slenderness values reach the 5% tension strain. The
simulation of thicker plates reaches it at a larger maximum logarithmic strain than the simulations
of thinner plates.
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Figure 4-10: Plate buckling behaviour when subjected to ¥ = 1 and with an aspect ratio a = 1—10 (left)
and a = 10 (right)

Figure 4-11 shows the deformation for three slenderness values for «a =%. With increasing

slenderness, the deformations increase as well.
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Figure 4-11: Deformation of the plate when D = 1.0 is reached or at the maximum deformation

with a = 10 and the STROBE-material model when subjecttoy = 1: 4 = 0.5 (left), A = 1 (middle) and

10
A = 3 (right)
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Figure 4-12 shows the deformation for three slenderness values for @ = 10. Again, with increasing
slenderness, the deformations increase as well.
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Figure 4-12: Deformation of the plate when D = 1.0 is reached or at the maximum deformation
with & = 10 and the STROBE-material model when subjecttoy = 1: 4 = 1.5 (left) and 42 = 3 (right)

4.2.1 Stressratio Y = —g

Figure 4-13 displays the results of the simulations for the plates with an aspect ratio of @ = 1. The
simulation of plates with a slenderness of 1 = 0.5, 1 = 0.84 (for p = 1) and 1 = 1.0 experience
inelastic buckling as they all reach the yield strength before buckling. For the remaining simulations
of the plates, elastic buckling occurs. In the simulations, the 5% tension strain and damage criterion
D = 1.0 are either not reached or only at a very large maximum logarithmic strain.
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Figure 4-13: Plate buckling behaviour when subjected to ¥ = —% and with an aspect ratio a =1

Figure 4-14 shows the behaviour for the plate with different slenderness values.

Figure 4-15 displays the results of simulations of plates with an aspect ratio of a = 1—10 and a = 10.

Interesting to note is that in both cases the simulations of plates with a slenderness of 1 = 0.5 do
not experience a decrease of stress. For all the remaining slenderness variations, this is the case.

In the simulations of plates with a = 1—10 neither of the strain or damage criterium is reached. In

simulations of plates with « = 10 the 5% tension strain is reached for larger slenderness values.
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Figure 4-14: Deformation of the plate when D = 1.0 is reached or alt the maximum deformation
with & = 1 and the STROBE-material model when subject to y = —§: A =1 (left) and 4 = 3 (right)
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Figure 4-15: Plate buckling behaviour when subjected to ¢ = —§ and with an aspect ratio a = %
(left) and a = 10 (right)
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Figure 4-16: Deformation of the plate when D = 1.0 is reached or at the maximum deformation
with & = - and the STROBE-material model when subject to 3 = —2: 2 = 0.5 (left), 2 = 1 (middle)
and 4 = 3 (right)
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Figure 4-16 and Figure 4-17 display the deformation of the simulations of plates with a = 1—10 and

a = 10 in case of different slenderness values.

Figure 4-17: Deformation of the plate when D = 1.0 is reached or at the maximum deformation
with @ = 10 and the STROBE-material model when subject to y = —;: A =1.5 (left) and 4 = 3 (right)

421 Stressratioyp =-1

In this paragraph, the results for a stress ratio i = —1, pure bending, are presented. At first, the
results of the simulations of plates with the aspect ratio a« = 1 are displayed in Figure 4-18. As seen
in all the figures described in the paragraphs before, in the simulations of thicker plates the yield
strength is reached and therefore inelastic buckling occurs. The simulation of the plate with the
STROBE-material model and A = 0.5 displays a ’jump’ in its stress-strain curve. This is due to a
sudden change of the strain development, where the load is only slightly increased but the strains
in the element of interest increase more strongly. The 5% tension strain is reached by all the
simulations. Simulations of thicker plates reach the 5% tension strain at a smaller maximum
logarithmic strain than the simulation of thinner plates. The damage criterion is reached for most
simulations too, however always after reaching the 5% strain criterion.
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Figure 4-18: Plate buckling behaviour when subjected to ¢ = —% and with an aspectratioa =1
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Figure 4-19 shows the load-strain curve for the simulations of plates with a = % Again, inelastic

buckling occurs for the simulations with A = 0.5 and 1 = 0.87 (for p = 1). As shown above, the
simulations of thick plates reach the 5% tension strain at a smaller logarithmic strain than the
simulations of thinner plates. Except the simulations of plates with 4 = 0.5, none of these plates
with an aspect ratio of « = 10 reach the 5% tension strain. In addition, none of the simulations reach

the damage criterion D = 1.0.

L ——1/10_0.5_-1_Strobe 14 ——10 0.5 _-1_Strobe
1.2 — ——1/10_0.5_-1_EC 1.2 ——10_0.5_-1_EC
10 yi ——1/10_p=1_-1_Strobe 10 K ——10_p=1_-1_Strobe
S / 1/10_p=1_-1_EC : 10_p=1_-1_EC
—0.8 1/10_1.0_-1_Strobe —0.8 10_1.0_-1_Strobe
o 1/10_1.0_-1_EC < V\ 10_1.0_-1_EC
506 || ——1/10_1.5_-1_Strobe 506 S~ ——10_1.5_-1_Strobe
0.4 \/ 1/10_1.5_-1_EC 04 |~ 10_1.5_-1_EC
A \/ ——1/10_3.0_-1_Strobe | T ——10_3.0_-1_Strobe
02 |[M 1/10_3.0_-1_EC 0.2 | 10_3.0_-1_EC
‘ — Inelastic Buckling —— Inelastic Buckling
0.0 0.0
0 01 0.2 . 04 05 0 0.02 0.04 0.06 0.08 0.1
Eiog,max [l €log,max [l

Figure 4-19: Plate buckling behaviour when subjected to ¥ = —1 and with an aspect ratio a = %

(left) and a = 10 (right)

Figure 4-20 displays the different deformations for the simulations of plates with

a= 1—10 Here it can be seen, why the load-strain curve of the simulation of thick plates looks
differently compared to the remaining simulations. There is a large deformation in x-direction in the
lower region of the plate left hand-side of the figure. In addition, these figures display that the
simulations of a thin plate with 2 = 3 has larger deformations. Therefore, a region subjected to
tension is developed and the 5% tension strain criterion is reached compared to the slightly thicker
plate with A = 1.
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Figure 4-20: Deformation of the plate when D = 1.0 is reached or at the maximum deformation
with a = %and the STROBE-material model when subjecttoy = —1: 4 = 0.5 (left), 4 = 1 (middle)
and A = 3 (right)

Deformation figures of @« = 1and a = 10 resemble the ones shown in section 4.2.1 and are

therefore not shown at this point.

4.2.1 Stressratioyp = -3

Figure 4-21 shows the results for the aspect ratio « = 1. Neither of the simulations is applied with
a larger reaction stress than the yield strength. However, they all reach approximately the same
strength at around 5% tension strain. Afterwards, the reaction stress differs. In the simulations of
thicker plates, the models are capable to withstand a larger load than the ones of thinner plates.

In this case, the simulation program comprises two models less, since A(for p = 1)=1.
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Figure 4-21: Plate buckling behaviour when subjected to ¥ = —3 and with an aspect ratio a = 1

Figure 4-22 shows exemplary the stress state of the simulations of plates when the damage
criterion D = 1.0 for is reached for different slenderness values. It can be seen that only a small
buckling is experienced in the upper left corner where the compression is subjected.
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Figure 4-22: Stress state of the plate when D = 1.0 is reached or at the maximum deformation
with a = 1 and the STROBE-material model when subjecttoy = —3: 2 = 0.5 (left), A = 1 (middle) and
A =3 (right)

Interesting to see here is that all simulations of the plates reach the 5% tension strain at the
maximum logarithmic strain, being the main strain which the plates experience. The damage
criterion is reached after the 5% strain criterion.

Figure 4-23 displays the results for the simulations of plates with a = % Here again, none of the

simulations are subjected to a stress larger than the yield strength. Also very interesting, the
simulations of the plates with the EC3-1-14-material model have all the same stress behaviour
whereas the simulations of the plates with the STROBE-material model have the same larger stress
behaviour. To see when and which criteria is reached first, the right-hand side of the figure shows
the results in detail. Except the simulations of the thickest plates with 4 = 0.5, all the simulations
reach the 5% tension strain before reaching the damage criterion D = 1.0.
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Figure 4-23: Plate buckling behaviour when subjected to ¥ = —3 and with an aspect ratio a = % in

Figure 4-24 displays the results plates with « = 10. In all simulations, the 5% tension strain criterion

overview and detail

is reached at a small amount of load applied. Furthermore, after reaching the 5% tension strain
criterion, all simulations reach the damage criterion as well.

38




STROBE

12 0.8
——10_0.5_-3_Strobe ——10_0.5_-3_Strobe
1.0 ——10_0.5_-3_EC ——10_0.5_-3_EC
——10_p=1_-3_Strobe 0.6 ——10_p=1_-3_Strobe
0.8 10_p=1_-3_EC 10_p=1_-3_EC

———10_1.0_-3_Strobe ———10_1.0_-3_Strobe

=06 10 1.0_-3_EC 10 1.0 -3 EC
o ——10_1.5_-3_Strobe ——10_1.5 -3_Strobe
0.4 I 10 15 -3_EC 10 1.5 -3_EC
(B ——10_3.0_-3_Strobe ——10_3.0_-3_Strobe
0.2 J(/ ——10_3.0 -3 EC ——10_3.0 -3 EC
0.0 —— Inelastic Buckling —— Inelastic Buckling
0 02 04 06 08 0 01 02 03 04

Equ.n;ax ['] Equ.max [']

Figure 4-24: Plate buckling behaviour when subjected to ¥ = —3 and with an aspect ratio a = 10 in
overview and detail

Figure 4-25 displays exemplary a detail of the simulations of plates with the STROBE-material
model with an aspect ratio of @ = 10. The simulations develop a small buckle in the upper left corner
and a larger region subjected to tension in the lower left corner.

Figure 4-25: Deformation of the plate (cut-out) when D = 1.0 is reached or at the maximum
deformation with &« = 10 and the STROBE-material model when subject to ¥ = —3: 2 = 0.5 (left) and
A =1 (right)

4.2.2 Conclusion

Figure 4-26 shows a summary of the presented investigations. The left and the middle part show
very similar results. It can be concluded that with increasing slenderness A, less load can be applied.

In addition, the largest loads can be applied for a stress ratio of ¥ = —%. Both figures show that

the stress ratio i = —3 is independent of this conclusion, as it shows an independence of the plate
slenderness.
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Figure 4-26: relation between the plate slenderness 4 and the maximum stress for all loading

conditions for a = % (left), ¢ = 1 (middle) and a = 10 (right)

The right-hand side of the figure reflects the same, except for the aspect that also the simulations
with ¢y = —3 show a decrease in maximum stress for increasing slenderness values.

4.3 Influence of the aspect ratio

As seen already, the simulation programme includes three aspect ratios. Exemplary in this section,
three figures will be displayed, each with results of the same slenderness and loading condition.
Within them, all three aspect ratios are presented and can be compared.

4.3.1 Overview of different slenderness values and stress ratios

The left-hand side of Figure 4-27 shows the results for a plate slenderness of A = 0.5 and the
loading conditiony =1 (pure compression). The darker blue represents the results with the
STROBE-material model and the lighter blue with the EC3-1-14-material model. The simulations of

plates with the aspect ratio of « =1—10 experience a much smaller strain than the remaining

simulations. In addition, a larger stress is applied to them. In comparison, in the simulations of the
remaining aspect ratios a load decrease and no further increase in load is observed. It can be
concluded that with the aspect ratio of « = 1, the simulations of plates in this case show the largest
strains, followed by the simulations of the aspect ratio of @ = 10. Except for the simulation of the
plate with « = 10 with the EC3-1-14-material model, neither of the simulations reach the strain or
damage criteria.
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Figure 4-27: Load-strain curves of the plate’s simulations with stress ratio ) = 1 for all three aspect
ratios for slenderness 4 = 0.5 (left) and 4 = 0.67 (for p = 1) (right)

The right-hand side of the figure represents the results 4 = 0.673 (for p = 1). The results are similar
to the ones to its left. Simulations of plates with an aspect ratio of a = 1—10 have hardly any strain

development, simulations of plates with @ = 1 the most. Neither of them reaches the 5% tension
strain, nor the damage of D = 1. Only the simulations of plates with the largest aspect ratio reach
both of these criteria after reaching their maximum load applied. Therefore, the same can be
concluded as described above. Except with a slight slenderness increase, simulations of large
plates develop regions subjected to tension stresses when ¥ = 1 is applied.

Figure 4-28 shows the results of plates with the slenderness A = 1.0. The results are quite the
opposite to the other results seen above: the simulation of the plates with an aspect ratio of a = %

have the largest maximum logarithmic strain. For the loading condition pure bending (left), the
simulations of the plates with the EC3-1-14-material model eventually reach the 5% tension strain.
For the remaining aspect ratios, the simulations of the plates reach the damage and strain criteria
much earlier, but also after the maximum load. Therefore, the loading condition pure bending
becomes a more relevant condition as it creates regions subjected to tension stresses especially
for aspect ratios of @ = 1 or larger. When considering the right-hand side, it is interesting to note
that these results are very similar even though a different loading condition is applied, implying a
smaller area subjected to tension. However, the strain criteria and damage criteria are reached at
approximately the same maximum logarithmic strain.
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Figure 4-28: Load-strain curves of the plate’s simulations with slenderness 4 = 1 for all three aspect

ratios with stress ratio ¥ = —1 (left) and ¥ = —% (right)

The left-hand side of Figure 4-29 shows the results for a stress ratio of y = —3 and a plate
slenderness A = 3.0. The simulations of plates with the smallest aspect ratio have the largest strain
as seen in the figures above. Here, all in all of the plate’s simulations the strain and damage criteria
is reached before the maximum load. Unfortunately, for this case, convergence issues occurred in
case of simulations of plates with @ = 10.
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Figure 4-29: Load-strain curves of the plate’s simulations with stress ratio yp = —3 for all three
aspect ratios for slenderness 4 = 3.0 (left) and 4 = 1.5 (right)
Additionally, the right-hand side of Figure 4-29 shows the results for a stress ratio of y = —3 and a
plate slenderness A = 1.5. For the aspect ratio a = 1—10 and a = 1 the results are quite similar to the
ones illustrated on the left. The simulations of larger plates a = 10 however are subjected to a much
smaller load and reach similar strains as the simulations of plates with « = 1. The strain and

damage criteria are reached at approximately the same maximum logarithmic strain as in case of
the remaining two aspect ratios.

42



STROBE

4.3.2

Figure 4-30 and Figure 4-31 display the maximum reaction stress in relation to the aspect ratio a.
It can be concluded that for the loading condition pure compression (y = 1), the maximum applied
load decreases with increasing a. The right-hand side of Figure 4-30 displays that the simulations

Conclusion

with i = —%. The thicker plates are also applied to a smaller stress with increasing a as observed

for the loading condition » = 1. However, the thinner plates are subjected to a larger load with an
increasing aspect ratio.

When pure bending (yp = —1) is subjected, all simulations show an increase of applied load over
an increase of the aspect ratio. These observations suggest that, when mostly compression is
subjected, simulations with larger plates are subjected to a smaller maximum stress and, when
mostly tension is applied, simulations of larger plates can be applied to a larger maximum stress.
However, the right-hand side of Figure 4-31 displays the opposite to the last point mentioned. The
simulations with @ = 10 were subjected to the lowest maximum load compared to the remaining
aspect ratios.
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Figure 4-30: Relation between the aspect ratio @« and the maximum stress for all slenderness values
for 1 = 1 (left) and ¥ = —3 (right)
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Figure 4-31: Relation between the aspect ratio @ and the maximum stress for all slenderness values

for ¢ = —1 (left) and Y = —3 (right)
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Concluding the facts observed above, simulations of large aspect ratios subjected to mostly
compression also show large strains and therefore are more likely to reach the 5% tension strain
criteria than smaller aspect ratios. When subjected to mostly tension, simulations of smaller aspect
ratios depict larger strains compared to larger aspect ratios. However, it tends to be the larger
aspect ratios reach the strain and damage criteria for these loading conditions.

4.4 Influence of the stress ratio

In this section, the influence of different stress ratios will be evaluated. For each diagram, the aspect
ratio will be constant. It will only be studied with the STROBE material model. In addition, three
slenderness have been chosen to evaluate here A = 0.5, 2 = 1.0 and 1 = 3.0.

4.4.1 Overview of different slenderness values and aspect ratios

First, the results of the simulations with the aspect ratio « = 1 are presented in Figure 4-32. All
simulations reach the tension strain criterion.
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Figure 4-32: Load-strain curve for plates with the aspect ratio ¢ = 1 with three different slenderness:
A=10.5 (left), A =1 (middle) and 4 = 3 (right)

It can be seen in the right and middle diagrams, that the largest reaction stress is reached for the

stress ratio y = —g. The simulation with stress ratio of ¥ = 1 develops for plates with 2 = 0.5 and

A = 1.0 eventually a constant behavior. The simulation with the same stress ratio for slenderness

A = 3.0 experiences an increase of loading. In the simulation of stress ratioy = —% the plate

experiences a decrease in load for the thick plate. However, the simulation of thinner plates with
A=1.0and 1 = 3.0 experience a load increase after a load decrease. For pure bending, the

behavior is similar to ¢ = —%for the smaller slenderness. For the thick plate with 4 = 0.5, the plate

only experiences load increase at a small strain development. As already shown in Section 4.3, the
behavior in case of stress ratio 1y = —3 is similar for all plate slenderness values, which can be
seen here as well. Therefore, in comparison with same slenderness, the maximum load applied is
smaller for slenderness 1 =0.5 and 1= 1.0 and therefore larger for slenderness A = 3.0. In
simulations of plates with the stress ratio iy = —3 strain rate is increased continuously. However,
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the largest strains develop for the simulations of plates with 4 = 0.5 and 4 = 1.0 when subjected to
Yy=1land ¢ = —%. The thinnest plates (right diagram) only have a very small strain for all stress

ratios except iy = —3.

Figure 4-33 shows the results for the aspect ratio of a = % Quite similar results as seen above

can be observed. The smallest strains are detected for the stress ratio ¥ = 1, the largest for
1 = —3. The plate with slenderness 1 = 0.5 and with stress ratio i) = —1 depicts an exception as
explained before.
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Figure 4-33: Load-strain curve for plates with the aspect ratio a = 1—10with three different
slenderness: 4 = 0.5 (left), 4 = 1 (middle) and 4 = 3 (right)

Finally, the load-strain curves for ¢ = 10 are displayed, see Figure 4-34. All the aspects mentioned
before can be seen here too. However as discussed in the sections before, the simulations of large
plates present an extreme case and therefore the behaviour of these is not that simple to analyse.
It can be concluded that except for ¥ = —3, if the simulations reach the 5% criterion, they do so
after reaching the maximum applied load. In none of these simulations the damage criterion is
reached before reaching the 5% tension strain. As already mentioned above, the results for the
simulation of the plate with 1 = 3.0 and ¥y = —3 cannot be displayed due to convergence problems.
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Figure 4-34: Load-strain curve for plates with the aspect ratio ¢ = 10 with three different
slenderness: 4 = 0.5 (left), A = 1 (middle) and 4 = 3 (right)

4.4.2 Conclusion

Figure 4-35 and Figure 4-36 display the influence of stress ratio on the simulations in relation to the
damage and strain criterion.

In Figure 4-35 the results of the simulations are only displayed depending on . It can be detected
that for all aspect ratios, all simulations of plates subjected to 1 = —3 reach both criteria. In case
of the stress ratio y» = —1 regions subjected to tension arise for « = 1 in all simulations of plates.
The results of the remaining aspect ratios vary largely.
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Figure 4-35: Influence of the stress ratio on the damage and tension strain criteria for a = % (left),
a =1 (middle) and a = 10 (right)

Therefore, Figure 4-36 distinguishes between the different slenderness values. On the left hand
side, it can be observed that simulations of thicker plates (smaller slenderness) reach both criteria
rather than simulations of thinner plates (larger slenderness). This can also be depicted for the
results shown in in middle of the figure. A clear tendency of results for simulations of large plates
with « = 10 on the right hand side cannot be detected. These results vary greatly.
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Figure 4-36: Influence of the stress ratio on the damage and tension strain criteria depending on

plate slenderness for a = % (left), ¢ = 1 (middle) and a = 10 (right)

4.5 Influence of the material model

As explained in Section 4.1, two different material models were used: The quad-linear material
model with strain hardening in prEN 1993-1-14 [1] (EC3-1-14-material model) and the STROBE
flow curve (STROBE-material model). Throughout these sections, it could be seen that the
simulations of the plates with the prEN 1993-1-14 material model could be applied with the same
maximum load as in the other simulations, but they have a different post-buckling behaviour. The
largest difference in post-buckling behaviour can be seen for the thicker plates. With increasing
slenderness, the difference between the two material models does not become relevant because
they do not reach the yield strength and therefore only deform in the elastic region of the material.
As the plates become thicker, more load can be applied and the deformation takes place in the
plastic region where the parameters of the two material models become relevant. It also could be
observed that for the simulations of plates with a smaller aspect ratio, this difference is more
significant than for larger aspect ratios.

4.6 Formulation of deformation limits for plates subject to in-plane
loading

As the aim of this task is a general formulation of deformation limits of components made of high

strength steel that are at risk of deformation, the first approach, an FE-based approach, is to look

at the deflection of the simulations at the point at which they reach the arbitrary 5% tension strain

criterion which is suggested by the EN 1993-1-5 [3].

Figure 5.47 displays the deflection u, ,,,, depending on the plate slenderness. The value of u, 4,
was chosen on the element, which reached the maximum deflection at 5% tension strain. If the
tension strain was not reached throughout the simulation, the maximum deflection is depicted
conservatively.
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Figure 4-37: Maximum deflection u,,,, depending on plate slenderness and stress ratio for a = %

(left), « = 1 (middle) and a = 10 (right) - dashed line: EC3-1-14-material model; straight line:
STROBE-material model

This figure presents the maximum deflection depending on plate slenderness and stress ratio based
on the simulations performed as described before. As the 5% depicts an arbitrary value in EN 1993-
1-5[3]in Annex C.8 and was reached in most cases before the damage criterion D = 1.0, the values
for the maximum deflection at D = 1.0 have been chosen and displayed in the figures of Table 4-1
for each aspect ratio and each stress ratio.
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Table 4-1: Deformation

limits for plates subjected to in-plane loading
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Each diagram also differentiates between the STROBE- and the EC3-1-14-material model. The
abscissa represents all plate slenderness values and the ordinate the maximum allowable out-of-
plane deflection according to the presented simulations. With the help of limit lines, a formulation
of a general statement about deformation limits of plates subject to in-plane loading has been
created. In scope of this task, this has been done specifically for plates made out of high-strength

steel with a steel grade S690.

Unfortunately, some simulations of plates did not reach the damage criterion of D = 1.0. This was

the case for the simulations of plates:
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+ with aspect ratio a = 1—10 except when subjected to y = -3,

» witha =1 and the two smallest plate slenderness values subjected to Y =1, y = —% and
Y =-1and
* most of simulations with ¢ = 10.

For these simulations, the maximum deformation was depicted.

For an analytical solution, another additional approach was to define limitations with the help of an
M-N-interaction diagram as this is a widely used form for defining limitations to certain criteria.
Figure 4-38 to Figure 4-40 display these diagrams.
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Figure 4-38: Interaction between the applied normal force N and the bending moment M for plates
with aspect ratio a« = 1 based on STROBE material model (left) and prEN 1993-1-14 material model

(right)
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Figure 4-39: Interaction between the applied normal force N and the bending moment M for plates

with aspect ratio a = 1—10 based on STROBE material model (left) and prEN 1993-1-14 material model
(right)
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Figure 4-40: Interaction between the applied normal force N and the bending moment M for plates
with aspect ratio a = 10 based on STROBE material model (left) and prEN 1993-1-14 material model

(right)

On the abscissa, the bending moment M in relation to the maximum bending moment according to
EN 1993-1-5 [3] declared as Mgq is displayed. The ordinate gives the normal force N in relation to
the maximum normal force Ngrq according to EN 1993-1-5 [3]. Therefore, the results, which are
marked on the abscissa, are the results with the stress ratio i) = —1 (pure bending, N = 0) and on
the ordinate the results for the stress ratio ¥ = 1 (pure compression, M = 0). The results in the
fourth quadrant show the results with the stress ratio ¥ = —3. Each diagram shows the results for
a certain aspect ratio. In addition, the results for the simulations of the plates, which reach the strain
and/or damage criterion before reaching the maximum applied load, are displayed here as well.
These diagrams represent the already seen aspects such as that the simulation of plates with a
smaller slenderness can be applied with a larger reaction stress. For the stress ratioy = —3, a
limitation of maximum applied load, depending on the 5% strain criterion or the damage criterion,
could be formulated. This cannot be done for the remaining load cases as they do not reach these
criteria. This means, the additional 5% criterion is only relevant for cases with buckling issues,
where also a great amount of tension loading plays a role.

These interaction diagrams present an idea of how a formulation of a limit criteria could be
presented to users without using an FE-simulation.

4.7 Additional investigations on component, steel grade and
boundary conditions

4.7.1 Steel grade

Within this part of the task, additional investigations for comparative reasons are presented
regarding a varying steel grade. Therefore, the plates with an aspect ratio of @ = 1 were simulated
for all stress ratios and slenderness values considered within previous investigations of the task.
Differing from the previous analyses the material models corresponding to a steel grade of an S355
are applied. Since no information on damage curves regarding S355 are applicable, assumptions
for these curves have been made in a conservative way: The scaling factor of S690 has been used,
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which might lead to extremely conservative results. However, there was no experimental data
available in order to derive a more realistic scale factor for S355. Analogically to the results
presented in section 4.6, the corresponding deformation limits are shown in Table 4-2. Each
diagram differentiates between the STROBE- and the EC3-1-14-material model.

Table 4-2: Deformation limits for plates made of an S355 subjected to in-plane loading
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The following simulations did not reach the damage criterion of D = 1.0:
» plates subjected toy = —%With a slenderness of A = 1.5 and 1 = 3,

» plates subjected to ¢ = —1 with a slenderness of A = 3 and
» plates subjected to ¥y = —3 with a slenderness of 1 = 3 for the EC3-1-14-material model and
all corresponding simulations with the STROBE-material model.
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For these simulations, the maximum deformation is depicted.

For an analytical solution, additional limitations are defined with the help of an M-N-interaction
diagram. The resulting diagrams for both material models are shown in Figure 4-41.
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Figure 4-41: Interaction between the applied normal force N and the bending moment M for plates
with aspect ratio a=1 based on STROBE material model (left) and prEN 1993-1-14 material model

(right)

4.7.2 Boundary conditions

In order to analyse different boundary conditions, fixed edges are simulated instead of simply
supported edges. Therefore, the plates with an aspect ratio of @ = 1 were simulated for all stress
ratios and slenderness considered within this study. Analogically to the simulations presented in
section 4.6 the material models corresponding to an S690 steel are applied. The resulting
deformation limits are shown in Table 4-3. Each diagram differentiates between the STROBE- and
the EC3-1-14-material model.
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Table 4-3: Deformation limits for plates made of an S690 with fixed edges subjected to in-plane
loading
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The following simulations did not reach the damage criterion of D = 1.0:
+ plates subjected to y = 1 with a slenderness of A = 1.5 and 1 = 3,
+ plates subjected toy = —%With a slenderness of A = 1.5 and 4 = 3 and
+ plates subjected to yp = —1 with a slenderness of 4 = 3.

For these simulations, the maximum deformation is depicted.

Finally, additional limitations are defined with the help of an M-N-interaction diagram which can be

applied for an analytical solution. The resulting diagrams for both material models are shown in
Figure 4-42.
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Figure 4-42: Interaction between the applied normal force N and the bending moment M for plates
with aspect ratio a=1 based on STROBE material model (left) and prEN 1993-1-14 material model

(right)

4.7.3 Structural components

The aim within this study is to analyse the buckling and damage behaviour of structural
components. Therefore, a beam is modelled whereby the web is represented by a plate with an
aspect ratio of @ = 1. In order to simulate pure bending (y» = —1) within the web, the beam is
clamped at one edge and a constant moment is applied at the other edge, Figure 4-43. This loading
condition leads to pure compression (3 = 1) in the upper flange. The thickness of the web is
determined according to the five slenderness values considered within this task. In order to define
the thickness of the flanges the cross-section class of the web is determined first according to Table
5.2 of EN 1993-1-1. In the following it is assumed that the flanges have the same cross-section
slenderness as the web allowing to define the minimal thickness according to Table 5.2 of EN 1993-
1-1 for outstand flanges subjected to compression.

- ———F
0'2_"'0'1

Figure 4-43: Simulated beam with boundary and loading condition
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In order to analyses the influence of the length of the beam two sizes are compared for a
slenderness of A = 1.0. On the one hand, a beam where the web is made of one plate with an
aspect ratio of @ = 1 is simulated. On the other hand, a longer beam is simulated where the web is
made of two plates each with an aspect ratio of « = 1 which are separated by a stiffener. As Figure
4-44 shows, both simulation lead to similar buckling behaviour of web and flange. Since the shorter
beam comprises less elements leading to a shorter computational time this beam is used for all
other simulations of varying slenderness and material models.

It gets obvious the maximum stress is reached at the upper flange, cf. Figure 4-44. Therefore,
instead of the web the upper flange proves to be decisive for the evaluation of the buckling leading
to a loading condition of pure compression. The final deformation limits for the beam are illustrated
in Figure 4-45.
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Figure 4-44: Stress distribution in MPa at the time when 5% elongation is reached of the simulation
with 4 = 1.0 of a beam with one section (left) and of a beam with two sections
separated by a stiffener (right)
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Figure 4-45; Deformation limits for beams made of an S690 subjected to pure bending
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5 CONCLUSION AND DESIGN RECOMMENDATION

The aim of this task is a formulation of a general statement of deformation limits for plates subject
to buckling. To sum up, the first sections focused on the state of the art and research regarding the
stability of plated structures. In the main part of this task, numerical simulations of plated structures
subjected to in-plane loading, which leads to buckling, have been performed. As there are no
experimental tests available to verify the numerical results, a validation was performed to evaluate
the settings in the program. Additionally, the results were compared to the results with the analytic
effective width method in EN 1993-1-5 [3]. This process was accomplished successfully. Thus, a
parametric study was performed. A plate with simply supported edges, meaning all edges
restrained against out of plane translation (u, = 0), was simulated and varied with four parameters
to investigate their impact on the plate behaviour throughout a load bearing analysis. The four
parameters were

» the plate slenderness, A = 0.5, 1 (forp =1),A=1.0,A=15and 2 = 3.0
+ the aspect ratio, a = 1—10 a=1,and a =10

» the stressratioy =1,y = —%, Y =-1andy = -3 and
» the material model flow curves to define the material’s behaviour after reaching the yield
strength fzc3—1-14(€) and fsrrope—pr(€)

Throughout this task, a high-strength steel of the steel grade S690 was used. Later on, results have
been compared to plates made of S355, plates with clamped edges and structural components.

At the moment, Annex C.8 of EN 1993-1-5 [3] suggests a limitation to the attainment of the
maximum load or a limitation to 5% of the principal strain in regions subjected to tension. The
positive, maximum logarithmic strain &, maxpos Was regarded in the scope of the evaluation.
Furthermore, a subroutine with an appropriate damage concept based on the Johnson-Cook model
created in the frame of the STROBE project was implemented in the numerical model. With this,
the progress of the damaged steel has been evaluated and a limitation of the deformation has been
identified.

The influence of the plate slenderness A has shown that simulations of plates with smaller
slenderness and therefore a larger thickness can be applied to a larger load throughout the analysis
and therefore inelastic buckling occurs. Simulations with larger slenderness experienced elastic
buckling. Throughout the parametric study, three different aspect ratios a have been investigated.
The attainment of the maximum load changes with increasing a depending on the stress ratio .
For instance, it decreases with increasing a for ¢y = 1 and it increases with increasing « for p = —1.
Furthermore, four different stress ratios y were used. The loading condition which implies pure
compression (¥ = 1) on the width b of the plates creates regions subjected to tension only at a
large out-of-plane deformation. When pure bending (» = —1) is applied, these simulations develop
regions subjected to tension at smaller out-of-plane deformations. The remaining two stress ratios
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imply three quarter subjected to compression (i) = — %) and three quarter subjected to tension (y =

—3). Especially in simulations with the stress ratio iy = —3, the damage criterion and the 5% tension
strain criterion are reached at a comparatively small out-of-plane deformation. Moreover, two
different approaches for the implementation of flow curves, which define the material in the plastic
region, were analyzed. A quad-linear material model with strain hardening in prEN 1993-1-14 [1]
(EC3-1-14-material model) and the true stress strain material model based on a database of the
STROBE project (STROBE-material model of WP1) were compared. It showed that for simulation
of plates which buckle only in the elastic region, the difference was insignificant. However, when
the simulations of plates reached the yield strength, so for plates with a larger thickness, the
difference during the post-buckling behavior between the material models becomes noteworthy.

Also, the results have been compared to plates made of S355, clamped plates and structural
components.

With all of the information gained, a general formulation of deformation limits for plates subjected
to in-plane loading has been developed. For each combination of aspect ratio and stress ratio,
diagrams have been created in which the maximum deflection u, .4, at the onset of damage is
given depending on the plate slenderness, making it a convenient and easy tool for finite element
program users, see Table 4-1.

When a single value in terms of a strain limit is desired, it can be concluded from the presented
investigations, that a limit of 5% seems to be sufficient. The constant strain approach is
conservative, but less exact in comparison to damage mechanics considerations.

As an alternative, the user could also implement design damage curves in the specific numerical
model as derived in WP1 and use the damage criterion as the limit. This is a more exact, but also
more time-consuming for the user.

When the analysis is based on beam elements instead of shell elements, alternative methods have
to be applied, since beam elements are not able to capture local buckling explicitly. Fieber, Gardner
and Macorini proposed a design approach, where a second-order inelastic analysis is performed
using beam finite elements and strain limits obtained from the continuous strength method (CSM)
in order to model effects of local buckling [14, 15]. This approach has successfully been compared
to shell finite element results of beams, columns, beam-columns, continuous beams and frames
subjected to bending, compression and combined loads.
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