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ABSTRACT

As Swedish cities become increasingly dense, the distance between transportation
routes and adjacent buildings decreases, heightening concerns about the potential
effects of exceptional events on nearby structures, such as explosions originating
from transport corridors. Structural members designed for static loads may not
be suitable for dynamic loads from explosions. An example of such a structural
member is corrugated sheet metal (CSM), commonly used in roofing applications.
CSM falls into the category of thin-walled elements, meaning that it has a limited
load capacity due to buckling. This also limits the capacity to resist dynamic loads
from explosions, posing a risk to the overall structural integrity of the building.
Current calculation methods may be overly conservative due to simplified and/or
limited understanding of the post-buckling behaviour of CSM.

This thesis aims to investigate the structural response of thin-walled steel struc-
tures subjected to static and dynamic loading. Simplified models, consisting of
steel plates classified into various cross-section categories and subjected to axial
loading under both static and dynamic conditions, were employed to explore the
fundamentals of dynamic buckling. Once the fundamentals of dynamic buckling
had been investigated, a more complex geometry was analysed, involving a sim-
plified CSM section. The methodology is based on numerical analyses conducted
using the finite element software Abaqus CAE. The results were validated through
comparison with analytical expressions derived from the Furocode.

Findings from numerical analyses reveal that the structural response of both the
steel plates and the CSM strip is primarily governed by buckling. At higher
loading rates, the material exhibits a rate-dependent strengthening effect evident
as an increased critical buckling load in the steel plates and reduced deflection in
the CSM strip. Inertia effects, manifested as dynamic oscillations, become more
pronounced at elevated strain rates, with their onset occurring earlier for slender
structures. Increased slenderness and/or initial imperfections lead to a reduction
in load-bearing capacity. Additionally, larger initial imperfections contribute to
reducing the amplitude of dynamic oscillations.

Key words:
Steel plate, Buckling, Dynamic buckling, CSM, Explosions, Non-linear FE-analysis,
Impulse load, Static loading, Dynamic loading
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SAMMANFATTNING

I takt med att svenska stader fortatas minskar avstandet mellan transportleder
och intilliggande byggnader, vilket okar oron for effekterna av exceptionella hén-
delser, sasom explosioner fran transportkorridorer pa nérliggande konstruktioner.
I sddana scenarier dr korrugerad plat (TRP), som ofta anvinds i takkonstruk-
tioner, sarskilt utsatt. Dessa tunnvaggiga element har begrédnsad kapacitet att
motsta dynamiska laster, vilket kan dventyra byggnadens strukturella integritet.
Dagens berdkningsmetoder kan dessutom vara alltfor konservativa pa grund av
begrénsad forstaelse for efterbucklingsbeteende.

Detta examensarbete syftar till att undersoka den strukturella responsen hos tun-
nviggiga stalkonstruktioner. Forenklade modeller, bestaende av stalplatar klassi-
ficerade enligt olika tvarsnittsklasser och utsatta for axiell belastning under bade
statiska och dynamiska forhallanden, anvinds for att studera grunderna i dy-
namisk buckling. Nar dessa grundlaggande mekanismer analyserats studerades en
mer komplex geometri bestaende av en forenklad TRP-plat. Metodiken baserades
pa numeriska analyser med finita elementprogrammet Abaqus CAE. Resultaten
validerades genom jamforelse med analytiska uttryck himtade fran Eurocode.

Resultat fran de numeriska analyserna visar att den strukturella responsen hos
bade stalplatar och korrugerad plat huvudsakligen styrs av buckling. Vid hogre
lastningshastigheter uppvisar materialet en hastighetsberoende forstarkningsef-
fekt, genom en okad kritisk knéacklast for stalplatarna och minskad deformation
hos TRP-sektionen. Troghetseffekter i form av dynamiska svangningar blir ty-
dligare vid hoga deformationshastigheter, dar deras uppkomst sker tidigare for
slanka konstruktioner. Okad slankhet och/eller initiala imperfektioner leder till
en minskning i barférmaga. Dessutom bidrar storre initiala imperfektioner till att
dampa amplituden hos de dynamiska svingningarna.

Nyckelord:
Stalplat, Buckling, Dynamisk buckling, TRP, Explosioner, Icke-linjar FE-analys,
Impulslast, Statisk last, Dynamisk last
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1 INTRODUCTION

1.1 Background

As Swedish cities become increasingly dense, the distance between transportation
routes and adjacent buildings decreases, heightening concerns about the potential
effects of exceptional events on nearby structures, such as explosions originating
from transport corridors. Structural members designed for static loads may not
be suitable for dynamic loads from explosions. An example of such a structural
member is corrugated sheet metal (CSM), commonly used in roofing applications.
CSM falls into the category of thin-walled elements, meaning that it has a limited
load capacity due to buckling. This also limits the capacity to resist dynamic loads
from explosions, posing a risk to the overall structural integrity of the building.
Current calculation methods may be overly conservative due to simplified and/or
limited understanding of the post-buckling behaviour of CSM.

When exposed to compressive axial stresses, there is a risk that CSM buckles, lead-
ing to low deformation capabilities and reducing its energy absorption potential,
which is a critical factor under dynamic loading. Further studies are necessary to
better understand the post-buckling behaviour of current CSM structures under
dynamic loads to see if it is possible to utilise a higher energy absorption capacity.

Under static loading, the structural response depends on factors such as material
properties, slenderness, and initial imperfections. However, for dynamic load-
ing, changes in material properties due to high strain rates (e.g., increased yield
strength) and dynamic effects (e.g., inertia) may have an important influence. Key
parameters of interest include structure slenderness, initial imperfections, material
properties (including strain-rate effects), and load rates.

1.2 Similar previous Master’s Thesis’s at Norcon-
sult

This master’s thesis is the third conducted at Norconsult within the same subject
area. In 2023, a numerical study was performed on a simply supported steel
plate subjected to axial dynamic loads (Gerard & Larsson, 2023), and compared
against a previously conducted experimental study on the same topic (Paik &
Thayamballi, 2003a). Inconsistencies were found when comparing the results.

In 2024, a simplified model involving thin steel rods subjected to axial loads under
both quasi-static and dynamic conditions was analysed to better understand the
fundamentals of dynamic buckling (Sargsyan & Sargsyan, 2024). This study com-
bined experimental testing with numerical analyses using the FE software Abaqus
CAE, and demonstrated strong correlation between the two.

Building on the previous theses, this work aims to address the research questions
presented in Section 1.3.

1.3 Aim and objectives

The aim of this master’s thesis is to enhance the understanding of the structural
response of thin-walled steel structures subjected to dynamic loading. A potential
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application of this knowledge is to analyse the structural response of complex
structures, such as CSM. To achieve this, it is first essential to understand the
behaviour of simple structures, therefore plain steel plates subjected to compressive
axial dynamic loads were initially studied. Once the fundamentals of dynamic
buckling had been investigated, a more complex geometry was analysed, involving
a simplified CSM section.

To achieve this goal, the following research questions are addressed:

o How can the effective stiffness at maximal load be accurately described when
the structure buckles?

o What are the differences in response when the specimen is subjected to static
versus dynamic loading?

o What effects, if any, occur under very rapid loading (e.g., explosion loads)?

e How do geometry, initial imperfections, material parameters, and dynamic
effects (inertia and strain-rate effects) influence structural response?

To answer these research questions, the following specific objectives are formulated:

» Investigate the structural response of a compressed thin-walled structure us-
ing a simplified model, involving a plain steel plate subjected to compressive
axial loads under both quasi-static and dynamic conditions.

o Analyse the combined influence of parameters on the structural behaviour
of the studied plate(s), including strain-rate and inertia effects (dynamic ef-
fects), geometric initial imperfections, slenderness, and boundary conditions.

« Investigate the structural response of a thin-walled CSM structure subjected
to distributed transversal loads under both quasi-static and dynamic condi-
tions.

1.4 Limitations

The study is based on finite element (FE) modelling using Abaqus. Initially, to
reduce complexity and facilitate potential future experiments, only the critical
part of the CSM was considered, the compressed flange. The flange was simplified
as a rectangular plate, laterally supported along its transverse edges, and allowed
to deform out-of-plane under both static and dynamic axial loading. Finally, a
simplified CSM strip without longitudinal stiffeners was analysed under static and
dynamic loading.

1.5 Methodology

The three methods used in this project are a literature study, analytical analysis
and numerical analysis.

The literature study aims to provide a deeper understanding of the topic, focusing
on steel structures, dynamics and explosions, strain-rate effects, and related areas.
It will also include a review of previous work on the subject.

The purpose of the analytical analysis is to validate the numerical analysis results
and provide input for the Abaqus simulations.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



The numerical analysis investigated the effects of quasi-static and dynamic load-
ing on the simplified models. Both non-linear geometry and non-linear material
behaviour was considered, using the FE-software Abaqus.

1.6 Use of AI in this project

Al can be a valuable tool in technical report writing when used judiciously to
improve efficiency and clarity. It can assist with grammar, style, and formatting,
helping to ensure that the text is both professional and easy to read. However,
it is not suitable to use Al as a primary source of information, as the accuracy
and originality of generated content cannot be guaranteed. Al-generated material
may contain factual errors or misleading statements, and therefore requires careful
verification.

In this report, Al has only been used to support visualization, automatically for-
mat equations, tables, and figures, and improve grammar for enhanced readability.
It has not been used as a substitute for subject matter expertise or critical think-
ing.
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2 THEORY

2.1 Explosions
2.1.1 What is an explosion

An explosion is defined as a sudden release of potential energy that is transformed
into kinetic energy and ultimately into mechanical work (Johansson and Laine
(2012a)). A common type includes gas explosions and detonations from explo-
sives such as TNT, where the potential energy originates from a chemical reaction
that releases heat and raises the temperature, leading to overpressure in the sur-
rounding air. Alternatively, the source may be mechanical, such as the sudden
release of compressed gas from a pressurised vessel (Johansson and Laine, 2012a).
The potential energy is converted into kinetic energy due to the pressure differ-
ence between the gas and the surrounding air, causing the gas to expand outward
from the explosion centre in an attempt to equalise the pressure. When the over-
pressure wave encounters objects such as buildings, it performs mechanical work,
potentially causing structural damage.

The classification of strain rate is presented in Figure 2.1. Static loads has a strain
rate of around 1075 while the shock wave from an explosion results in a strain
rate of around 10%, around 10° times higher than static loads. The high loading
speed in combination with the change of the structure’s material properties, see
Section 2.1.4, may result in different structural response compared to the static
load, highlighting the importance of dynamic loads such as explosions in structural
design.

Creep Traffic Earthquake Hard impact Explosion

1077 107 1075 10™* 1073 1072 10~!' 10° 10 102 10® 10* [s7!]

Figure 2.1: Classification of strain rates for different actions, explosions being
way faster than any other load presented. Figure based on Yang
et al. (2020).

2.1.2 Shock wave expansion

To get a better understanding of the explosion timeline the shock wave in a point
within the blast zone can be visualized against time, see Figure 2.2. The shock
wave expands outwards from the explosion center in a circular pattern and the
energy is reduced in the shock wave front with increasing distance (Johansson and
Laine, 2012a). The peak overpressure is reached just behind the shock wave front
at the time of arrival, t,, and then rapidly reduce with time until it reaches normal
air pressure, Fy. The positive overpressure is considered most critical and used
in explosion assessments while the negative pressure is neglected (Johansson and
Laine, 2012a).
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Figure 2.2: Ideal pressure-time curve for a blast wave caused by an explosion.
Figure based on Johansson and Laine (2012a).

2.1.3 Explosion as an impulse load

To understand how a structure is affected by the shock wave the concept of impulse
is introduced. Impulse I is defined as the change in a body’s momentum due to
a force F(t) acting on it during a certain time interval t; < ¢t < ¢y (Johansson
and Laine, 2012b). The impulse is simply obtained by integrating the force with
respect to the time, see Equation (2.1).

to

I:/.ﬂnﬁ (2.1)
t1

To relate impulse to the shock wave, impulse density ¢ is used. Impulse density is

similar to impulse except that the force is applied as a pressure P(t) on the body

surface area A, see Equation (2.2).

to
[=A-i=A. [ P@t)dt (2.2)

t1

In an explosion, the load duration is short whereas the pressure is large. Johansson
and Laine (2012b) thus concludes that the impulse load from an explosion often
is similar to that of the characteristic impulse load [, with infinitesimal load
duration and infinitely large pressure, rather than the characteristic pressure load
with infinite load duration and pressure amplitude Py, see Figure 2.3.
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Figure 2.3: Dynamic load cases starting at t;, Characteristic impulse [}, and

characteristic pressure load Fj. Figure based on Johansson and
Laine (2012b).

2.1.4 Structural response

Dynamic loads can cause a delayed response in a structure compared to static
loads because it takes time for the load to propagate through the material (Jo-
hansson and Laine, 2012b). If the impulse is large enough there is a risk of local
failure before any other part of the structure has even responded to the load. The
structure fails to redistribute the forces to adjacent parts and a major part of
the load is resisted by only a small part of the structure. Conversely, if the load
duration is longer, the structure has more time to redistribute the forces, resulting
in a different overall response. Thus, the boundary conditions can be said to be
time-dependent (Johansson and Laine, 2012b). Figure 2.4 illustrates the struc-
tural response of a impulse loaded frame structure. Initially, only the left column
is affected but as time increases the other parts are affected as well.

P(t)

t=20 t=1ms t=5ms

Figure 2.4: Delayed response in structure subjected to an impulse load with
pressure P(t). Figure based on Johansson and Laine (2012b).

Another characteristic of dynamic loading is that the reaction force at full load
amplitude does not necessarily represent the actual imposed load. For a simply
supported beam subjected to a dynamic load, the reaction force at one support
can be described using Equation 2.3

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Ruyupport = aR(t) + BE(t) (2.3)

Where Rgypport is the dynamic reaction force, R(t) is the static reaction force that
would result if the same load were applied statically, and F(t) is the external
time-dependent load. The coefficients o and 5 depend on the deflected shape of
the beam and its dynamic response characteristics. Compared to the static case,
where the reaction force is simply half of the external load for symmetric loading,
the dynamic response includes an additional contribution due to mass inertia,
represented by the term involvingF'(¢). This results in a reaction force that differs
from the purely static value.

2.1.5 Energy absorption

To withstand dynamic loads, a structure must efficiently absorb and redistribute
the energy from the load. This is achieved through ductile behaviour, allowing
the structure to absorb energy effectively through controlled deformation.

According to Johansson and Laine (2012b) the ability of a structure to absorb
energy can be explained using the energy balance between external and internal
work. Work is a measure of energy and can in a simple context be defined as the
work (energy) done by a force F' when moving a point a distance u.

The impulse results in an external load F that transfers kinetic energy to the
structure that can be seen as an applied external work W,.. Simultaneously, the
structure deforms and energy is absorbed by the structure internally through in-
ternal forces R, described as an internal work W; (internal energy absorption
capacity). Since the structure is fixed in space the boundary conditions induce
internal forces that result in either elastic or elasto-plastic deformation, thus ab-
sorbing the energy through deformation. The work can be seen as the area under
the force-displacement relation (Johansson and Laine, 2012b), see Figure 2.5. If
W; >= W, the structure is able to absorb the external energy, however if W; <
W, the excess energy may cause structural collapse or failure.
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F(u)

R(w)

Utot

Figure 2.5: Internal and external work defined as the area under the external
force-displacement relation F'(u) and internal force-displacement
relation R(u). Figure based on Johansson and Laine (2012b).

2.1.6 Influence of mass

The kinetic energy of a body subjected to an impulse load I can be described by
Equation (2.4) (Johansson and Laine, 2012b) :

12

B Qmef

E, (2.4)

Where m is the effective mass of the body, see Section 2.1.8. It can be seen that
an increase in mass reduces the applied kinetic energy, thus reducing the applied
external work. Increasing the mass of the structure is thus beneficial for dynamic
loading since it results in reduced need for energy absorption.

2.1.7 Influence of stiffness, strength, and deformability

For static loads a high load capacity with low deformation is opted for. For dy-
namic loads however it is seldom possible to ensure that the load experienced by
the structure will always remain below the maximum static load capacity (Jo-
hansson and Laine, 2012b). The design focus shifts to leveraging the structure’s
deformability to dissipate energy and prevent failure.

Energy absorption is governed by the structures ability to deform, thus a lower
load capacity with good deformation capabilities prior to failure results in a higher
energy absorption compared to the case when a structure is designed to withstand
static loading, i.e. have a high load bearing capacity and limited deformations.
(Johansson and Laine, 2012b), see Figure 2.6. This highlights the importance of
ductile behaviour which is governed by the amount of plastic deformation before
failure. Ductility is material dependant and has to be taken into consideration in
design.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30
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U w

Figure 2.6: Internal energy for a stiff structure with load capacity R, and
ductile structure with a lower load capacity Rs. Figure based on
Johansson and Laine (2012b).

2.1.8 Simplification of dynamic systems

To reduce complexity Johansson and Laine (2012b) introduces a simplified method
to calculate the dynamic response in a structure subjected to dynamic loading.
In this method, the dynamic system can be described by a spring-mass system
based on the structural dynamics equation (SDE), see Equation (2.5), Note that
damping can be neglected, as it has minimal influence due to the short duration
of loading and the primary focus being on the maximum deflection. The spring
mass system is a single degree of freedom (SDOF) system meaning that only one
displacement is considered. The system is shown in Figure 2.7 and features a
body with mass m fixed to a spring with stiffness k. If the body is subjected to
an impulse I the resulting deformation u depends on the spring stiffness, resulting
in internal forces in the spring R(u).

mi(t) + cu(t) + ku(t) = F(t) (2.5)

R(w)

Figure 2.7: Spring-mass system used to describe the response of a dynamic
system.
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The engineer can use the SDOF-system to describe the dynamic response of a
structure by estimating the maximum deflection. Exemplifying by using a beam,
the beam may be transformed into a SDOF-system by assuming that the deflection
shape remains the same for any load increase, under the assumption of linear elastic
behaviour. This means that any point along the beam can serve as a reference
point to describe its deflection, typically the point with the largest displacement
is chosen (Johansson and Laine (2012b)).

Using transformation factors, denoted k, the structural properties of the beam
(mass, stiffness, damping and load) may be transformed into its effective coun-
terpart to represent the structure as an SDOF-system. The SDOF-system then
represents the displacement at the chosen reference point. The structural dynam-
ics equation is thereby transformed into Equation 2.6.

Hmmbil(t) + Hchu(t) + Rkkbu(t) = FJmFFb<t> (26)
Where my, ky, and ¢, are the beam’s mass, stiffness, and damping, and F,(t) is
the load acting on the beam.

The transformation factors are derived based on the conservation of kinetic energy
and the conservation of internal and external work during the transformation from
the real structure to the SDOF-system. See Table 2.1 and Table 2.2 for examples
of k-factors for a beam with different boundary conditions, assuming a constant
cross-section shape. Note that k,, is omitted, as damping is typically neglected in
this type of dynamic analysis.

Table 2.1: Transformation factors for a beam with different boundary
conditions, pointload (Johansson and Laine, 2012b).

Pointload
Y PR PR R PR
o RON Y ° ;v Ret
Deflection Shape — Elastic Case
Km 0.486 0.371 0.445 0.236
Ke 1.000 1.000 1.000 1.000
Knr 0.486 0.371 0.446 0.236
Deflection Shape — Plastic Case
K 0.333 0.333 0.333 0.333
Ke 1.000 1.000 1.000 1.000
K e 0.333 0.333 0.333 0.333
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Table 2.2: Transformation factors for a beam with different boundary
conditions, uniformly distributed load (Johansson and Laine, 2012b).

Uniformly Distributed Load
e e ] e
Deflection Shape — Elastic Case
K 0.504 0.406 0.483 0.257
Ke 0.640 0.533 0.600 0.400
Knr 0.787 0.762 0.805 0.642
Deflection Shape — Plastic Case
K 0.333 0.333 0.333 0.333
Ke 0.500 0.500 0.500 0.500
Knr 0.667 0.667 0.667 0.667

2.1.9 Response of SDOF

The response of the SDOF-system may be described using a linear elastic or truly
plastic behaviour, depending on the magnitude of the load (Johansson and Laine,
2012b), note that the response can be non-linear as well. The external work on a
structure subjected to an impulse was presented in Section 2.1.5 as the transferred
kinetic energy, stated in Equation (2.4). This can also be applied to the simplified
SDOF-system.

Johansson and Laine (2012b) uses the following derivations to explain the different
responses. Recall from Subsection 2.1.5 that the internal work can be seen as the
area under the internal force-displacement relation. For a linear elastic response,
the internal force in the spring can be described using Hooke’s law, the force in
the spring is the spring stiffness multiplied with the elastic displacement u;, see
Equation (2.7).

R(u) =k - ug (2.7)

The internal work is thus the area under the internal force - elastic displacement
relation, which is the area of a triangle, see Equation (2.8) and Figure 2.8.

kugl
2

VVi,el = (28)
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F,R

F(u)

R(u)

} > U
Uel

Figure 2.8: The internal work for a linear elastic elastic system is represented
by the triangular area under the internal force-displacement
relation, governed by the spring stiffness k. Figure based on
Johansson and Laine (2012b).

The same can be done for a truly plastic system. Due to plasticity, the internal
force is instead the plastic capacity, see Equation (2.9).

R(u) = Rpl (29)

The internal work is thus the area under the internal force - elastic displacement
relation, which is the area of a rectangle, see Equation (2.10) and Figure 2.9.

m,pl = Rpl * Upl (210)
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F,R

F(u)

W, R(u)

Wi,pl

ulpl

Figure 2.9: The internal work for a truly plastic system is represented by the
rectangular area under the internal force-displacement relation,
governed by the plastic resistance R,;. Figure based on Johansson
and Laine (2012b).

Consider the combination of an elastic and plastic system. The internal force in
the spring is then in accordance with Equation (2.11).

R(u) =

Rph u > Uel,1

The total elastic displacement u.;; before plastic deformation is initiated can be
expressed using Equation (2.12) and the total internal work due to internal forces
according to Equation (2.13), using that W; = W, with W, as in Equation (2.4).

R
Uery = 7’* (2.12)
R
W, = %(uel,l + 2up 1) (2.13)

The total plastic displacement wu,; in Equation (2.13) can be expressed using
Equation (2.14) where u, is the total plastic deformation for the truly plastic

system.
I Uel,1 Uel,1

omR, 2 M 2

o = (2.14)

The total displacement is then the sum of elastic and plastic deformation according

to Equation (2.15).

Uel 1
2

Utot = Uel,1 + Upnn = Upl + (2.15)

The internal work due to elasto-plastic response is presented in Figure 2.10 where
Equation (2.13) may be interpreted as the area under R(u).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30
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Figure 2.10: Resulting internal work for SDOF-system with elasto-plastic
response. Figure based on Johansson and Laine (2012b).

2.1.10 Equivalent static load

It should be noted that dynamic loads are normally not considered in design.
Instead the impulse load is usually transformed into an equivalent static load @) of
which structural response is similar to that of the impulse load I (Johansson
and Laine, 2012b). It is not however possible to derive the equivalent static
load based on the impulse only. A structure may initially be transformed into
an equivalent SDOF-system using transformation factors (see Section 2.1.8) and
then using that the static load should result in the same amount of external work
as the impulse load one can derive the equivalent static load. The load may be used
as a distributed load in numerical or analytical calculations to compute stresses
and moments. For further details see Johansson and Laine (2012b).

2.1.11 Catenary action

Catenary action is a structural mechanism that can develop in laterally restrained
beams subjected to large deformations. It plays a critical role in enhancing re-
sistance to progressive collapse, particularly in scenarios involving the sudden
removal of a column in a frame structure. In conventional steel beam design,
load-bearing capacity is primarily governed by flexural behaviour, with plastic
hinges forming at critical sections. However, when axial restraints are present,
there is an ability to balance a horizontal force at the ends of the beam during
significant out-of-plane displacement. Catenary action may then be activated, al-
lowing the beam to carry additional load beyond its flexural capacity (Harry and
Lu, 2019). This mechanism is especially relevant under dynamic loading condi-
tions, where larger displacements may be allowed, enabling the beneficial effects of
catenary action to be utilized. The principle is illustrated schematically in Figure
2.11.
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Figure 2.11: Tensile forces (T') appear in loaded member due to the support
conditions. The member initially displaces vertically and then the
load may increase until the tensile capacity is reached. The
horizontal restraint forces (R) are necessary to obtain catenary
action.

2.2  Steel
2.2.1 Corrugated Sheet metal

Corrugated sheet metal or corrugated sheet steel, abbreviated CSM, is an often
effective and cheap solution when handling static loads. This is because of the
strength to weight ratio; compared to the self weight, the strength is very high.
Figure 2.12 shows an example of a typical CSM section. A common use of CSM
is to span between a roof’s main girders, meaning that CSM are optimized for
transverse static loads. However, as mentioned in Section 1.1 there might be an
increased risk of explosions in close proximity to buildings. Accordingly, if CSM
is used as roof sheeting it will be loaded in bending, subjected to dynamic axial
compressive loads in the flanges. Theoretically, CSM has low capabilities to with-
stand this type of load due to its geometry. Steel is a ductile material, but CSM
falls into the category of thin walled structures, which means that the thickness is
low compared the cross-section’s height or width. his leads to buckling being the
cause of failure, i.e. geometry being the governing factor of how much load a CSM
structure can withstand. Consequently, the the ductility of the steel material is
not utilized in an optimal way. Since CSM is stiff the deformation capabilities
of CSM will be low, meaning that CSM has low capabilities of absorbing energy,
which is a crucial parameter for withstanding explosions.

Figure 2.12: Typical Corrugated sheet metal section (Ruukki Sverige AB,
2025).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30
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There is currently a lack of technical data and calculation methods for some steel
profiles, one of these is corrugated sheeting. According to European Commission
(2017), calculation methods are either not available or only partially included in
the current version of Eurocode EN 1993-1-3, even though the use of the CSM is
common practice. Because of this, conventional design approach may prove to be
too conservative.

2.2.2 Mechanical properties of steel

Important material properties of steel that are relevant for this study are, among
others, the yield strength f,, This is the stress when the steel start to obtain
plastic deformation, i.e. irreversible deformations which remains after unloading.
Other important parameters are the ultimate strength f,, which is the ultimate
stress that the steel can withstand before failure, elastic modulus E, which is the
stress to strain ratio in the elastic range, and the ductility, which is the ability to
deform plastically without going to failure. In dynamic loading, the strain-rate
sensitivity is also an important parameter, which depends on the just-mentioned
material parameters. (Al-Emrani et al., 2019).

Steel products fall into two categories, they are either hot rolled or cold formed.
The typical stress strain relationship for hot rolled steel can be seen in Figure 2.13.
If a bar of hot-rolled steel is loaded so that the strain passes the yield point and is
then unloaded, the steel in the bar has partially changed its properties. The steel
is then said to be cold formed (Al-Emrani et al., 2019). The typical stress strain
relationship for cold formed steel is presented Figure 2.14. CSM typically falls into
the category of cold-formed steel, as the production process involves folding steel
sheets into their characteristic shape, causing plastic deformation in the folds.

} €
Esu s

Figure 2.13: Example of stress strain relationship for hot rolled steel.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



€s

0002 Esu

Figure 2.14: Example of stress strain relationship for cold formed steel.

2.2.3 Cross-section class

An important concept for different types of structural components made of steel
is cross-sectional class (CSC). Eurocode defines four different classes, class 1-4.
Each CSC is associated with a certain risk of local buckling. The parameter that
governs what particular class a cross-section belongs to is the slenderness ratio A
of the plates composing the cross-section. Cross-sections in class 1 have the lowest
slenderness and cross-sections in class 4 have the highest. The typical stress-strain
relationship for the different CSC is presented in Figure 2.15. It can be seen that
sections in class 1 reach plasticity and then goes into strain hardening, sections in
class 2 reach full plasticity, sections in class 3 just reach plasticity and sections in
class 4 will buckle elastically (Al-Emrani, 2023). To account for the risk of elastic
buckling in sections classified as CSC 4, a reduced effective width b,y is used for
the individual members of the cross-section that are in CSC 4 during design, see
Section 2.3.6.

It should be noted that in order to use plastic response in a global analysis, the
cross-section must belong to class 1. However, CSM often exhibits class 3 or 4
behavior, which means that plastic redistribution in these sections is not possible
and failure is governed by elastic buckling rather than yielding.

Class 1 Class 2 Class 3 Class 4
g

2 = R IS S

€ € € €

Figure 2.15: Stress strain relationship for different cross-section classes based
on Al-Emrani (2023).
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2.3 Structural stability
2.3.1 Orientation

Structural stability is a fundamental aspect of engineering design, determining
whether a structure can sustain applied loads without experiencing sudden defor-
mation or failure. Buckling, a key stability phenomenon, occurs when a structure
under compressive loading experiences a loss of equilibrium, leading to a sudden
change in its deformation mode. Various types of buckling exist, influenced by load
duration, imperfections, and material behaviour, relevant theory will be presented
in the following subsections.

2.3.2 Euler buckling

Classic Euler buckling theory can be used to determine when a column subjected
to compression buckles. Fuler buckling is a linear elastic buckling problem, some-
times referred to as a bifurcation problem, bifurcation is a point when a system
undergoes qualitative changes in behaviour, in this case when a structure under
load changes from one stable equilibrium to another, often leading to instability
or buckling. For Euler buckling the following assumptions are made:

e The column is initially without any out-of-plane geometrical imperfections.
o An elastic material behaviour is assumed.

o No residual stresses or other internal stresses.

o Loading is applied centrically to the compressed member.

e The cross-section of the compressed member and its support conditions are
such that only plane buckling in one direction is relevant.

The assumptions above implicate that the column will remain straight (i.e. no out
of plane deformation) until the applied compressive load reaches a critical value
denoted P,... Equation (2.16) can be used to analytically calculate the critical load
for when the column will buckle. L., is the critical buckling length which depends
on the boundary conditions (Al-Emrani, 2023).

m2El

Pcr = Lgr

(2.16)

Important to note is that, in reality, the assumptions made for Euler buckling will
never be entirely true for real structures, meaning that the critical buckling load
will be lower depending on how much the assumptions are violated. However, in
FE-analysis, where things can be modelled in a precise way, Equation (2.16) can
be useful to verify if the results are reasonable.

2.3.3 Initial imperfections

As stated in Section 2.3.2, the assumptions made in Euler’s buckling theory do
not hold for real structures. One important factor to consider in real structures is
the presence of initial imperfections, which can be classified into three main types:
geometrical imperfections, material imperfections, and residual stresses.

Some geometrical imperfections will always exist and the imperfections can have
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a huge impact on the response depending on the slenderness of the structure. An
initial out-of-straightness combined with a compressive axial force will cause an
additional moment, this moment will then cause a additional transversal deflec-
tion, which magnifies the moment and transversal deflection. Since the additional
moments and deformations depend on the displaced shape, second-order effects
are fundamentally non-linear, see Figure 2.16 for a visual example (Al-Emrani,
2023).

N

Figure 2.16: Strut with initial imperfection ey subjected to compressive axial
forces N resulting in an additional moment M and additional
transverse deflection e;.

In Figure 2.17, it can be observed that for a perfect plate, there is a distinct
point at which buckling occurs, resulting in a sudden change in the graph. For
a plate with initial imperfections the transition is instead gradual. This occurs
because the out-of-plane imperfection increases progressively as the compressive
load increases, leading to a smoother transition at the bifurcation point rather than
a sharp change. Additionally, it can be observed that while the critical buckling
load is lower for a plate with initial imperfections, the ultimate capacity remains
unaffected. This is explained by the steel’s ability to redistribute forces to stiffer,
unbuckled regions (Al-Emrani, 2023).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30
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Figure 2.17: Response for an axially loaded plate with and without initial
imperfection, where the distance in x-direction between the origin
and the dotted line corresponds to the initial imperfection size,
figure based on Al-Emrani (2023).
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2.3.4 Slenderness

Slenderness is a key parameter in buckling analysis, as slender members are more
susceptible to instability and loss of load-carrying capacity under compression.
High slenderness ratios indicate a greater likelihood of elastic buckling, while lower
slenderness ratios suggest that the member will fail due to material yielding before
buckling occurs. The theoretical Euler curve and the buckling curve used in design
is shown schematically in Figure 2.18. The reason for the difference between the
two graphs is mainly residual stresses and initial imperfections, it can be noted that
the largest difference between the curves is obtained for intermediate slenderness
(Al-Emrani, 2023).

The relative slenderness, ), in Figure 2.18 is based on column buckling, however the
concept is the same for other types of buckling problems, e.g. for plate buckling,
5\p = \/E or for lateral torsional buckling Ay = \/]\Aj»”i , i.e. the square root of a
theoretical resistance divided by a theoretical buckling load.
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Figure 2.18: Relation between relative slenderness ratio and the buckling
reduction factor for columns, figure based on Al-Emrani (2023).

2.3.5 Static plate buckling

According to Al-Emrani (2023), the critical buckling stress for an unstiffened plate,
simply supported on each edge, can be derived based on the differential plate
equation for an axially loaded plate. Assuming a buckling shape with one half-
sine wave n in the transverse direction of the plate, the critical stress can be
described by Equation (2.17).

)
2
12(1 - v%) (%)
The equation for & is presented in Equation (2.18) and depends on the plate length

a, width b, and the number of half-sine waves m in the longitudinal direction
(loading direction), see Figure 2.19.

k—(m'b+ 7b>2 (2.18)

(2.17)

O = k -
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Figure 2.19: Illustration of variables in Equation 2.18.

The critical stress is thus dependant on the plate slenderness (b/t) and the loading
conditions (simply supported edges, fixed edges e.t.c of which decides m) via the
buckling coefficient k£ for the first buckling mode. To be noted is that initial im-
perfections are not considered in the derivation and will lead to a reduced buckling
stress.

The critical axial buckling load P,.. can be calculated by multiplying the critical
stress with the plate cross-sectional area A, see equation (2.19).

P,=04,y A =044-b-1 (2.19)

2.3.6 Post buckling behaviour of plates

When the load increases above the critical load the state of equilibrium is either
stable or unstable. Stable means that an increasing load results in increasing
deformation while unstable means that deformations increase for decreasing load,
see Figure 2.20. The stable state is preferable and dictates a state of post buckling
strength while the unstable state means that the structure cannot resist any more
load and deforms freely.

There are, however, authors who claim that for the thin-walled structures with a
stable post-buckling equilibrium path, dynamic buckling does not occur (Kubiak,
2013).
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Figure 2.20: Stable state a) where deformation continuous to grow as the load

is increased and unstable state b) where the load is decrease but
deflection still continues to grow.

Plates are supported along at least three edges (Al-Emrani, 2023) meaning that if
axially loaded the restrained edges will not be able to deform perpendicular to its
plane. When the central part of the plate buckles, the stiffness is reduced in that
area. The load is then shifted to the material along the restrained edges which still
has a significant stiffness and a tension band that enables further loading evolves
(Al-Emrani, 2023), see Figure 2.21. The post buckling state is thus stable with
post critical reserve strength. The plate width where the remaining stiffness still

exists is defined as the effective width 0.y and when the stress in the effective
width exceeds the yield stress, failure occurs.

The ultimate load P,,., due to post buckling strength can be calculated by mul-
tiplying the yield stress with the effective area, see Equation (2.20).
Pmaxzay'Aeff:O'y'beff't (220)
The effective width according to SS EN 1993-1-5, 2005 is defined as in Equation
(2.21).
beff =pP- b (2.21)

Where the reduction factor p depends on the slenderness factor Xp, see Equation
(2.22) and (2.23) respectively.

A, — 022 (2.22)
P="2 :
p
Ay = O{Cy (2.23)

Note that Equation (2.22) only is true for the specific case when the plate is
subjected to uniform compression, is simply supported on all four edges and can
be seen as a internal compression part. For other cases see Eurocode 1993-1-5.
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Figure 2.21: Force equilibrium caused by reduction of stiffness in plate centre
due to buckling (black circles) leads to a strengthening tension
field (positive arrows). Figure based on Al-Emrani (2023).

2.3.7 Dynamic buckling

Buckling can be divided into static and dynamic buckling depending on the load
duration. If the loading is applied with a short duration similar to that of the
period of natural vibration, the buckling is dynamic. If the load duration is longer,
static buckling will occur. The main difference from static buckling apart from
the load type is that dynamic buckling may result in an increase of the critical
buckling load (Kubiak, 2013).

According to Kubiak (2013), different authors have formulated many different cri-
teria to determine the critical load or failure load. The reason a criterion is needed
to determine whether a structure has buckled is that the critical dynamic buck-
ling load does not exhibit bifurcation behaviour (i.e., the transition is smooth).
Therefore, it must be determined based on an assumed criterion.

Kowal-Michalska and Mania (2008) present 3 different dynamic buckling criterion’s
that are commonly used: the Volmir criterion, the Budiansky-Hutchinson criterion
and Petry and Fahlbuschs criterion. These criteria can be used to predict if a
structure will undergo dynamic buckling. Equation (2.24), where DLF is the
dynamic load factor, is then formulated to describe the ratio between the dynamic
critical buckling load and the static critical buckling load for a plate.

Ndyn
DLF = (2.24)

Kowal-Michalska and Mania (2008) states that numerous papers underline that
dynamic buckling loads are not always higher than static ones, i.e. DLF in Equa-
tion (2.24) may be lower than 1. This is based on both experimental and nu-
merical analysis, and the main influencing factors on the dynamic behaviour is
initial imperfections and pulse intensity of the load, both factors heavily influence
the dynamic buckling load. Low initial imperfection will result in a higher dy-
namic critical buckling load and large initial imperfection will result in a lower
dynamic critical buckling load. This is the same behaviour that can be seen for
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static loading. However, it seems that dynamic loading magnify the effect of initial
imperfections indicating a stronger sensitivity to initial imperfections. In theory
Kowal-Michalska and Mania (2008) states that the dynamic critical buckling load
will tend to infinity for a "perfect" structure i.e., a structure with no initial imper-
fections.

2.4 Dynamic structural response
2.4.1 Orientation

The dynamic response of a structure depends on various factors such as loading
conditions and material properties. Unlike static loading, dynamic loads, such as
explosions, introduce additional complexities, including inertial effects and strain
rate sensitivity. Understanding these factors is essential for accurately predict-
ing structural behavior under dynamic conditions. This subsection provides an
overview of key concepts relevant to dynamic structural response, laying the foun-
dation for subsequent discussions on strain rate effects, dynamic increase factors
and constitutive models.

2.4.2 Strain rate

Strain rate is the time derivative of the strain of a material, denoted ¢ with the
unit s7!, see Equation 2.25.
é¢=c¢€/dt (2.25)

A structure can be exposed to different strain rates depending on the loading
situation (wind, snow, impact, explosion, etc). In Figure 2.1 the strain rate to
which different types of loads correspond to is presented.

An aspect of viscous properties is the rate dependence that can be observed in the
stress-strain relationship for certain materials. For metals, the rate dependence
results in a increased stiffness and strength for higher loading rates. Typical
behaviour for a rate-dependant steel material is shown in Figure 2.22 (Runesson
and Larsson, 2024). An increased strain-rate results in increased strain hardening
and ultimate load.

o
€ =00
€E>0
e=0

€

Figure 2.22: Schematic rate effect on stress-strain relation in steel.
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2.4.3 Dynamic increase factor

To describe how the increased strength of steel under dynamic loading relates to
the strength under static loading a dynamic increase factor is used, denoted DIF.
According to Yang et al. (2022) three indices for the DIF in steel is commonly
used:

e DIF,: Defined as the ratio of dynamic yield strength to static yield strength:

DIF, = Jvim
fy
e DIF,: Defined as the ratio of dynamic ultimate strength to static ultimate
strength:
_DIFU — fu,dyn
fu
e DIF,,,: Defined as the average of all DIF;, where:
04,dyn
DIF,,, =YXDIF;, and DIF;=———
op

DIF, is the most widely used index, but in some cases it can produce inaccurate
results if applied as a stress amplification factor to the full quasi-static stress—strain
curve. This is according to Yang et al. (2022) due to the following 3 reasons:

o When subjected to very high strain rates (impact/explosion), steel often
deforms far beyond the yield point, (into the strain hardening range).

o Generally, the dynamic increment in f, 4., is larger than for other points
on the 0 — € curve, which will result in an overestimation of the predicted
dynamic constitutive response.

o Measured DIF, values reported in the literature, is sensitive to system errors
associated with stress non-uniformity during the elastic stage and sensitive
to some methods of defining f, 4, if the steel does not have a defined yield
plateau.

In the case with DIF,, the predicted dynamic constitutive response using DIF,
will instead by underestimated. Because of this, it can be more appropriate to use
DIF,,, if the DIF is applied as a stress amplification factor to the full quasi-static
stress—strain curve (Yang et al., 2022). In the case with a steel section class 4,
DIF, is most probably the most representative factor.

2.4.4 Dynamic constitutive model

To be able to describe how stress is related to strain under dynamic loading, a
dynamic constitutive model can be used. There are numerous models to describe
the dynamic properties of steel, two that are implemented and ready to use in
Abaqus are the Cowper-Symonds power function (C-S), see Equation (2.26) and
the Johnson-Cook function (J-C), see Equation 2.27 (Yang et al., 2022).

Tayn = (1 + (;)) o, (2.26)
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Oan = (A+B-€)) (1+C-Ine) (1-T"™) (2.27)
Where:
€ =— (2.28)

T -1,

y p———
T, — 1T,

(2.29)
D, p, A, B, C, m, and n are material constants. In Equation (2.26) D is rep-
resenting the reference rate where yield stress begins to change significantly and
p controls the degree of strain rate sensitivity. In Equation (2.27) A is the yield
stress (at reference strain and temperature), B is the hardening modulus, n is the
strain hardening exponent (defines the extent of strain hardening), C' is the strain
rate sensitivity (how much the yield stress increases with strain rate) and m is the
thermal softening exponent (defines how temperature affects material strength).
In some literature D and p in Equation (2.26) may be referred to as C' and q.

In Table 2.3 some key differences are presented between the two models, note that
the C-S model can be used for an arbitrary stress-strain relationship while the
shape of the curve for the J-C model is controlled by 2.27, which might make it
more suitable to use the C-S model in the case were a stress-strain relationship
featuring a yield plateau is used.

Table 2.3: Comparison of Cowper-Symonds (C-S) and Johnson-Cook (J-C)
material models

Feature Cowper-Symonds (C-S) Johnson-Cook (J-C)
Strain Rate Sensitivity Power-law form Logarithmic form
Strain Hardening No Yes

Thermal Softening No Yes
Computational Complexity Low High

Best for Simple high-strain-rate cases General dynamic problems

Proposed by Yang et al. (2022), inspired by the (C-S) model (i.e. Equation (2.26))
the constitutive dynamic model in Equation (2.30) can be used to describe the
stress-strain relationship due to strain rate effects.

Odyn = 05(6) : D]Favg(éa fy) (23())
Where: )

DIFu(é, fy) =1+ ( ‘ ) (2.31)

Davg

f 6
Dy = 1 a 2.32
g 000 <235> (2.32)

f, 0.2
avg — Ao 2.

Pavg = 3 (235 (2.33)
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0s(€) is the constitutive model for static loading, which can be established either by
physical testing or from an existing constitutive model. The strain in the dynamic
stress-strain relationship may be assumed to be equal to the static strain.

In a similar manner DIF, can be formulated, see Equation (2.34).

1

DIF,(¢,f,) =1+ (5) " (2.34)
Where:
f 3.8
D, = 1000 <23y5> (2.35)
—0.5
Py =9 (;;%) (2.36)

2.5 Experimental and numerical results from previ-
ous studies

2.5.1 Orientation

This section presents the results from previous experimental and numerical studies
relevant to the dynamic behavior of steel structures, with the aim of identifying
key findings related to this thesis. The first study focuses on the experimental
behavior of steel plates subjected to dynamic axial compressive loads, while the
second study presents a numerical investigation into the performance of profiled
steel barriers (CSM) under explosive loads. Note that these profiles are a have
larger dimensions compared to "ordinary CSM" used as roof sheeting.

2.5.2 Study 1 - Steel plate subjected to axial compressive
load

It is known that the strength characteristics of structural elements under dynamic
loading can be different from the strength characteristics under a static or quasi-
static loading situation.

According to the authors (Paik and Thayamballi, 2003a) there is a research gap
related to the dynamic behaviour of plates, previous studies made on dynami-
cally loaded steel structures are limited to either plates under lateral pressure or
beams. Studies on the dynamic behaviour of thin walled steel structures, such as
plates, subjected to dynamic in-plane loading are not seen (Paik and Thayamballi,
2003a). After a review of the studies available in the field of static and dynamic
plastic behaviour of structures, it can be concluded that the there still is a lack of
experimental studies made on the behaviour of in-plane dynamically loaded thin
walled steel structures.

Therefore Paik and Thayamballi (2003a) conducted a experimental study with
the aim to obtain data on the ultimate capacity of a plain steel plate subjected to
dynamic compressive in-plane loads. They used one dimension for all specimens,
steel plates with the dimension 500x500x1.6 mm, all specimens were made out of
mild steel (steel with low carbon content, o, = 251.8 MPa). See Figure 2.23 for a
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overview of the test set up. To investigate the dynamic effects they used different
loading speeds in the range 0.05 - 400 mm /s, which corresponds to strain rates in
the range 107 — 0.8 1/s. The test they performed were conducted until and after

failure.

A- A section

60“_ Supporting jig -
e v
#H =15
. —| |+
Test specimen 10

Figure 2.23: Test setup and geometry (Paik and Thayamballi, 2003a).

In Table 2.4 a summary of the test results is presented and in Figure 2.24 the load-
displacement curve obtained from their experiments is shown (Paik and Thayam-
balli, 2003a). It can clearly be seen that the ultimate strength is increased when
the load is applied with a higher speed. A slight increase in inclination of the
curve can be seen, indicating a slight increase in stiffness. What also can be noted
is that the in-plane displacement and lateral deflection increase when the loading
speed increase at the ultimate limit state.

Table 2.4: Summary of the ultimate strength tests on steel plates under
dynamic axial compressive loads obtained by the experiment
conducted by Paik and Thayamballi (2003a).

Specimen | 1, (mm/s) é [s7Y] ”yﬁ% v | Uy dyn [mm] U“Ui‘i-"“ Wa,dyn [1mM] w“w%
USP-S 0.05 1.0x107* | 0.20 1.0 0.63 1.0 1.37 1.0
USP-100 100 2.0x 107t | 0.25 | 1.23 1.07 1.70 2.06 1.50
USP-300 300 6.0x 1071 | 0.28 | 1.35 1.23 1.95 2.41 1.76
USP-400 400 8.0x 1071 | 0.29 | 1.44 1.27 2.02 2.60 1.89
‘ 60 —_ QKGQQO
e 9}3 50 qrf:/'x\.
" 40_' (3(/ R
[ . _;: T ? \l
{_‘, Experiments I 304 d N\ Experiments:
g USP-S V=005 mm/sec 3 20 —-egf USP-S - V=005 mm/sec
- : 36— USP-100 - V4=100 mm/sec - F —3¢—USP-100 : V=100 mm/sec
. . I USP-300 : V=300 mm/sec
1 4 TSP-300 - V,=300 mm/sec 104 - il
¢ o USP-400 - Vg=400 mmsec 1 —p— USP-400 - V=400 mm/sec
] L S B S S B —
- L e e e 0 2 4 6 8 10
0 2 3 4 5 Deflection (mm)
End-shortening (mm)
b)

a)

Figure 2.24: Response of the plate: a) In-plane end shortening, b) Lateral
deflection (Paik and Thayamballi, 2003a).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30

29



30

From the results it can be concluded that an increase in ultimate strength is to be
expected, however only one dimension of steel plate was used and all specimens
had the same material properties. No sensitivity analysis was made regarding
these properties. The cross-section class and the slenderness was not presented
in the study. However, using expressions provided in Equation 2.23, it can be
concluded that the cross-section is in class 4 and that X is approximately 7, which
is very slender.

2.5.3 Study 2 - Numerical assessment of explosion resistant
profiled barriers

Bohb et al. (2004) presented a numerical study using the FE-software Abaqus, the
purpose with the study was to investigate the response of profiled steel barriers
subjected to explosions. They investigated three profiles of varying depths, and
the static and dynamic response of the steel profiles were determined up to the
ultimate capacity and after buckling had occurred.

In Table 2.5 the dimensions used in Bohb et al. (2004) study is presented and in
Figure 2.25, the different parameters in Table 2.5 are explained. X/r refers to the
global slenderness. The compressed flange in S1 is in CSC4, the compressed flange
in S2 is in CSC2 and the compressed flange in S3 is in CSC1. No stiffening ripples
were used in the top flange or along the web.

Table 2.5: Geometry of profiled barriers (mm) (Bohb et al., 2004).

Section | ¢ s ho & I lo I3 L X  X/r L/t I3/t s/l
S1 11 639.8 554 60.0 200 320 240 1280 6000 294 18.2 582 2.7
S2 9 256.1 200 51.3 160 160 160 800 4000 51.3 17.8 285 1.6
S3 25 60.2 45 484 625 40 45 250 2322 1304 25.0 24.1 1.3
‘Blast
t
3
h
a8

Ll ‘B L Bk B _Lll_JI

Figure 2.25: Typical profile, simply supported CSM strip and distributed load
(Bohb et al., 2004).

In Figure 2.26 the static response is shown for the three different geometries, it
can be seen that a deeper section will behave in a more brittle manner and that a
more shallow section will have a very ductile behaviour (Bohb et al., 2004).
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Figure 2.26 also summarizes the underlying structural problem that this thesis
project aims to investigate. Geometry S1 is superior in terms of ultimate load-
bearing capacity under static transverse loads; however, it has very low deforma-
tion capacity. This means it offers limited resistance to dynamic loads, as the
ability to deform is an important parameter. S3, on the other hand, is very duc-
tile but has a very low ultimate capacity. S2 might represent a good compromise
between S1 and S3 if there is a risk of explosions or other dynamic loads. However,
both S2 and S3 exhibit plastic deformation and may be suitable for dynamic load
cases depending on the magnitude of the load.

3.20
2.80
2.40

z 3

1.20

Pressura (bar)

838

Figure 2.26: Static response for different geometries, simply supported and
(Bohb et al., 2004).

After performing the numerical analysis Bohb et al. (2004) came up with some
general recommendations for FE-modelling of a dynamically loaded CSM struc-
ture. At least three bays should be included in the model for most cases, they
state the there is a increased sensitivity to the number of bays when the span is
long compared to the width. A static non-linear analysis should be performed to
check if the model behaves as expected before proceeding to the dynamic analysis.
Special care should be directed to the imposed boundary conditions in the FE-
model, correct modelling of the in-plane restraints can not be ignored, especially
for deep sections, since buckling can be prevented due to membrane action oth-
erwise. The assumption of a symmetry condition along the longitudinal axis of a
outer bay can be used safely, since it will yield conservative results. The authors
recommend that first order shell elements are used. A full corrugation should be
modelled instead of a half with symmetry conditions in the middle if the post
buckling behaviour is of interest since some asymmetric buckling modes cannot
be captured with the symmetry boundary condition.
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2.6 Reconnection of the theory to the CSM struc-
ture

The theory behind dynamic loading and the structural and material response
for both static and dynamic loads have been explained in the previous sections.
Returning to the main problem, it should now be more clear why dynamic loading
of CSM is of interest.

The difference between static and dynamic loading was explained, highlighting
the increased loading speed and magnitude of explosions, described as an impulse
load. It was concluded that in order to withstand dynamic loads, energy absorp-
tion through deformation is crucial. Steel is ductile, but because of the geometrical
properties of CSM, slenderness combined with high transverse stiffness means that
elastic buckling will occur for high amplitude impulse loads before any major de-
formation is obtained. There are however strengthening effects of steel due to
strain rate effects which will enhance both yield strength and post-buckling resis-
tance, increasing overall energy absorption. Sufficient knowledge of the dynamic
behaviour before, during and after buckling is thus important, highlighting the
need for this study.

This can be exemplified as follows. The dynamic response of the CSM can be
described by the SDOF system. By using the secant stiffness of the external load
displacement the engineer can interpret the secant stiffness as the stiffness of the
spring in the SDOF system and estimate the energy absorption.

Without prior knowledge of the dynamic buckling behaviour, the secant stiffness
may be drawn below the critical buckling load as a conservative estimate. Depend-
ing on the post-buckling behaviour, increased energy absorption may be possible,
leading to a larger energy absorption capacity than otherwise assumed. This is
highlighted in Figure 2.27 where three different areas are drawn. Depending on
the slope k, different energy absorption is obtained, see the three different sized
areas marked. Note that the internal work (energy absorption) was described as
the area under the internal force-displacement relation.

F,R

RW)

Fw

u

Figure 2.27: Load-displacement relation translated into stiffness in SDOF
system.
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3 Finite element method

3.1 Orientation

Nonlinearity increases the complexity in numerical analysis compared to linear
analysis. Several factors need to be taken into consideration to provide accurate
results. In order to make informed decisions in the numerical analysis theory
regarding non-linear FEM, element types, loading methods, and convergence are
presented in this chapter to act as a basis for decisions made during the numerical
analysis.

3.2 Solving non-linear FE problems

Non-linearity in structural analysis can be broadly classified into two categories:
geometric non-linearity and material non-linearity. Geometric non-linearity refers
to structural behaviour where large deformations significantly influence stiffness
and equilibrium conditions, often leading to phenomena such as buckling and
large displacement responses. Material non-linearity, on the other hand, occurs
when the force—displacement relationship deviates from linearity due to inherent
material properties such as yielding or strain hardening.

Non-linear behaviour results in a force—displacement relationship that is no longer
linear, meaning that the structure’s stiffness changes as deformation progresses.
Solving such problems requires an iterative approach, where the analysis is divided
into load or time increments (steps), and the solution is updated within each step.
The solution within each increment can be determined using an implicit method
(Plos et al., 2021). Figure 3.1 illustrates a typical iterative solution scheme, In
this scheme, the tangential stiffness matrix is created and decomposed at each
iteration within a particular step.
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Figure 3.1: Iterative solution method: Newton-Raphson (NR) scheme.

The implicit method solves for the structural response by enforcing static or dy-
namic equilibrium at each time step. In each increment, either the applied load
or the displacement is increased (see Section 3.3 for further details).

In addition to force equilibrium, convergence can also be evaluated using energy
norms or displacement norms (Plos et al., 2021). While a smaller tolerance leads
to higher accuracy, it may also require more iterations per time step. Conversely, a
larger tolerance can improve convergence in challenging analyses. Notably, studies
have shown that acceptable accuracy can still be achieved with relaxed tolerances
(Plos et al., 2021). Implicit methods are suitable for both static and dynamic
structural analyses.

In some cases, for example in highly non-linear problems, another method called
explicit method may be used as an alternative to the implicit approach (Plos et al.,
2021). The explicit method is based on dynamic equilibrium and does not require
iteration, as all necessary information is obtained from the previous time step. This
eliminates convergence issues. However, it requires very small time steps, which
can significantly increase computational time. While the explicit method can be
used for quasi-static problems, care must be taken to avoid errors introduced by
small time steps. Therefore, it is generally more suitable for dynamic analyses,
where small time steps need to be taken anyway, although it can be applied to
static cases with appropriate strategies to reduce computational cost. The key
difference between the implicit and explicit methods is that the implicit method
requires solving for unknowns at the current time step using both current and
previous information, which necessitates an iterative solution. In contrast, the
explicit method computes the response directly using only information from the
previous time step, thus avoiding iteration.
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3.3 Load application

Load application refers to the method of applying the load to a structure within
each time step. Three methods commonly used are load controlled, displacement
controlled and the arc-length method (Plos et al., 2021), see Figure 3.2

— True solution
----- Solution using different load type/solution method

F F F

> U (o, u
Load-controlled Displacement controlled Arc-length method

Figure 3.2: Schematic illustration of various concepts of load application (Plos
et al., 2021).

Load controlled means that the load is applied as forces and moments. The load
is applied step by step until the desired maximum load is applied. Featured in
both linear and non-linear analysis.

For the displacement controlled approach, the load is instead applied stepwise as
a displacement. The displacement may also be prescribed in terms of a velocity
or acceleration.

In the arc length method both the displacements and loading increment is treated
as unknowns, increasing the DOF by one. Introducing another unknown means
that another equation also has to be introduced in the equilibrium equations, the
arc-length equation (Memon and SU, 2004).

In non-linear FEM analysis the load-displacement response F'(u) is non linear,
meaning that the choice of load application method is crucial to capture the true
behaviour. Non-linear response such as buckling or snap-back means that no more
load can be resisted by the structure but displacements continue to increase in the
case of buckling or decrease in the case of snap back. The load controlled method
fails to capture this response since the method is based on a load that is always
increasing. The displacement controlled method is better suited for the buckling
case since the prescribed displacement during each time step is increased, and
the applied force is computed as a result of the displacement and will be able to
decrease in the F'(u) plot. To capture the full snap back behaviour that features
a decrease in both applied force and displacement, the displacement controlled
method will not capture the displacement decrease. The arc-length method is then
more accurate since the force and displacements are unknown, and the increment
may be positive or negative (Plos et al., 2021).
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3.4 Load application profile

In finite element analysis (FEA), particularly for dynamic or non-linear problems,
the method of applying loads plays a crucial role in obtaining accurate and stable
results. Various load application profiles are employed depending on the nature
of the analysis and desired outcomes. The most common profiles include instan-
taneous loading, ramping up the load during several step increments, or cyclic
loading.

Applying the full load instantaneously within one load step, which is easily imple-
mented, can induce high-frequency oscillations or artificial numerical instabilities,
particularly in dynamic analyses.

Ramping up the load gradually increases the load over a specified time period,
which helps avoid sudden shock effects, improves numerical stability, and ensures
better convergence in implicit methods. Additionally, for quasi-static analyses
conducted via dynamic solvers, a slow ramping of the load minimizes inertia effects,
allowing the system to better approximate static behaviour.

3.5 Element type

To model complex structures and their physical behaviour, different element types
are available. They can be classified according to their family, element order and
integration type.

The element family has several subcategories where continuum elements and struc-
tural elements are commonly used in stress-displacement problems. Both types
support static and dynamic analyses.

Continuum elements are so-called volume elements used in both 1, 2 and 3D anal-
yses. They are sufficient in contact analysis, plasticity, large deformation and
multi-axial stress analysis (ABAQUS, 2006). These elements only feature transla-
tional DOFs and common shapes are triangles and squares in 2D and tetrahedrons
and hexahedrals in 3D, see Figure 3.3.

Figure 3.3: Continuum elements of various dimensions.
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Structural elements are based on the deformation characteristics of certain struc-
tural elements such as trusses, beams or shells. Trusses, for example, only allow
for axial displacement DOF, while beams account for rotation and translational
DOF. Another subcategory of the structural elements is shells. Shell elements
are used to discretize objects with small thickness compared to width or length.
Shell elements, based on plate theory, enabling both bending and in-plane load-
ing, are commonly used, see Figure 3.4 for examples of different kinds of structural
elements.

Shell element Beam element Truss element

Figure 3.4: Different kinds of structural elements.

Element order refers to the number of nodes and the type of shape functions used
within an element. The number of nodes indicates the points at which the DOF
are evaluated. Most commonly elements are classified as either first-order (linear)
or second-order (quadratic).

First-order elements have nodes only at the element corners, employing linear
shape functions. They offer faster computation times but often require a highly
refined mesh to achieve acceptable accuracy. Second-order elements include addi-
tional nodes along the element boundaries between corner nodes, utilizing quadratic
shape functions. These elements enhance accuracy but result in longer computa-
tion times. The choice of element order affects both accuracy and computational
efficiency. Numerical errors may arise depending on the element type and the
nature of the analysis (ABAQUS, 2006).

Integration type refers to the numerical integration technique applied over finite
elements to compute the stiffness matrix. Gaussian quadrature, a standard volume
integration method, is commonly used in Abaqus. Two integration approaches are
available when using Gauss integration, reduced and full integration. Both have
their benefits and drawbacks.

Reduced Integration uses fewer integration points, resulting in faster computa-
tion but potentially reducing accuracy or introducing errors such as hour-glassing.
Abaqus includes built-in functions to mitigate hour-glassing effects. Full Integra-
tion uses a higher number of integration points, improving accuracy but may cause
issues such as shear locking and increases computational time. See Figure 3.5 for
visual explanation of full vs. reduced Gauss integration.
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Figure 3.5: Reduced vs. full integration points for linear and quadratic
elements using Gauss-integration.

Choosing the appropriate element and integration type is essential to balance
accuracy, computational efficiency and avoiding numerical errors such as shear

locking and hour-glassing effects (ABAQUS, 2006).

3.6

A convergence study is essential in finite element analysis to ensure the accuracy
and reliability of the numerical results. It involves systematically refining the mesh
or adjusting other numerical parameters, such as element order or time step size,
and observing how the solution approaches a stable value. Since FEA approxi-
mates continuous physical phenomena using discrete elements, very coarse meshes
or improper element formulations can produce inaccurate results. A convergence
study verifies that the solution is independent of the mesh density or other nu-
merical parameters, ensuring that the obtained results accurately represent the
underlying physical problem rather than numerical errors.

Mesh Convergence

Increasing the number of elements increases the numerical accuracy but also the
computational time. By conducting a convergence analysis the right amount of el-
ements for convergence is obtained in balance with computational time and needed
accuracy. Both static and dynamic buckling will be considered in this report. Ku-
biak (2013) suggests that one convergence analysis for each type of analysis should
be conducted.
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4 Methodology and pre-study of plate

4.1 Orientation

During out-of-plane bending of CSM, the top flange is the most critical with
respect to buckling due to the compressive stresses being highest in that region.
The compressed part of the CSM flange was initially simplified to a simple plate,
see Figure 4.1. This choice was also motivated by the ease of experimental testing
on such a structure in the future. The plate was modelled as an axially loaded
plain steel plate, the effects of different parameters on the structural response
were investigated in both static and dynamic cases. In this chapter, the modelling
choices and the methodology used, are presented.

Figure 4.1: Visualization of the plate as a simplification of the top flange in a
CSM section, see the dotted rectangle.

4.2 Selection of plate dimensions

Two main aspects were considered when selecting the plate dimensions. The
first was practicality, the geometry must be compatible with testing equipment,
Chalmers lab facilities was used as reference to allow for future experiments. The
second was achieving a range of slenderness ratios, enabling the analysis of plates
with varying slenderness to find different structural behaviour.

The dimensions of the plate were chosen to b x h = 100 x 100 [mm]. A width
of 100 mm is in line with the available test machine at Chalmers and since the
height does not affect the critical buckling stress, see Equation (2.17), it was set
to 100 mm to get a rectangular plate of reasonable size.

As seen in Figure 4.3, four thicknesses were chosen: a thickness of 1, 2, 3, and 4
mm, resulting in two geometries being in CSC4, one in CSC3, and one in CSC1. To
support the choice of thickness, simple analytical calculations were made, see Ap-
pendix B. The slenderness A, was calculated in accordance with Equation (2.23),
and the reduction factor p was calculated in accordance with Equation (2.22),
with input parameters described in Section 2.3.5. The slenderness of the plate is
presented in Figure 4.2 and the reduction factor vs. the plate thickness presented
in Figure 4.3. In both figures, the circle represents what slenderness and reduction
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factor the chosen thickness correspond to. The limits for each cross-section class
was calculated in accordance with EN 1993-1-1, 2005.
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Figure 4.2: Reduction factor vs. slenderness.
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Figure 4.3: Reduction factor vs. thickness.

Regarding material strength, S355 steel with Young’s modulus set 210 [GPa] was
chosen since it is a commonly used steel quality. In Table 4.1, a summary of the
results used to determine suitable thickness of the steel plate is presented. The
expected critical buckling force, critical stress and the maximum load-carrying
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capacity in the post-critical range are also presented. Note that the calculation is
based on zero residual stresses or initial imperfections, while the CSC is based on
the limits in Eurocode which considers imperfections and residual stresses. This
explains the very high critical buckling force and stress, which are overestimated
compared to a real plate. In this case the critical buckling force and stress are
only used as validation of the Abaqus model.

Table 4.1: Summary of buckling parameters for different thicknesses t.

t (mm) [CSC| XA | p | P kN] | 0 [MPa] | Prax [KN]
1 4 216042 759 75.9 16.4
2 4 1.08]074| 607 304 65.6
3 3 1078096 205 683 148
4 1 |054]1.00| 486 1215 262

Table 4.2: Summary of mechanical properties for a steel plate with different
thicknesses .

Material
Steel

p [kg/m?]
7850

t (mm)
1,2 3and 4

b x h [mm]
100 x 100

E [GPa]
210

fy [MPa]
355

0.3

4.3

To initiate plate buckling an imperfection shape was prescribed to the plate, several
out-of-plane magnitudes were considered, see Table 4.3. In EN 1993-1-5 (2005)
Annex C, it is stated that for a panel or sub-panel with short span a or b, the
minimum of /200 and b/200 is recommended to be used as initial imperfections,
herein denoted e, which motivates the choice of e = 0.5 mm. An imperfection
of e = 0.01, which can be considered to be negligible, was chosen to mimic the
behaviour of a perfect plate. Note that the imperfection cannot explicitly be set to
e = 0 since a second order analysis is run in Abaqus, if no eccentricity or horizontal
force is initiating the second order effects, the reaction force in the load-deflection
plot will be equal to F},, meaning that the plate cross-section yields in compression
even though the plate should buckle before reaching the yield stress.

Choice of initial imperfections

Table 4.3: Relation between initial imperfection size e and relative size b/z.

0.01
b/10000

0.1
b/1000

0.25
b/400

0.5
b/200

1
b/100

2
b/50

e
Magnitude

4.4

The static stress-strain behaviour of various steel grades can be determined ei-
ther through experimental material testing or by applying established constitutive
models when test data is unavailable. In this study, hot-rolled steel was used, and
the engineering stress-strain curve was derived using a bilinear model combined
with non-linear hardening.

Material model
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The model described by Equation (4.1) is proposed by Yun and Gardner (2017)
and is based on data from over 500 experimental stress-strain curves on hot-rolled
steels from the global literature.

Ee, for e <¢,
fle) = fys fore, <e<eq (4.1)
gy 2
fy+(fu_fy) 0. u+[1+400M5]1/5 ) for €sh < €< €y
Where:
€ — €sh
= 4.2
a €u — €Esh ( )
€, = 0.6 <1 — ;}’) , but €, > 0.06 for hot-rolled steels (4.3)
€sh = 0.1& —0.055, but 0.015 < €5, < 0.03 (4.4)

u

In Figure 4.4 the stress-strain relationship obtained using Equation 4.1 is pre-
sented.

Engineering stress [MPa)]

O 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Strain [-]

1 1 1 1

Figure 4.4: Material model for hot rolled steel using S355 grade steel,
fy = 355 MPa, f, = 490 MPa, E = 210 GPa.

4.4.1 True stress and strain

Engineering stress and strain do not accurately capture the physical changes in
geometry and must be converted into true stress and true strain. For steels,
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engineering stress is determined through tensile tests performed on steel rods,
during which load versus elongation is measured. Engineering stress is calculated
as the applied force divided by the original cross-sectional area, while engineering
strain is calculated as the measured elongation divided by the original length.

In reality, as the load increases, the cross-sectional area decreases, resulting in
higher stress than indicated by engineering stress. Additionally, the reference
length continuously increases between load steps, causing the true strain to be
smaller than the engineering strain, which is based on the original length.

To compute the true stress and true strain, Equation (4.5) and (4.6) are commonly
used (Faridmehr et al., 2014).

Otrue = Ueng(l + 6eng) (45)

€true = IN(1 + €eng) (4.6)

In Abaqus, the elastic part of the material model is input via Young’s modulus.
The plastic part is implemented by inputting the true plastic stress-strain. The
engineering stress-strain in Figure 4.4 was turned into true stress-strain using
Equation (4.5) and (4.6), see Figure 4.5. The true plastic stress was obtained
as the stress values from initiation of plastic deformation and forward while true
plastic strain was obtained by subtracting the maximum true elastic strain from
the true strain.

600 T T T T T T T T

150 8
100 : : 1
—— Engineering
50} — —-True 7
O 1 1 1 1 1 1 1

0 0.02 0.04 0.06 0.08 01 0.12 0.14 0.16 0.18
Strain [-]

Figure 4.5: Engineering stress-strain vs. true stress-strain. The engineering
version underestimates the relation during plastic deformation.

4.4.2 Variation of yield and ultimate strength

During very rapid loading it is expected that the material parameters f, and f,
increase; to simulate this effect but without performing a dynamic analysis, one
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can manually increase f, and f,.

In the static plate analysis four different material models were used. The different
materials are denoted as material A, B, C and D, were material A is the original
material that was presented in Section 4.4. Note that B, C and D are fictional
materials, if their F}, and F, were to be implemented in the same material model
used to compute material A, they would look completely different. Instead they
were made by interpolation, to get a distinct change in material behaviour.

The resulting stress-strain relationships for material A, B, C and D that is sup-
posed to represent different strain rates are presented in Figure 4.6.

700 T T T T T T T
650 - -
600

1

200 — Material A
150 — — -Material B
wb - |__._ Material C

sob 0 Material D

1

1

1

1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain [-]

Figure 4.6: Stress-strain relationship to obtain fictional strain rate effect.

4.5 Geometry and element type

The plate was discretized using S4R shell elements (4-noded shell elements with
reduced integration). Shell elements require significantly fewer degrees of freedom
compared to solid elements, making the simulation computationally efficient while
still capturing the essential structural behaviour. Shell elements are designed
specifically for thin-walled structures, where one dimension (the thickness) is much
smaller than the other two. Simply supported plates primarily experience bending
and in-plane forces, both of which are efficiently captured using shell elements.
Shell elements allow for buckling and post-buckling analyses without the need
for excessive mesh refinement. They also support large deformation theory (by
enabling Nlgeom in Abaqus), which is essential for studying plate instability and
post-buckling behaviour.

The studied plate geometry is presented in Figure 4.7 with measurements in ac-
cordance with Section 4.2. Visually it appears as if the thickness is infinitely thin,
which is not the case. A thickness is applied in the section module, mirrored
around the midpoint line where the degrees of freedom are located.
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Figure 4.7: Geometry of the studied steel plate.

4.6 Boundary conditions

Two different boundary conditions were considered, referred to as case 1 and case
2, see Figure 4.8. Both cases are simply supported out-of-plane (z-direction) and
restrained from moving in-plane (y-direction) at the unloaded edge. In case 1, the
plate is allowed to contract and expand in the x-direction, a constraint is applied
only in two nodes in the x-direction to prevent rigid body motion. In case 2, no
contraction or expansion in the x-direction is allowed. The boundary conditions
are further summarized in Table 4.4.

In reality, the plate boundary conditions lie somewhere between case 1 and 2. For
a CSM section, the flange (here simplified to a plate) is supported by the webs.
The webs will provide resistance in the x-direction to some extent but are likely
not rigid enough to provide zero displacement, thus case 1 and 2 represent two
extreme cases. Only case 1 is considered in the main analysis, however the effect
of case 2 is briefly investigated.

Table 4.4: Boundary conditions for different cases.

c
N

Case | Side Ux | Uy URx | URz | URz
AB °
1 CD (loaded edge)
AD and BC

Mid node of AB and CD | e °
AB

2 CD (loaded edge)
AD and BC

°
Mid node of AB ° °

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30

45



46

OHONG)

O
O
O

I A B
2« OOAD

Figure 4.8: Boundary conditions, case 1 to the left, case 2 to the right.

4.7 Convergence study

As stated in Section 4.2, dimensions of b x h=100x 100 mm were chosen. To ensure
adequate results, a convergence study was performed. In Table 4.5, the results of
this are presented. The percentage change in the rightmost column was calculated
as:

(Auentmeh - 1) x 100 (4.7)

/\previous,mesh

The study was conducted for the steel plate with a thickness of 1 mm, as a more
slender plate is more sensitive to the mesh size. In Figure 4.9, the same results
are visualized. Based on this, a mesh with 20x20 elements was selected.

An even number of elements was used for all mesh settings to ensure symmetry.
An asymmetrical mesh might slightly affect the results since the maximum out-
of-plane displacement will not occur exactly in the middle. Although a very fine
mesh could resolve this issue, the goal was to achieve a relatively coarse mesh with
fast computational time that still delivers converged results.

Table 4.5: Comparison of first eigenvalue for different mesh sizes with A\ values
rounded off to two decimals.

Elements | Total Elements | A | Diff [%]
4x4 16 0.85 -
6x6 36 0.79 | -5.96%

10x10 100 0.77 | -3.08%
14x14 196 0.76 | -0.90%
20x20 400 0.76 | -0.54%
34x34 1156 0.76 | -0.45%
50x50 2500 0.75 | -0.21%
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Figure 4.9: Buckling factor A\ vs total number of elements.

4.8 Static analysis

A static non-linear buckling analysis was performed in Abaqus to investigate the
structural response of thin-walled plates under in-plane compressive loading. The
static analysis serves as a foundation for subsequent investigations, including the
introduction of imperfections and comparison with analytical predictions.

The analysis consists of linear eigenvalue buckling analysis and non-linear post-
buckling simulations. The linear buckling analysis provides the critical load which
was used for validation of the model and the buckling mode shape was used
as geometric imperfection shape in the non-linear simulations. A displacement-
controlled approach is adopted for the non-linear analysis to capture post-buckling
behaviour while ensuring numerical stability. Shell elements are employed due to
their ability to accurately represent thin-walled structures. Different boundary
conditions were tested to assess their influence on buckling behaviour.

4.8.1 Analysis steps

In the finite element analysis different steps are used to simulate various loading
conditions and to capture different phenomena.

To determine the critical buckling load and imperfection shape, a linear eigenvalue
buckling analysis was performed. The first buckling mode and its eigenvalue were
used since that is the critical shape the plate will obtain. The resulting eigenvalue
was multiplied with the resulting reaction force to obtain the critical load. For
example if A = 0.7 and the reaction force is 100 N/mm distributed over an edge
with length 100 mm, then P, will be 7 kN. The buckling analysis uses a linear
perturbation procedure through the Buckle step (small change in stiffness due to
loading), utilizing the subspace iteration method, which is a numerical method
that extracts the lowest (most critical) eigenvalues and their corresponding buck-
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ling mode shapes.

For the non-linear static analyses, the Static general step was used, with the NI-
geom (NI = nonlinear, geom = geometry) option enabled to account for geometric
nonlinearity. Within this step, the displacement increment is adaptively adjusted
to ensure sufficient data acquisition, enabling accurate and efficient capture of
non-linear behaviour.

In the non-linear static analysis, an initial increment size of 0.0025 was used (which
is a fraction of the total displacement i.e. the increment size in mm is 0.0025 x
final displacement), with a maximum increment size of 0.0025 and a maximum of
10.000 increments. If convergence issues were encountered, both the initial and
maximum increment sizes were reduced to 0.001. This adjustment was necessary
for some imperfection amplitudes in the more slender plates studied.

The following list summarizes the implementation of Abaqus CAE across various
steps that were used for the static analysis.

o Step module: Linear perturbation — Buckle — Eigensolver: Subspace
o Step module: General — Static, General

To save the imperfection shape, one has to add a text phrase in the keywords
options of the linear buckling model. When the job is run, a .fil file containing

the normalized deformation mode is saved with the same name as the job. The
following was written under FIELD OUTPUT in keywords:

*NODE FILE, GLOBAL=YES, LAST MODE=1
U

The geometric imperfections are then introduced into the non-linear static buckling
model by adding another line in the keywords option for the non-linear static
buckling model. The following was written under STEP in keywords:

*IMPERFECTION, FILE=name of imperfection file, STEP=1
1, 0.01

Where on the second line, 1 refers to the buckling mode number, and 0.01 rep-
resents the magnitude of the initial imperfection, with the units consistent with
those already implemented in the model. See Section 5.1.2 for the obtained shape.
In this study, only the first mode shape was used to define the imperfections, as it
is the most critical shape, however various imperfection amplitudes were tested.

4.8.2 Load application

A displacement-controlled approach was used, where the displacement was grad-
ually increased linearly from 0 to 8 mm. Selecting an excessively large prescribed
displacement can cause convergence issues toward the end of the analysis when
significant deformations have occurred. This consideration motivated the choice
of a limit of 8 mm.

To determine the force corresponding to the prescribed displacement, the reaction
forces (RF2 in Abaqus) at the unloaded edge parallel to the loaded edge were
summed, as shown in Equation 4.8.
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F =3 RF2 (4.8)

4.8.3 Displacement controlled vs. Load controlled

As stated in Section 3.3, various methods can be used to control the load. Before
opting for the displacement-controlled loading, a shell edge load was applied.

This approach resulted in unexpected results. Given that the most critical imper-
fection shape (first buckling mode) is symmetric around the midpoint of the plate,
see Figure 4.10 a), it was expected that buckling would initiate at the midpoint
and the out-of-plane deflection would increase symmetrically around it.

When applying the force using shell edge load the expected behaviour was not
observed. Instead, a fold emerged near the loaded edge. The post-buckling defor-
mation shapes for the two loading methods are presented in Figure 4.10 b) and c).
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Figure 4.10: a) Imperfection shape and Post-buckling deformation shape for:
b) Load-controlled loading, ¢) Displacement-controlled loading.

Theoretically, displacement controlled loading should result in more symmetrical
results since displacement boundary conditions are imposed on both the loaded
edge and the opposite parallel edge. In contrast, load controlled loading is inher-
ently asymmetrical due to the nature of the force application. However, the signif-
icant difference in post-buckling behaviour is unexpected, as the two approaches
should theoretically produce similar results.

When the out-of-plane boundary conditions along the edges parallel to the loading
direction are removed, allowing the plate to behave like a column, the method of
loading appears to have no influence. This is likely because a simpler collapse
mechanism occurs for a column compared to a plate, making the loading method
less critical.

It was also observed that the same ultimate load is achieved regardless of the
loading method. The discrepancy lies solely in the post-buckling behaviour, which
is particularly important for this study.
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4.9 Dynamic analysis

The dynamic analysis was conducted to investigate the structural response under
increased loading rates. This analysis is the main focus of the thesis, and the
results were compared to the static analysis to identify any differences.

The dynamic analysis was performed in two steps. In the first step, strain-rate
effects were turned off to isolate the influence of dynamic effects on the struc-
tural response. In the second step, strain-rate effects were activated to represent
the "real case," incorporating strain-rate effects and other dynamic phenomena.
The analysis covers both the buckling and post-buckling phases. The same el-
ement type and boundary conditions were used as in the static case, and mesh
discretization was consistent with that of the static analysis to enable a direct
comparison of the results.

4.9.1 Analysis step and settings in the step module

Implicit analysis was used (see Section 3.2) in order to reduce computation time.
The implicit analysis proved to be sensitive to increment size, resulting in two dif-
ferent solutions (post peak) depending on the chosen increment size, see Appendix
A for further explanations. The two steps needed for the dynamic analysis are:

o Step module: Linear perturbation — Buckle — Eigensolver: Subspace
(reused from the static analysis)

e Step module: General — Dynamic, Implicit

Automatic increment size generation: In Abaqus, during a dynamic implicit
step, the automatic increment size generation is a part of ensuring numerical sta-
bility and efficiency. The time increment size is adapted throughout the simulation
based on convergence behaviour, error estimates, and problem characteristics. In
a dynamic implicit step in Abaqus, the following needs to be specified: total step
time, initial increment size, minimum increment size, maximum increment size,
and maximum number of increments (if automatic increment size generation is

used).

The total step time depends on the desired total deformation and the velocity
applied to the plate. For example, if a total in-plane deformation of 8 mm is
required and a prescribed velocity of 0.01 mm/s is used, the total step time will
be 800 seconds.

Regarding the initial increment size selection, an initial time increment, At;,izial,
is chosen; Abaqus uses this value to start the analysis. If the initial increment is
too large and causes convergence issues, Abaqus will reduce it automatically.

The minimum increment size, At,,;,, prevents Abaqus from reducing increments
too much.

The Maximum increment size, At,,q., prevents Abaqus from taking excessively
large increments that miss critical events.

The maximum number of increments dictates how many increments Abaqus is
allowed to use in total before aborting the analysis.

Abaqus automatically adjusts the time increment size based on convergence be-
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haviour, if convergence is difficult (many iterations or cutbacks), Abaqus reduces
the increment. If convergence is smooth, Abaqus increases the increment. Abaqus
monitors response quantities like displacement, velocity, and acceleration. If rapid
changes occur, the increment is reduced to capture transient effects accurately.

In Table 4.6 the set-up used in the step settings is presented (if nothing else is
specified), the settings are changed when the velocity is changed. Examples for
two velocities are shown in the Table. For velocities below 10 mm/s the maximum
increment is chosen so that:

(total step time) / 500 = At,naz
and the minimum increment is chosen so that:
(ramp up time) / 10 = Atinitiar-

The load ramp-up time, where Abaqus’s smooth step function is utilized (see
Section 4.8.2), is set to 1/800 of the total time. For instance, if the total step time
is 800 seconds, the ramp-up time will be 1 second.

Table 4.6: Settings used for different velocities

0.01 mm/s | 1 mm/s
Total Step Time [s] 800 8
Increment Sizes
Initial 0.1 0.001
Minimum 1x1076 1x1078
Maximum 1.6 0.016
Maximum Number of Increments 2000 2000

For velocities higher than 10 mm/s At,,., is chosen differently since more data
points is needed to avoid the risk of missing important events in the force dis-
placement curves, a At,,., that yields in approximately 4000 data points is chosen
instead.

4.9.2 Dynamic load application

A displacement controlled approach was used by prescribing a velocity to the
nodes at the loaded edge. Load amplitude smooth-step was used to ramp up
the the velocity since the loading speed cannot be applied full magnitude at once
without an increased risk of introducing numerical errors. The full amplitude
should however be reached before the peak load is reached since the behaviour
at the peak load and post-buckling is of interest. If the maximum velocity is
reached after the ultimate load, a different velocity and strain rate than intended
is studied, hence it is of importance to choose a ramp up time that is suitable,
it needs to be slow enough to avoid numerical errors but fast enough to reach its
maximum amplitude before the ultimate load is reached.

Smooth-step interpolates a curve in-between two or more given points, see Fig-
ure 4.11. The vertical axis indicates the load multiplier, ranging from 0 to any
magnitude. The horizontal axis indicates the step time.
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Figure 4.11: Full velocity amplitude (=1) reached around a displacement u; at
step size t;.

The point at t; indicates the time of which the multiplier equals 1 and has to be
estimated. By using the prescribed velocity one can compute the time it takes
to reach a certain displacement u; smaller than the displacement at the ultimate
load.

The amount of time steps n, is computed by dividing the total desired prescribed
displacement (in our case 8 mm) by the prescribed full velocity. ¢;, the time it
takes to reach u, is computed by dividing u; with the full velocity. By inserting the
coordinates (0,0) and (¢1,1) in the smooth step amplitude settings, robust loading
is obtained.

Velocity application in Abaqus is presented in Figure 4.12.

Figure 4.12: Velocity application on loaded edge.
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4.9.3 Choice of loading speed

The loading in the dynamic analysis is applied by prescribing a velocity on the
nodes of the loaded edge. The loading speeds were chosen based on the speed
capacity of the experimental setup at Chalmers, with a maximum speed of around
200 mm/s. The lowest velocity was chosen to 0.1 mm/s to simulate static loading.
Several other velocities were chosen within this interval to capture the behaviour
for different strain rates. It should be noted that explosions may result in impulsive
loads with significantly higher strain rates than those produced by these loading
speeds. However, dynamic effects will still be captured regardless. See Table 4.7
for the chosen velocities. To go between velocity and strain rate, the velocity
was simply divided by the plate height, see Equation 4.9 (the compressed edge
displacement in comparison to the original height).

(4.9)

€ =

v
h

Table 4.7: Chosen velocities and resulting strain rate.

Velocity [mm/s] | 0.1 | 1.0 | 10 | 20 | 50 | 100 | 200
Strain rate [s7']|[107% | 1072 [ 0.1 (0.2 |05 | 1.0 | 2.0

4.9.4 Choice of coefficients in dynamic constitutive model

To take into account the strain rate-dependent behaviour in the dynamic analy-
sis, the Cowper-Symonds model described in Section 2.4.4 was chosen. Cowper-
Symonds is implemented in Abaqus, named power law, see Equation 4.10 that can
be rewritten into R(€) = DIF, see Equation 4.11. Only the coefficients D and p
are needed to implement the model in Abaqus.

€= D(R— 1) (4.10)
€ 1
R=1+ (g) — DIF (4.11)

The values of D and p, as suggested by Yang et al. (2022) (see Section 2.4.4),
are presented for S355 steel in Table 4.8. Additionally, the values provided by
Paik and Thayamballi (2003b) for so-called mild steel and high-tensile steel are
included in the same table. However, it is unclear which specific steels fall into
these categories; S355 is likely somewhere in between.

Table 4.8: Suggested material parameters from different literature.

Source D P

Yield, Yang et al., 2022 (DIF,) 4795 | 4.0
Average,Yang et al., 2022 (DIF,,,) 11884 | 3.3

Mild steel, Paik and Thayamballi, 2003b 404 | 5.0
High tensile steel, Paik and Thayamballi, 2003b | 3200 | 5.0
S355, Sargsyan and Sargsyan, 2024 (DIF),) 1094 | 3.47
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Increasing the values of D and p leads to reduced dynamic effects since DIF de-
creases. DIF is plotted for the tabulated values of these coefficients in Figure 4.13.
Due to uncertainty in the suggested D and p values, a visual inspection of the
graph was made and D = 4795 results in a slightly higher DIF than D = 11884.
Therefore, the smaller D and p (4795 and 4.0) were chosen since dynamic effects
become more prominent, which was more suitable for this study where the main
goal is to study dynamic effects. The chosen velocities and the obtained dynamic
increase factor is presented in Table 4.9.

' [—D=404,p=5
LT -—-D=23200,p=5
|———-D = 4795, p = 4
- D = 11884, p = 3.3
X Chosen velocities

10-° 10 1072 10° 107 10*
Strain rate [s7!]

Figure 4.13: DIF calculated for chosen material coefficients in Table 4.8.
Chosen velocities marked as red cross to indicate the obtained
strain rate and dynamic increase factor.

Table 4.9: Resulting DIF for the chosen velocities.

Velocity [mm/s] | 0.1 | L0 | 10 | 20 | 50 | 100 | 200
Strain rate [s7!]| 1072 [1072| 0.1 | 0.2 | 0.5 | 1.0 | 2.0
DIF, [ 1.0214 | 1.04 | 1.07 | 1.08 | 1.10 | 1.12 | 1.14
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5 Results of the plate study

5.1 Static analysis
5.1.1 Validation of static model

To verify the Abaqus model, a comparison was made between the analytical results
obtained using Equation (2.19) and the critical buckling load determined from
the linear static buckling analysis in Abaqus. The results show close alignment,
indicating that the model setup is accurate.

Table 5.1: Comparison of analytical and numerical results for different
thickness values.

t [mm] | P.. Analytical [kN] | P.. Numerical linear [kN] | Difference [%]
1 7.59 7.62 0.4%
2 60.7 60.5 -0.3%
3 205 202 -1.5%
4 486 474 -2.5%

5.1.2 Eigenvalue analysis

To determine the shape of the initial imperfection, an eigenvalue buckling analysis
was performed. The first ten buckling mode shapes (in order) are shown in Figure
5.1, and the first mode was selected as the basis for the initial imperfection shape
used in the subsequent analyses for the steel plates. In the figure, the out-of-plane
displacement is shown. There is a large difference in eigenvalue depending on
eigenmode; the first mode has A = 0.75 and the last has A = 6.4.

Figure 5.1: First 10 eigenmodes.
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5.1.3 Effect of initial imperfections

To study the effect of initial imperfections, force-displacement plots were made
for both in-plane and out-of-plane displacement. Since the load is displacement-
controlled, the reaction force at the bottom of the plate represents the applied
force that would be required to induce the same displacements. See Figure 5.2 for
the nodes that data was extracted from. Several imperfection magnitudes were
considered, See Section 4.3. The force-displacement plots are presented in Figure
5.3 to 5.10. The following notations are used in the plots:

» F, - applied force that results in yielding of the cross-section if buckling is
not critical.

e P, - critical buckling load for plate without initial imperfections.

e ¢ - prescribed initial imperfection magnitude, unit millimetres (mm).

| il
L In-plane
L ]
Out-of-plane
Y
| Reaction force |
HX T SR N A AP A A A N N N N N S A S

Figure 5.2: Clarification of which nodes data was extracted from.
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The response for the 1 mm thick plate is presented in Figure 5.3 and 5.4. Looking
at e = 0.01, the plate buckles close to the theoretical buckling load, as seen by the
nick in the graph in Figure 5.4. Due to post-buckling strength, the load continues
to increase before failure at around 16 kN. Following the peak load the force
rapidly decreases but starts to converge, entering an area of post-peak strength,
where displacements increase but the force is almost constant. As e increases the
buckling point becomes less pronounced and the post-buckling strength is reduced.
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Figure 5.3: Force vs. In-plane displacement for a plate thickness of 1 mm. a)
full graph, b) zoomed in on a range of 0-1 mm displacement.
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Figure 5.4: Force vs. Out-of-plane displacement for a plate thickness of 1 mm.
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The response for the 2 mm thick plate is presented in Figure 5.5 and 5.6. P, is
larger, closer to Fj. A similar behaviour as for 1 mm thickness is seen, except
that the post-buckling strength increase is smaller. Looking at e = 0.01 in Figure
5.6, buckling is reached slightly below P, followed by a small increase in strength
until failure occurs at around 60 kN, that happens to coincide with P.,,.
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Figure 5.5: Force vs. In-plane displacement for a plate thickness of 2 mm. a)
full graph, b) zoomed in on a range of 0-1 mm displacement.
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Figure 5.6: Force vs. Out-of-plane displacement for a plate thickness of 2 mm.
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The response for the 3 mm thick plate is presented in Figure 5.7 and 5.8 and the
4 mm thick plate presented in Figure 5.9 and 5.10. F,, is larger than F, in both
cases. Looking at the 4 mm thick plate, for smaller e = 0.01, 0.10, 0.25 no buckling
occurs in the elastic range. The plate is elastic until the yield plateau is reached,
initiating plastic deformation with strain hardening. The plate then suddenly fails
due to buckling from second order effects introduced by the plastic deformation.
The amount of plastic deformation before failure decreases with increased e. For
larger e = 0.5, 1.0, 2.0 the yield plateau is not reached and the plate buckles
for loads lower than F due to the imperfections. If e = 0 the resulting force
displacement relation would resemble the material model e.g., no buckling and
fails when f, is reached. The described behaviour is less prominent for the 3 mm
thick plate.
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Figure 5.7: Force vs. In-plane displacement for a plate thickness of 3 mm.
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Figure 5.8: Force vs. Out-of-plane displacement for a plate thickness of 3 mm.
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Figure 5.9: Force vs. In-plane displacement for a plate thickness of 4 mm.
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Figure 5.10: Force vs. Out-of-plane displacement for a plate thickness of 4 mm.

The deformation shape throughout the analysis for ¢ = 1, 2, 3 and 4 mm with
an imperfection e of 0.01 mm is presented in Figure 5.11 to 5.14. It can be seen
that the prescribed initial imperfection mode is initiated and kept throughout
the loading phase up until the peakload is reached for all thicknesses. After the
ultimate load is reached, the deformation shape differs between the thicknesses.

For t = 1 mm, the out-of-plane displacement area is the largest, exhibiting a sharp-
cornered square shape. As the thickness increases, the displaced area decreases
and assumes a more oval shape. Additionally, the edges of the plate that are
parallel to the load direction for ¢ = 1 mm appear straight in comparison to the
other thicknesses. This is due to the plate yielding near the corners, resulting in
a pillow-like deformation shape.
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Figure 5.11: Force vs. In-plane displacement for a plate thickness of 1 mm.
Plate out-of-plane deformation colormap, blue = 0, red =
maximum.
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Figure 5.12: Force vs. In-plane displacement for a plate thickness of 2 mm.
Plate out-of-plane deformation colormap, blue = 0, red =
maximum.
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Figure 5.13: Force vs. In-plane displacement for a plate thickness of 3 mm.
Plate out-of-plane deformation colormap, blue = 0, red =
maximum.
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Figure 5.14: Force vs. In-plane displacement for a plate thickness of 4 mm.
Plate out-of-plane deformation colormap, blue = 0, red =
maximum.
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5.1.4 Influence of boundary conditions

The influence of the two different sets of boundary conditions (see Section 4.6)
on the structural response is presented in Figure 5.15. It shows that peak load is
higher for case 2, where the edges parallel to the load are prevented from expanding
or contracting.

In Figure 5.15 b) a reduction of the critical buckling load, P.., can be observed for
case 2 compared to case 1. A sharp nick is also observed when the out-of-plane
displacement is approximately 4.5 mm.

Note that it was not possible to use the displacement method when running the
simulation for case 2, therefore the arc length method was used instead, but still
with a prescribed displacement.
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Figure 5.15: Force vs. In-plane displacement for a plate thickness of 1 mm and
e = 0.01 mm. Two boundary cases considered according to
Section 4.6.

5.1.5 Effect of changed material parameters

During rapid loading, the material properties f, and f, are expected to increase;
see the discussion in Section 2.4.3. This sub-study aims to simulate the effects of
high strain rates using a static analysis by manually adjusting the material model
(stress-strain relationship). Four different material models are considered, labeled
as Material A, B, C, and D, see Section 4.4.2.

Table 5.2 outlines the relationship between the modified materials’ properties ( f,
and f,) and those of the original material. While the precise relationship should
be determined from a strain rate study, an arbitrary relationship was chosen to
assess whether altering the material properties affects the response. Material B is
considered the most realistic of the modified materials (B, C, and D), as both the
yield strength and ultimate strength are expected to increase during rapid loading.
Materials C and D are designed to investigate whether the response is influenced
by changes in both f, and f, or if only one of them plays a significant role.
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Table 5.2: Relationship between material properties

Material | A B C D

fy [MPa] | 355 | 440 440 355
[ ] 1490 | 550 490 550

fy [MPa] | 355 | 1.24f, | 1.24f, | 1.00/,
[ | 1490 | 1.12f, | 1.00f, | 1.12f,

A initial imperfection of e = 0.5 mm was chosen for all the simulations since it
corresponds to the recommendation in EN 1993-1-5 (2005), (b/200). The result
is presented for the plates with thickness 1 mm and 4 mm, this choice was made
too study the effect of slenderness when changing the material parameters.

The force-displacement relation for material A, B, C are presented in terms of
in-plane and out-of-plane displacement in Figure 5.16.

Comparing the response for the original material A with material B, which features
both an increase in f, and f,, the entire response is shifted upwards. An increase
in post buckling strength is seen both when t = 1 mm and when t = 4 mm.

When t = 4 mm it can be observed that the increase in strength is proportional
to the increase in f,, i.e. f, p = 1.24f, 4 and Poep = 1.24P00,4. However, this
is not case when t = 1 mm, when t = 1 mm the increase in capacity percentage
wise is less than the increase in f, percentage wise, i.e. f, p < 1.24f, 4.
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Figure 5.16: Force vs. displacement for a plate thickness of: a) and b) 1 mm,
and c) and d) 4 mm for material A,B,C,D.

Studying Figure 5.16 b) it can be seen that changed material parameters have no
influence on the critical buckling load, P,., this can be concluded since the curves
are stacked on top of each other, this is logical since elastic buckling is expected
for plates in cross-section class 1.

Upon examining Figure 5.16 a) to d) it can be concluded that up until when the
maximum load is reached the response for material A is equal to the response for
material D and the response for material B is equal to the response for material
C. This means that f, have no influence on the maximum load capacity for these
combinations of geometry, thickness and initial imperfections. However, in the
post-peak range when excessive deformation have taken place, increased f, have
an influence.
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5.2 Studies on a plate with different dimensions
5.2.1 Orientation

Two sub-studies were conducted to investigate the effects of plate geometry on the
response. In the first study, the plate height was increased to 100x200 mm. In
the second study, the plate dimensions were increased to 200x200 mm. Theoreti-
cally, these modifications should not affect the critical buckling load nor the peak
load (ultimate capacity). These studies aim to assess whether deviations from
theoretical expectations occur when altering the plate geometry.

5.2.2 Rectangular plate, 100 x 200 mm

A static analysis was performed on the new plate geometry, the same analysis as
in Section 5.1. The resulting response for both in-plane and out-of-plane displace-
ment is presented in Figure 5.17.

The new plate geometry is seen in Figure 5.18 as well as the points from which
the data is gathered. Since the height is doubled, during buckling the plate is
simply divided into two equally sized 100x100 plates stacked on top of each other.
The only difference is that the deformed shape is different, just as for the 100x100
plate, unexpected asymmetrical shapes were obtained depending on the settings
used, see Figure 5.19 for 3 of the obtained deformation shapes.

It can be seen that both sub-plates align with the 100x100 plate in Figure 5.17
b). In Figure 5.17 a) they share the same shape and peak load, however the top
sub-plate is shifted in terms of in-plane displacement. This is due to the fact that
it is the top-edge that is displacement controlled. Due to similarities with the
100x100 mm plate, no dynamic analysis was conducted for this geometry.
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Figure 5.17: Force vs. Displacement for a plate thickness of 1 mm with
dimensions 100x200 vs. 100x100 mm, initial imperfection 0.5 mm
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Figure 5.18: Geometry and clarification of which nodes data was extracted
from, see Figure 5.17.
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Figure 5.19: Obtained deformation modes for different increment settings,
creases may develop at different position, a) symmetric
deformation, b) crease at both top and bottom edge, b) crease at
bottom edge and bottom of top sub-plate.
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5.2.3 Square plate, 200 x 200 mm

A static analysis was performed on the new plate geometry, the same analysis as
in Section 5.1. The resulting response for both in-plane and out-of-plane displace-
ment is presented in Figure 5.20.

In order to compare the responses, the response for the 200x200 plate was nor-
malized to the 100x100 response by dividing the reaction force by 4 since both the
height and thickness were increased by a factor two to keep the same slenderness.
It can be seen that the response of the plates is close up until the peak and start
to diverge in the post-buckling range, which likely is explained by different mesh
density. Due to similarities with the 100x100 mm plate, no dynamic analysis was
conducted for this geometry either.
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Figure 5.20: Force vs. Displacement for a plate thickness of 2 mm with
dimensions 200 x 200 mm vs. a plate with plate thickness of 1
mm and dimensions 100 x 100 mm.
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5.3 Dynamic Analysis
5.3.1 Validation of dynamic model

To ensure that the dynamic model behaves as expected it was validated by compar-
ing the results of the dynamic analyses (with strain rate effects disabled) with the
static analyses. If the loading speed is slow enough, the dynamic analysis should
coincide with the static analysis. The loading speed was gradually decreased until
no dynamic effects were observed and the dynamic and static analysis coincided.
This was obtained for a loading speed of 0.01 mm/s. According to Yang et al.
(2022) quasi-static loading corresponds to strain rates in the range 107% to 1072
1/s which for the chosen geometry corresponds to velocities between 0.0001 and 1
mm/s, further supporting the choice of loading speed.

The comparison between the dynamic model using the chosen loading speed and
the static model is presented in Figure 5.21 and 5.22. Both implicit dynamic and
explicit dynamic analysis were performed, with the same result obtained. Only
the implicit results are presented in the figures.

It should be noted that in some cases when ¢ = 1 mm, a second asymmetric defor-
mation shape was obtained, especially at higher loading speeds. This was deduced
as a numerical issue and not related to dynamic effects. In Figure 5.23 the two
deformation shapes are presented. In Figure 5.23 b), the unsymmetrical shape
has the buckle located close to the unloaded edge. Depending on the settings used
in Abaqus, the buckle appears close to the loaded edge. When the deformation
shape is non-symmetrical, it seems to be random if the maximum out-of-plane
displacement appears closer to the loaded or unloaded edge. Figure 5.23 is just an
example to illustrate that different deformation shapes are obtained, and should
not be interpreted as that a certain deformation shape is associated with a cer-
tain velocity since more factors than the velocity affects the shape. For further
explanation and investigation of the asymmetric mode see Appendix A.1.
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Figure 5.21: Comparison of dynamic and static models under slow loading
conditions (v = 0.0lmm/s) for all thicknesses, considering an
initial imperfection of 0.5 mm.
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Figure 5.22: Comparison of dynamic and static models under slow loading
conditions (v = 0.0lmm/s) for all thicknesses, considering an
initial imperfection of 0.5 mm.
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Figure 5.23: Post buckling deformation shape example: a) Symmetric
deformation when v = 1 mm/s, b) Unsymmetric deformation
when v = 10 mm/s.

5.3.2 Response without strain rate effect activated

The response without consideration of strain rate effects, i.e. no rate dependence,
was investigated. This is a fictitious case performed to make it possible to study
what influence dynamic effects have on the structural response. The amplitude
of the initial imperfection was set to 0.5 mm unless otherwise stated since it is in
line with the recommendations in Eurocode.

As mentioned in Section 5.3.1 two deformation shapes were obtained for plate
thickness 1 mm depending on the increment settings in Abaqus, the deformation
shape obtained at the investigated velocities are presented in Table 5.3.

Table 5.3: Relation between velocity and deformation shape without strain rate
effect considered for ¢t = 1 mm.

Velocity [mm/s] | Deformation shape

0.1 Symmetric

1 Symmetric

10 Asymmetric

20 Asymmetric

50 Asymmetric
100 Asymmetric
200 Asymmetric
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The response for ¢ = 1 mm is presented in Figure 5.24, where the response for
the lower velocities is presented in Figure 5.24 a) and b). Looking at Figure 5.24
b) almost no dynamic effects are obtained for velocities up to 10 mm/s, however
small oscillations appear at a velocity of 20 mm/s. The fact that the lines for v =
10 mm/s and higher values deviate from and do not follow and oscillate around the
line for v = 0.1 mm/s at around 0.3 mm in-plane displacement is due to different
deformation shapes after global buckling.

The response for higher velocities is presented in Figure 5.24 ¢) and d). Large
dynamic effects can be seen as increased oscillation amplitude, however, the effect
decreases drastically after approximately 1 mm of in-plane displacement. P,.. (and
F, for larger thickness) is indicated for reference, obtained for the static case, with
infinitesimal imperfection.
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Figure 5.24: Force vs. In-plane displacement for plate thickness 1 mm. a) and
b) feature lower velocities, c¢) and d) higher velocities. Full graph
in left column, zoomed in on 0-1 mm in the right column.
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The oscillations are further visualized in Figure 5.25. As the velocity-controlled
edge is displaced in-plane, see the white dot, the middle section of the plate de-
flects out-of-plane, as shown by the solid line. Simultaneously, the plate oscillates
back a small part of the previous deflection and then back up again due to both
the loading and the oscillation, see the black arrows. These oscillations explain the
fluctuations in the reaction force. Since the loaded edge is displacement-controlled
and constrained to move only in one in-plane direction, it cannot move backward.
When the plate moves upwards out-of-plane, it reduces the in-plane stiffness, re-
ducing the reaction force. Conversely, when it oscillates back down, the in-plane
stiffness increases, causing an increase in reaction force, as the loaded edge cannot
retreat. The oscillations are initiated by the high loading speed, as a dynamic
effect.

Figure 5.25: Visualization of obtained out-of-plane oscillation of plate
mid-point for a plate with initial imperfection e and loading speed
.
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The response for t = 2 mm is presented in Figure 5.26. No dynamic effects can be
seen for the lower velocities in plot a) and b). Dynamic effects can be seen for the
higher velocities in plot ¢) and d) (except for the reference case v = 0.1 mm/s)
with smaller oscillation amplitude compared to t = 1 mm. The deformation shape
is symmetric for all velocities.

To be noted is that P,,. is larger than the peak value of the reaction force. This is
due to the choice of imperfection amplitude, if the amplitude would be infinitely
small value the peak would be above the horizontal line for P.,,.
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Figure 5.26: Force vs. In-plane displacement for plate thickness 2 mm. a) and
b) feature lower velocities, ¢) and d) higher velocities. Full graph
in left column, zoomed in on 0-1 mm in the right column.
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The response for t = 3 mm is presented in Figure 5.27. No dynamic effects can be
seen for the lower velocities in plot a) and b). Dynamic effects can be seen for the
higher velocities in plot ¢) and d), with smaller oscillation amplitude compared to
t = 2 mm. The deformation shape is symmetric for all velocities.
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Figure 5.27: Force vs. In-plane displacement for plate thickness 3 mm. a) and
b) feature lower velocities, ¢) and d) higher velocities. Full graph
in left column, zoomed in on 0-1 mm in the right column.
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The response for the out-of-plane displacement is presented in Figure 5.28 for
t = 1 mm. It can be seen that as the velocity increases, the stiffness increase, see
especially Figure 5.28 d).

Overall the result is similar to the response of the in-plane displacement. A dif-
ference is that not only the reaction force oscillates, but also the out-of-plane
displacement oscillates in the measured point, see Figure 5.25, causing the dis-
placement to decrease and increase before and after the peak load is reached,
leading to the oscillation peaks being tilted slightly to the left.
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Figure 5.28: Force vs. Out-of-plane displacement for plate thickness 1 mm. a)
and b) feature lower velocities, ¢) and d) higher velocities. Full
graph in left column, zoomed in on the first 4 mm in the right
column.
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5.3.3 Influence of strain rate

The influence of strain-rate effects during dynamic loading was investigated to
represent the real case, see Section 4.9.4 for details on how this was implemented
in Abaqus.

It should be noted that when activating strain rate effects the two deformation
modes appear for different velocities than for the case without strain rate effects,
see Section 5.3.2. The new observations are presented in Table 5.4.

Table 5.4: Relation between velocity and deformation shape when strain rate
effect is considered when ¢t = 1 mm.

Velocity [mm/s] | Deformation shape

0.1 Asymmetric

1 Asymmetric

10 Asymmetric

20 Symmetric

50 Symmetric
100 Symmetric
200 Symmetric

In Figures 5.29 to 5.31 the same type of plots as in Section 5.3.2 are presented
with strain rate effects activated.

For the chosen geometric and material parameters, in combination with the studied
velocities, only a small change in response can be seen when the strain rate effect
is activated, however, it is large enough to be significant.

It can be seen that the lines are no longer stacked on top of each other but are
instead shifted upwards, indicating a capacity increase. This is observed for all
velocities, and the shift increases for larger velocities. Note that no adjustment of
f, has been made so that the same value is obtained in a dynamic analysis with
slow loading speed and a static analysis, meaning that a very small strain rate
effect is present, even for very slow loading speeds.

This is further exemplified in Figure 5.32 where the response with and without
strain rate effects for ¢ = 1 mm and v = 10 and 100 mm/s is plotted. It is seen
that the dynamic effect is unchanged, the force oscillations have the same shape
and amplitude, however strain rate effects shifts the line upwards.

The observed response can be seen as the combination of changed material prop-
erties, see Section 5.1.5 and dynamic effects, see Section 5.3.2, but with a rela-
tionship between the static and dynamic yield strength that follows the power law
presented in 4.9.4.
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Figure 5.29: Force vs. In-plane displacement for plate thickness 1 mm with
strain-rate effects considered. a) and b) feature lower velocities, c)
and d) higher velocities. Full graph in left column, zoomed in on
0-1 mm in the right column.
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Figure 5.30: Force vs. In-plane displacement for plate thickness 2 mm with
strain-rate effects considered. a) and b) feature lower velocities, c)
and d) higher velocities. Full graph in left column, zoomed in on
0-1 mm in the right column.
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Figure 5.31: Force vs. In-plane displacement for plate thickness 3 mm with

strain-rate effects considered. a) and b) feature lower velocities, c)
and d) higher velocities. Full graph in left column, zoomed in on
0-1 mm in the right column.
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Figure 5.32: Force vs. In-plane displacement for plate thickness 1 mm with and
without strain-rate effects considered. Note that the deformation
shape is asymmetric for all lines except the black line in plot b).

5.3.4 Effect of initial imperfection

The effect of initial imperfection amplitude on the dynamic response was investi-
gated by using different imperfection amplitudes for a velocity of 50 mm/s, cor-
responding to strain rate é = 0.5, without any strain rate effects considered. The
result is presented in Figure 5.33 for the in-plane displacement. It is observed that
initial imperfections have a large influence on the oscillation amplitude. Small
imperfections, see Figure 5.33 b), result in larger amplitudes, while larger imper-
fections, see Figure 5.33 d) result in smaller amplitudes.

In Figure 5.33 a) and c) it also shown that the imperfection amplitude has no
effect on when dynamic effects decrease, they all end at around the same place,
independent of initial imperfection. Looking at Figure 5.33 d) however, it can
be seen that the oscillations are initiated at smaller displacements for the larger
imperfections, whereas in Figure 5.33 b) the oscillations are not initiated until
larger displacements have been reached.
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Figure 5.33: Force vs. In-plane displacement for plate thickness 1 mm. a) and
b) feature smaller imperfections, ¢) and d) larger imperfections.
Full graph in left column, zoomed in on 0 - 0.6 mm in the right
column.

5.3.5 Comparisons to the static case

To assess the magnitude of the dynamic effects, the results from the dynamic
analysis of the plate is compared to the static case. Since there is no clear definition
of a dynamic buckling load, it is more appropriate to compare the peak load
(ultimate capacity). For thicker plates, it is possible to compare P,,, as it coincides
with the peak load, indicating that the plate has reached its maximum capacity
upon buckling. However, to maintain consistency across all thicknesses, the peak
load is used throughout.

In Tables 5.6, 5.9, and 5.12 rate dependence is disabled, while in Tables 5.7, 5.10,
and 5.13 rate dependence is enabled. In all tables P,,,, refers to the peak load.
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Table 5.5: General Parameters for both rate-dependent and rate-independent
cases, relevant for Table 5.6 and 5.7.

Parameter | Value

t 1 mm
e 0.5 mm
f)max7 static 15.26 kN

Table 5.6: Results when rate dependence is not considered (¢ = 1 mm).

0 [mm/s] | € [1/5] | Proax [KN] | Prax/ Pooa, static 1]
0.1 0.001 15.24 1.00
1 0.01 15.24 1.00
10 0.1 15.29 1.00
20 0.2 15.60 1.02
50 0.5 17.23 1.13
100 1 19.57 1.28
200 2 23.10 1.51

Table 5.7: Results when rate dependence is considered (¢t = 1 mm).

v [mm/s] 6 [1/8] Pmax [kN] P,max/ljmax7 static H

0.1 0.001 15.47 1.01

1 0.01 15.65 1.03

10 0.1 15.98 1.05

20 0.2 16.29 1.07

50 0.5 18.11 1.19
100 1 21.10 1.38
200 2 25.16 1.65

Table 5.8: General Parameters for both rate-dependent and rate-independent
cases, relevant for Tables 5.9 and 5.10.

Parameter | Value
t 2 mm
e 0.5 mm
Pmax, static 50.44 kN

Table 5.9: Results when rate dependence is not considered (¢t = 2mm).

v [mm/s| | € [1/s] | Puax [KN] | Puax/ Puax, static -]

0.1 0.001 50.45 1.00

1 0.01 50.45 1.00

10 0.1 50.45 1.00

20 0.2 50.63 1.00

50 0.5 50.81 1.01

100 1 50.73 1.01
200 2 51.09 1.01
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Table 5.10: Results when rate dependence is considered (¢ = 2mm).

v [mm/s] | € [1/s] | Puax KN] | Pax/ Puax, static -]
0.1 0.001 51.19 1.01
1 0.01 51.75 1.03
10 0.1 52.73 1.05
20 0.2 53.23 1.06
50 0.5 53.91 1.07
100 1 54.17 1.07
200 2 54.94 1.09

Table 5.11: General Parameters for both rate-dependent and rate-independent
cases, relevant for Tables 5.12 and 5.13.

Parameter | Value
t 3 mm
e 0.5 mm
Pmax, static 98.94 kN

Table 5.12: Results when rate dependence is not considered (f = 3 mm).

v [mm/s] | € [1/s] | Puax [KN] | Pax/ Puax, static -]
0.1 0.001 98.94 1.00
1 0.01 98.95 1.00
10 0.1 98.95 1.00
20 0.2 98.98 1.00
50 0.5 98.70 1.00
100 1 100.31 1.01
200 2 102.37 1.03

Table 5.13: Results when rate dependence is considered (¢t = 3 mm).

v {mm/s] 6 [1/8] Pmax {kN] Pmaux/F)max7 static H

0.1 0.001 100.87 1.02

1 0.01 102.32 1.03

10 0.1 104.86 1.06

20 0.2 105.92 1.07

50 0.5 107.51 1.09
100 1 110.01 1.11
200 2 114.09 1.15
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6 Methodology and pre-study of CSM

6.1 Orientation

To investigate the correlation between the plate and the CSM section, an en-
tire CSM section was also modelled and investigated. This section outlines the
methodology used for modelling and analysing the CSM. To ensure consistency and
facilitate direct comparison with the steel plate model, the same material model
was applied to the CSM. This approach is justified by the objective of maintaining
comparable conditions, as the steel plate is intended to represent the compressed
part of the CSM flange (see Sections 4.4 and 4.4.1 for details on the material
model). The overall analysis procedure for the CSM structure closely follows that
of the steel plate. The primary distinction, aside from the geometric differences,
lies in the load application. For the static analysis, a pressure load was applied to
the horizontal segments of the CSM (see Section 6.7.1), while the dynamic analysis
involved an explosion load (see Section 6.7.2). The recommendations presented in
Section 2.5.3 are followed when making modelling decisions.

6.2 Geometry and element type

The load carrying CSM roofing product T130-75L-930 (insulated roof) from the
reseller RUUKKI was used as reference, see Ruukki Sverige AB (2025). The CSM
sheets come in segments with three top-flanges (corrugations) of which are then
assembled together to cover larger areas, see Figure 6.1 and the cross-sectional
measurements in Figure 6.2. As can be seen in both figures, there are longitudinal
ripples along the sheet. The ripples stiffen the CSM, but was in the present study
disregarded to reduce complexity, this was motivated by the study performed being
a principle study and the goal was not to investigate the exact capacity of a certain
product.

Figures 6.3 and 6.4 show the geometry used in Abaqus for the CSM model. As
with the plate model, shell elements of type S4R were employed. The length of
the CSM strip was set to 6000 mm, and three different thicknesses were analysed:
0.7 mm, 1.05 mm, and 1.4 mm. The 0.7 mm thickness and 6000 mm length are
based on Ruukki’s specifications (see Appendix C), while the other thicknesses
were chosen as scaled variations: 1.05 mm equals 0.7 mm x 1.5, and 1.4 mm
equals 0.7 mm x 2.

The reason for the tension flange being cut in half at the ends in Abaqus was
that symmetry boundary conditions were used along the two longitudinal edges,
meaning that the actual width of all tension flanges is 75 mm even though only
37.5 mm is modelled.

In reality, some overlap between tension flanges is needed to mount multiple seg-
ments of sheets; this was disregarded since only a negligible influence is expected
if a larger thickness is modeled locally at the locations for the overlap.
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Figure 6.1: CSM from RUUKKI.

3 x 310 = 930

Figure 6.2: RUUKKI cross-section for specific product.
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Figure 6.3: Geometry in Abaqus.
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Figure 6.4: Simplified cross-section, unit mm.

6.3 Initial

imperfections

During the static analysis, difficulties were encountered in capturing the post-
buckling behaviour. According to Eurocode guidelines, an initial geometric im-
perfection of b/200 should be applied, where b is the width of the compressed
flange, in this case, b = 111 mm, resulting in an imperfection magnitude of ap-
proximately 0.55 mm. However, with this value, the analysis struggled to progress
into the post-buckling regime. By increasing the imperfection amplitude, Abaqus
was better able to reach and maintain convergence beyond the peak load, where
equilibrium paths become unstable. As a result, an imperfection magnitude of
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e = 3 mm was selected to facilitate convergence and guide the solution toward
the post-buckling path. In the dynamic simulations, this issue was not observed.
Nevertheless, to ensure consistency across all simulations, an imperfection magni-
tude of e = 3 mm was also applied (unless otherwise stated). For a comparison
of dynamic responses using different imperfection amplitudes, see Section 7.3.9,
which further supports that the chosen amplitude has limited influence on the
overall results in this study.

6.4 Boundary conditions

6.4.1 Base conditions

The influence of different boundary conditions was investigated, with the primary
case being a simply supported configuration. Symmetry boundary conditions were
applied along both longitudinal edges in the x-direction, as shown in Figure 6.5,
representing an infinitely wide sheet of connected segments.

The CSM base condition was simply supported, with an in-plane restraint at the
transversal edges in the x-direction positioned at the centre of a bottom bay,
representing the location of fasteners where the CSM would be attached to a
supporting beam, see Figure 6.6. Apart from the simply supported case additional
cases were also examined, including a configuration with full restraint at both
transversal edges (pinned-pinned). For a more realistic simulation, a case with
partial restraint was also studied, as described in Section 6.4.2.

Figure 6.5: Boundary conditions along longitudinal edges, simply supported
case, considered as base condition.
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Figure 6.6: Boundary conditions at the transversal edges, simply supported.

6.4.2 Partial restraint using spring elements

In reality, the CSM is fastened to the roof beams along the supported edges,
suggesting a boundary condition closer to pinned-pinned rather than simply sup-
ported. The connection introduces additional potential failure modes, such as
fastener fracture or localized plastic deformation of the steel due to increased
stress concentrations at the fastener-hole edges as the fastener transfers the load.

The fasteners were assumed to resist failure, thereby shifting the focus of the
analysis to potential plastic deformation in the steel. To model this behaviour
non-linear springs were implemented. The springs were only allowed to elongate
at the critical load corresponding to potential failure modes (edge breakout / edge
failure), as defined by the Eurocode. The non-linear spring behaviour correspond-
ing to Eurocode is denoted K and presented in Table 6.1 and visualized in Figure
6.7. Two other fictional spring behaviour were also investigated. Kj represents a
fictional increase in spring stiffness, see Table 6.1 and K, represent a case with
almost no stiffness in one end and infinitely stiff springs in the other to validate
the springs against the simply supported case, see Table 6.2. The calculations
and assumptions used to determine the spring stiffness K are provided in Ap-
pendix F. Failure may be defined as when the spring displacement is equal to the
bolt-to-edge distance, see Figure 6.8.

The number of springs was determined based on the imperfection file. Initially,
assigning a single spring to the node corresponding to a bolt location resulted
in a distorted imperfection shape, with deformation concentrated near the edges
adjacent to the spring. This configuration proved insufficient to support buckling
behaviour at the mid-section. To mitigate this, springs were instead distributed
across every node along the supported edge, which produced an imperfection mode
more consistent with that observed in previous simulations. As a result, the total
spring stiffness was preserved by dividing the computed critical force stiffness
equally among the springs associated with each bolt hole. Even though this is not
an entirely correct description of reality, it should have no major influence on the
results
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Table 6.1: Force and Displacement for K; and K.

K K,
Force [N] | Disp [mm] | Force [N] | Disp [mm]
-1000 -100 -2000 -100
-937 -0.1 -1874 -0.1
0 0 0 0
937 0.1 1874 0.1
1000 100 2000 100
Table 6.2: Force and Displacement for Kj.
Ko
Pinned edge Free edge
Force [N] | Disp [mm] | Force [N] | Disp [mm]
-101000 -100 -0.0000101 -100
-100000 -0.1 -0.0000100 -0.1
0 0 0 0
100000 0.1 0.0000100 0.1
101000 100 0.0000101 100
1 [ T T T T T T T T
0.8 .
0.6 + J
2 0.4+ .
= 0.2
§ . k -
S 0
2 0, a
—~
o 04t ]
-0.6 - .
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Spring displacement [mm]|

Figure 6.7: Non-linear spring behaviour K; used to model plastic failure at the
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bolt hole edge. The spring allows infinitesimal displacement until
the critical load is reached and may then displace freely to simulate
plasticity in the steel.
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Figure 6.8: Failure assumed when the displacement of the springs is equal to
the bolt-to-edge distance, since that is the limit of the plastic
deformation.

6.5 Fictional density when modelling the CSM

As shown in Table 4.2, the typical density of steel is 7850 kg/m?>. When modelling
the CSM structure this density results in a relatively low weight. For example,
with a thickness of 0.7 mm, the mass is approximately 8.3 kg/m?. However, the
mass of the structure significantly influences the results of dynamic simulations.
In reality, the actual weight would be higher due to additional components such
as insulation and attachments mounted on the CSM.

To address this in Abaqus, one simplified approach is to artificially increase the
density to achieve a more realistic total mass. For instance, increasing the density
by a factor of 20 yields a mass of approximately 166 kg/m? and a factor of
40 results in 332 kg/m?. Tt is important to note that if the sheet thickness or
geometry is changed, the scaling factor must be adjusted accordingly to maintain
the desired overall mass. Three different masses was chosen to find their influence
on the results, the masses and density used in Abaqus is presented in Table 6.3.

Table 6.3: Total masses kept constant for the three thicknesses, resulting in
different densities used in Abaqus.

Mass [kg/m?] Density [kg/m?’]
930 mm t=07mm |t =1.05mm|¢{=140 mm
84 78571 52381 39286
166 157143 104762 78571
332 314286 209524 157143

Note that the chosen method for adjusting the mass, by artificially increasing the
material density, affects the P-wave speed, as shown in Equation 6.1. While the
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wave propagation behaviour in the full CSM structure is more complex and would
require a more detailed expression, the key takeaway is that increasing the density
leads to a reduction in ¢,. However, this effect is considered negligible for the
purposes of this study.

(6.1)

6.6 Analysis steps

As with the steel plate, a buckling analysis step is required. In this case, the
Lanczos method was used instead of the subspace method, as Lanczos allows for
the exclusion of negative eigenvalues—an important feature when dealing with
potential instability. Since snap-back behaviour may occur in the post-buckling
regime, the arc-length method (Static, Riks) was employed in the static analyses
to ensure accurate tracing of the equilibrium path beyond the critical point. For
the dynamic simulations, both the implicit and explicit solution methods were uti-
lized; when comparing the results obtained from the implicit and explicit solution
methods, they resulted in very similar results, see Section 7.3.3. In the list below
the solution steps used in the analysis of the CSM is summarized.

« Step module: Linear perturbation — Buckle — Eigensolver: Lanczos (used
before both steps below)

o Step module: General — Static, Riks
e Step module: General — Dynamic, Implicit
o Step module: General — Dynamic, Explicit

To apply the imperfection shape, the same procedure as used for the plate was
followed, with a slight modification to allow for the combination of multiple buck-
ling modes in some analyses. Specifically, in the *BUCKLE step of the input file,
the following keyword lines were inserted before the *END STEP command:

*NODE FILE, GLOBAL=YES, LASTMODE=600
U

And the geometric imperfections were then introduced into the non-linear static
buckling model and dynamic models by adding another line in the keywords option

for the non-linear static buckling model. The following input was provided under
STEP in keywords:

*IMPERFECTION, FILE=name of imperfection file, STEP=1
1,05
553, 0.5

In cases where only the first imperfection shape was of interest, the exact same
procedure as for the plate was used.
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6.7 Load application
6.7.1 Static pressure load

For both the buckling analysis, used to generate the imperfection shape, and
the non-linear static analysis, a static pressure load was applied. In the buckling
analysis, a reference pressure of 1 kPa was used, while the non-linear static analysis
employed a load of 4 kPa. As a simplification, the pressure was applied only to
the horizontal surfaces (i.e., the top and bottom flanges), excluding the diagonal
webs, as illustrated in Figure 6.9 and 6.10. This influences the total load, the load
is expressed as a pressure distributed over the full area, but only a part of the
area is loaded, meaning that one needs to scale up the load in Abaqus accordingly
to take this into account. Note that the exact magnitude of the applied load is
not critical in either the buckling analysis or the non-linear static analysis. In the
buckling analysis, the eigenvalue simply scales with the reference load, and in the
non-linear static analysis, the arc-length method was used, allowing the applied
load to vary through a load proportionality factor (LPF).

Figure 6.10: Static load application, pressure only applied to the horizontal
surfaces.
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6.7.2 Dynamic pressure load

A dynamic investigation was conducted by prescribing the load as a pressure-time
relation, describing the positive part of the overpressure created by the explosion,
see Section 2.1.2. The applied load amplitudes are visualized in Figure 6.11 and
further presented in Table 6.4. The load is characterized by a sudden increase in
pressure that is reduced to zero within a time frame of milliseconds. The three
different amplitudes result in the same impulse.

The pressure amplitudes and their corresponding time intervals were determined
in consultation with the thesis supervisor. Load 2 represents the dynamic load
resulting from an unreflected incident shock wave generated by the detonation of
100 kg of TNT near the ground, at a distance of 25 meters from the roof.

The pressure was assumed to act over the full width of the corrugated sheet metal
when creating the load amplitudes, however, in Abaqus the load was applied only
on the horizontal surfaces (558 mm). As a result, the pressures listed in Table 6.4
were scaled by a factor of 1/0.6 to account for this difference in application area
(horizontal width / total width, where the total width is 930 mm). The values
input into Abaqus were thus obtained by dividing the tabulated pressures by 0.6.

100 T T T T T
—e—Load 1
—e—Load 2

80 | —e— Load 3|1

Pressure [kPa)

0 5 10 15 20 25 30
Time [ms]

Figure 6.11: Dynamic load application.
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Table 6.4: Pressure-time relations that results in the same impulse (area under

the graph).

Load | Time [s] | Pressure [kPa] | Impulse [Pas]

Load 1 0 18.5 240
0.026 0

Load 2 0 36.9 240
0.013 0

Load 3 0 73.8 240
0.0065 0

6.8

A convergence study was carried out on the mesh size and mesh layout. The
results from the eigenvalue analysis are presented in Table 6.5. It was observed
that the number of elements in the compressed flange plays a significant role.
When the number of elements in the compressed flange remains constant but the
total number of elements increases, the eigenvalue changes very little. However,
as the mesh is refined specifically in the compressed flange, a gradual decrease in
the buckling value was observed.

Mesh and convergence study

Figure 6.12 shows a zoomed-in view of the force-displacement relationship for
mesh configurations with 4, 6, 8, 12, and 16 elements in the compressed flange.
For cases with 9 or more elements in the compressed flange, problems to reach
convergence was observed, typically stalling at what most probably was the peak
value of F' and failing to proceed into the post-peak range. Based on the results
presented in Table 6.5 and Figure 6.12, an element size of 14 mm — corresponding
to 8 elements in the compressed flange was selected.

The final mesh layout is presented in Figure 6.13, the mesh is structured and has

elements of uniform

size.

Table 6.5: Convergence study for different element sizes.

Element size [mm] | No. of elements [-] | A | A\ [%] | Elements in compressed flange
30 9600 0.76 - 4
27.5 10464 0.76 | -0.08 4
25 14400 0.76 0.08 4
22.5 16821 0.72 | -5.07 5
20 21600 0.70 | -2.63 6
17.5 26574 0.70 0.02 6
16.25 32103 0.69 | -1.57 7
15 39600 0.69 0.01 7
14 43758 0.68 | -1.04 8
11.75 59787 0.68 | -0.69 9
11 68670 0.67 | -0.49 10
10 84600 0.67 | -0.37 11
9 104052 0.67 | -0.27 12
8.5 116490 0.67| -0.24 13
7 174828 0.66 | -0.40 16

96 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Reaction force [kN]

Figure 6.12:

12

10 8
8 I .-.“/)"“)/l:‘//' = T
"
5 -
‘\w
61 ; 1
—M4
a0~ M6
_____ M8
N - —-M12
—M16
0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Out-of-plane displacement [mm)]

Zoomed in plot on reaction force vs displacement for different
meshes. ¢ = 0.7 mm, e = 3 mm. M is the number of elements in
the compressed flange.

Figure 6.13:

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30

Mesh layout.

97



98

7 Results of the CSM study

7.1 Eigenvalue analysis

To obtain the shape of the initial imperfections used in the subsequent analyses, a
linear buckling analysis was performed. The first eigenmode is shown in Figure 7.1,
while the shapes of the first ten eigenmodes are presented in Figure 7.2. It can
be observed that all ten modes correspond to local buckling patterns involving
only parts of the CSM structure. This trend continues for at least the first 50
eigenmodes, which was the number specified in the analysis. The magnitude of
the eigenvalue was relatively constant for the first ten eigenmodes, if ¢ = 0.7 mm
and a load of 1 kPa is applied to all horizontal surfaces, A was in the range 0.68153 -
0.69556 for the first ten eigenmodes.

Note that the output displayed from Abaqus in the figures is "U, Magnitude",
which is explained in Equation (7.1)

Umag =V U12 + U22 + U‘g? (71)

Where 1,2 and 3 corresponds to x-, y- and z-direction.

The first mode is the mode that is the most critical one and therefore is the
one used for the shape of the initial imperfections in subsequent analyses unless
otherwise stated.

Figure 7.1: First eigenmode.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



0O0@®0 e

o
®000@®0 »
c0000000¢
c0000000

c000000CP0Re

o)
3
®
©
°
©
°
(O]
o]
[v)

0@

CIo0

G
+@00000°

+@0
000000

®

‘XX 111X
00
+ 000000
*08000@0

c0®0

Figure 7.2: First 10 eigenmodes.

7.2 Static

7.2.1 Hand calculation of expected maximum capacity

An analytical calculation based on the expressions in EN 1993-1-5 and EN 1993-
1-3 was carried out to determine the maximum load-carrying capacity for three
different plate thicknesses. The results are presented in Tables 7.1 and 7.2, with
detailed calculation steps provided in Appendix G. In parallel, finite element (FE)
simulations were conducted in Abaqus to obtain the corresponding numerical ca-
pacities.

As discussed in Section 6.3, challenges were encountered in capturing the post-
buckling behaviour when small initial imperfections were applied. To address this,
an imperfection amplitude of 3 mm was used in general simulations to facilitate
convergence beyond the peak load. However, for the capacity comparison shown
here, where only the peak load is of interest and post-buckling response is not
relevant, an imperfection amplitude of b/200 was applied in the FE models to
align with the assumptions made in the Eurocode formulations. Note that it is
uncertain whether the peak was reached, since the load-displacement curve did
not reach the post-buckling range; however, it is believed that the maximum value
is reached since, due to the nature of how convergence problems are encountered
and reduced step sizes are automatically used.

From Table 7.1, it can be observed that the discrepancy between analytical and
numerical results is somewhat larger than expected, and notably, the relative dif-
ference varies significantly with the thickness. The smallest deviation is observed
for t = 1.4 mm. Inspection of the Mathcad calculation reveals that, at this thick-
ness, almost the entire web area is effectively utilized. In contrast, for t = 1.05 mm
and t = 0.7 mm, only a small portion of the web contributes due to susceptibility
to local buckling.
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Further investigation of the first eigenmode (see Figure 7.1) shows that the initial
imperfection amplitude in the web is very small. This contrasts with the Eurocode
approach, which uses the effective width concept for both the flange and web si-
multaneously. To better capture the web’s contribution, a combined imperfection
shape was constructed using mode 1 and a higher mode (mode 553), in which web
buckling is prominent (see Figure 7.3). The resulting FE capacities are summa-
rized in Table 7.2. It can be seen that this combined mode approach yields results
that are more consistent with the analytical predictions, and the discrepancy falls
within an acceptable range.

Table 7.1: Comparison of numerical and analytical capacity at different
thicknesses when using the first modeshape as initial imperfection.

t [mm]| | Numerical capacity [kN] | Analytical capacity [kN] | Difference [%)]
0.7 9.2 8.0 13.4
1.05 17.8 16.5 7.5
1.4 28.8 27.6 4.1

Figure 7.3: Eigenmode when only the middle webs buckle.
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Table 7.2: Comparison of numerical and analytical capacity at different
thicknesses when combining the first mode and the mode in

Figure 7.3.
t [mm] | Numerical capacity [kN] | Analytical capacity [kN] | Difference [%)]
0.7 7.6 8.0 -4.2
1.05 17.1 16.5 3.7
1.4 27.3 27.6 -1.2

In Figure 7.4, 7.5 and 7.6 the results from a hand calculation are compared to
those obtained from the finite element analysis in Abaqus. Note that an initial
imperfection with a magnitude of 3 mm was introduced in the FE model to trigger
and explore the post-buckling response, and only the first eigenmode was used to
produce Figure 7.4 to 7.6 and should not be confused with "Numerical capacity" in
Table 7.2. As a result, the red curve representing the analytical prediction slightly
overestimates the peak load observed in the FE simulation.

Two stiffness values are also included in the figure: one based on the full cross-
section and one on the effective cross-section. This distinction is important be-
cause, in the absence of detailed knowledge about post-buckling behaviour, the
maximum capacity and associated stiffness are typically used to estimate dynamic
capacity. However, it can be observed that relying solely on these simplified pa-
rameters leads to a conservative prediction. The FE results show a significantly
larger area under the load—displacement curve representing energy absorption,
highlighting the contribution of the post-buckling phase, which is neglected in the
simplified hand calculation, see Appendix H for the calculation of the stiffness. k
is the stiffness if the full cross-section is utilized and k.rs is the stiffness of the
most critical cross-section (effective widths in accordance with Eurocode). It can
in the figures be seen that for all thickness k.s¢ coincide with peak even tough it
is based on only the most critical cross-section and the deflection depends on the
stiffness along the whole CSM strip.
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Figure 7.5: Static response for ¢ = 1.05 mm compared with the analytical

capacity.
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Figure 7.6: Static response for ¢ = 1.4 mm compared with the analytical
capacity.

7.2.2 Static behaviour

The static response for t = 1.05, under simply supported conditions, is presented
in Figure 7.7. The response is governed by buckling of the top flanges at the
critical load and yielding of the cross-section leading to failure at the peak load,
indicated by point D. After the peak load, a sudden drop in force occurs, which
then stabilizes as the displacement increases, reaching a residual capacity of about
8 kN until point H is reached. The buckled shape at a displacement of 500 mm as
well as the stress distribution is shown in Figure 7.8. The end at the rolling support
has moved closer to the middle of the loaded CSM strip as the displacement

increases.
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Figure 7.7: Static response for ¢ = 1.05 mm. Black dots indicate selected
points used for visualization of the response in subsequent figures.
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Figure 7.8: Static deflection and stress distribution for the simply supported
CSM strip at 500 mm out-of-plane displacement in the mid node.

The cross-sectional deformation at the center of the buckle is presented in Figure
7.9 for some of the points in Figure 7.7. It can be observed that, up to the point of
failure, only local elastic buckling occurs in the web and flange at point B. After
failure, the deformation increases rapidly due to the onset of plastic deformation.
Note that the initial imperfections are not visible in the plot due to how data was
extracted.
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Figure 7.9: Cross-sectional response for the points in Figure 7.7.

The cross-sectional response is further illustrated in Figure 7.10. For a cross-
section without initial imperfections, the undeformed state appears as shown in
Figure 7.10 a), where the material above the neutral axis is in compression. As
the applied load approaches the critical value, local buckling occurs in the com-
pressive zone, reducing the load-carrying area to an effective section, as illustrated
in Figure 7.10 b). As the load increases, compressive stresses in the effective area
rise until yielding occurs, leading to a loss of stability and cross-sectional failure,
as shown in Figure 7.10 c).

Due to the large imperfections, there is no clear distinction between the transition
from Figure 7.10 a) to Figure 7.10b); in other words, no distinct bifurcation point
is observed.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 105



(2, A, B)

Figure 7.10: Cross-sectional response during buckling and failure. a)
Unbuckled state without any imperfections b) Local buckling at
top flange and part of web in compression, c¢) cross-section yields
(red line), complete failure.

The corresponding plastic strain distribution at key points is presented in Figure
7.11. It can be seen that plastic strains (indicated by red elements) begin to
develop in the flange corners, at the location of the effective area. This occurs
near the peak load and the plastic deformation increase as the cross-section fails
and folds in the mid-span region.
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Figure 7.11: Plastic strain (red) for the points in Figure 7.7.

To clarify the structural response at failure, a zoomed-in section of Figure 7.7 is
shown in Figure 7.12, and the corresponding plastic strain distributions at selected
points are presented in Figure 7.13. For the collapse mechanism to fully develop,
yielding must occur across the buckle. The figures reveal that yielding does not
occur simultaneously in the top flanges, which explains the observed irregularities
(shifts) in the load-displacement plot in Figure 7.12.
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Figure 7.12: Figure 7.7 zoomed in between point D and E.

Figure 7.13: Plastic strain at the points indicated in Figure 7.12. Red circles
mark when each buckle has fully yielded across.
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7.2.3 Boundary conditions

Two different sets of boundary conditions were considered for the base case. The
force-displacement response for a simply supported section is presented in Fig-
ure 7.14 a) and the response for a section with both ends pinned in Figure 7.14
b) for thicknesses 0.7, 1.05, and 1.4 mm. The response of the simply supported
section resembles that of the plate: elastic deformation followed by collapse due
to buckling (peak load) and then a decreasing post-peak strength. In contrast,
the pinned-pinned condition exhibits a smaller peak load but increasing post-peak
strength due to catenary action, see Section 2.1.11, indicating that the segment is
capable of carrying additional load after global buckling. Note that when using
the pinned-pinned boundary conditions for ¢t = 0.70 mm, convergence issues were
encountered and the analysis was terminated.
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—t =0.70 mm
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Figure 7.14: Force-displacement response for different steel thicknesses, a)
simply supported (SS), b) pinned-pinned (PP).

The response for the partially restrained condition using springs is presented in
Figure 7.15, for t = 1.05 mm and the three different spring stiffnesses, along with
the results for the simply supported and pinned-pinned segments. It can be seen
that for K, the response is identical to that of the simply supported case, verifying
that the springs work as intended. For K; and K, the response with springs lies
between the two base cases. As the stiffness of the springs increases (K5), the
response approaches that of the pinned condition, which essentially represents a
case with infinitely stiff springs. After the first peak, the response initially follows
the same trend as the pinned case, with increasing reaction force. However, it
then suddenly diverges, creating a second peak. This marks the point at which
the springs begin to deform freely, that is when the springs are yielding, indicating
the onset of local plate failure around the fasteners. The sharp shifts right after the
first peak load for K; and K5 are the same phenomenon as shown in Figure 7.13.
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Figure 7.15: Influence of springs to simulate local failure in steel around
fasteners for ¢ = 1.05 mm.

7.3 Dynamic
7.3.1 Orientation

The results from the dynamic analyses are presented in this section. Various
parameters are altered to investigate their influence on the structural response,
specifically the out-of-plane displacement over time. Since the structure is no
longer a simple plate the reaction force versus displacement is no longer a reliable
response metric, as the reaction force may lag behind the actual deformation, see
Section 2.1.4. The reference case used throughout is a CSM section with a plate
thickness of 1.05 mm, a mass of 166 kg/m? and subjected to load amplitude 2,
see Figure 6.11, with strain rate effects turned on and simply supported boundary
condition. Note that in both the static and dynamic analysis the self weight is not
modelled, i.e. ¢ = 0 m/s? and no damping is considered.

7.3.2 Hand calculation of expected maximum deflection based
on static response

A step-by-step simplified analytical calculation is included in Appendix E, and
the resulting comparison is presented in Table 7.3. The results from Abaqus are
taken from the case where load 3 is applied and when the strain rate effect is not
activated, meaning that v; = 1.00 and DIF = 1.00. A good correlation can be
observed in the Table, except for the case when t = 0.7 mm, where a difference of
30 percent can be observed, the cause of the inconsistency was not found. However,
a check for the simpler case assuming linear-elastic material behaviour and only
small deformation was made, in that case a difference of 4 percent was obtained,
indicating a good correlation and that no obvious error was made since the same
Abaqus model was used.
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Several simplifications is made during the hand calculations, for instance, the en-
tire CSM structure was simplified to a single-degree-of-freedom (SDOF) system
to facilitate the calculations, whereas the actual system is significantly more com-
plex. Also note that k,,r assuming plastic response was used, see Appendix E,
depending on mass and thickness of the CSM strip it might be more correct to
use k., r assuming elastic response. The displacement is taken from only the exact
midpoint of the of the top mid flange, which isn’t necessarily the point where
maximum deflection occurs, see for example Figure 7.27, note that in Figure 7.27
strain rate effect is activated in Abaqus. For more details of the assumptions
made, including support conditions and dynamic effects, see Appendix E.

Table 7.3: Comparison of uspor and upgy results for varying thickness and
mass values.

uspor [mm] | upgy [mm] | Difference [%)]
m [kg/m?] | 166 332 | 166 332 | 166 332
t=0.7mm | 210 113 297 126 | -30% -11%
t=1.05 mm | 130 80 135 80 -4% 0%
t=14mm | 100 65 95 63 5% 3%

7.3.3 Explicit vs. Implicit

Both implicit and explicit solvers were used in the dynamic analyses. The explicit
solver proved to be significantly more time-efficient compared to the implicit one.
To justify the use of different solvers, results from two representative cases are pre-
sented in Figure 7.16, demonstrating that they produce comparable outcomes. As
shown, both solvers yield nearly identical results, with minor differences observed
in the pinned-pinned case after the point of maximum displacement. However,
this discrepancy is considered negligible, as the overall response is consistent, and
the maximum displacement is the primary focus in the dynamic analysis.
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Figure 7.16: Dynamic response using implicit vs. explicit solver for two
different boundary conditions and mass combinations. Thickness
1.05 mm, load 2, strain rate effects enabled.
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7.3.4 Dynamic response

The dynamic response over the first 5 seconds is shown in Figure 7.17. The full
load is applied instantaneously and reduced to zero within 13 milliseconds. How-
ever, the maximum deflection does not occur until approximately 110 milliseconds
after the load has been removed, indicating a delayed structural response. Af-
ter reaching peak displacement, the CSM section exhibits oscillatory behaviour.
Note that displacements in the loading direction are defined as positive. It is also
worth noting that the fact the curve’s response appears to teach a displacement of
approximately zero is coincidental; for different cross-section thicknesses or mass
values, the oscillation may occur around a different baseline level.

The response is further illustrated in Figure 7.18, which shows the longitudinal
out-of-plane displacement. When oscillating back upwards, the region between
the edges and the midpoint appears to deflect more (red vs. green), whereas at
the bottom of the oscillation, the midpoint shows the largest deflection (blue).
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Figure 7.17: Dynamic response for ¢ = 1.05 mm, m = 166 kg/m? and load 2
with strain rate effects enabled. Black dots indicate selected time
steps used for visualization of the response in subsequent figures.
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Figure 7.18: Out-of-plane displacement for time steps in Figure 7.17. Dotted
line indicates the undeformed position.

The out-of-plane displacement and stress distribution is seen in Figure 7.19. The
displacement pattern resembles that of the static case, however the stress distri-
bution is no longer static or gradually varying. Instead, stress waves propagate
dynamically between the supports and the midspan in the direction of the arrows,
resulting in the patchy appearance. These stress fluctuations are governed by the
material’s wave speed and do not move dependently of the beam oscillations.

Figure 7.19: Displacement in the dynamic case for the simply supported CSM
strip and still-picture of the stress distribution.

The middle part of the CSM affected by buckling is presented for several time steps
in Figure 7.20. The upper flanges buckle at around 70 milliseconds, obtaining
plastic deformation. The plastic deformation is irreversible and kept throughout
the oscillations.
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Figure 7.20: Von Mises stress plot of the buckled area for time

7.17.
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S, Mises
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+3.478e+02
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+2.718e+02
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S, Mises
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(Avg: 75%)
+4.714e+02
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+3153e+02
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+2.372e+02
+1.982e+02
+1.592e+02
+1.202e+02
+8.113e+01
+4.211e+01
+3.085e+00

steps in Figure

115



The longitudinal out-of-plane displacement during the initial 20 ms is presented in
Figure 7.21. The load is zero after 13 ms. It can be seen that the section displaces
evenly during the first 5 ms. During 7 to 15 ms there is a small delay in the middle
part of the section, causing it to displace less than the edges until it catches up
after 20 ms. The edges displace since the displacement is measured at the top
flange; only the bottom flange resting on the supporting beams is prohibited from
moving. The Figure highlights the difference between the deformation shape for
a static case where the response for the first 15 ms is completely different to the
response for a static case where one would expect a parabolic shape, like that
obtained after 20 ms in Figure 7.21.

10

0L 1ms /

\ 3 ms /

Out-of-plane displacement [mm]

_30 | | | | | |
0 1000 2000 3000 4000 5000 6000

Distance [mm)]

Figure 7.21: Initial longitudinal displacement for load 2 during the first 20
milliseconds.
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The plastic strain is presented in Figure 7.22 for the time steps in Figure 7.23. A
much larger area has obtained plastic strains in the dynamic case compared to the
static case in Figure 7.11.

Figure 7.22: Plastic strain distribution (red) after dynamic loading for the
time steps in Figure 7.23.
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Figure 7.23: Dynamic response for t = 1.05 mm, m = 166 kg/m? and strain
rate effects enabled.
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7.3.5 Strain rate

The influence of strain rate effects is presented in Figure 7.24 for thicknesses t =
0.7, 1.05, and 1.4 mm. Accounting for strain rate effects reduces the out-of-plane
displacement and increases the frequency of the oscillations.

The corresponding changes in initial maximum deflection are summarized in Ta-
ble 7.4. As the thickness increases, the influence of strain rate effects becomes
less pronounced.
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Figure 7.24: Influence of strain rate on the out of plane displacement for
different thicknesses of the CSM, m = 166 kg/m? and load 2.

Table 7.4: Change of initial maximum displacement due to strain rate effects.

t [mm] | S.R Off | S.R On | diff [%)]
0.70 297 268 -9.8
1.05 136 127 -6.6
1.40 95 92 -3.9
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7.3.6 Influence of load amplitude

As described in Section 6.7.2, three different dynamic pressure loads were investi-
gated, referred to as load 1, 2, and 3. Load 1 has the smallest amplitude and load
3 the largest, while the impulse density remains the same across all three loads.

Figure 7.25 illustrates the structural response of the CSM with a thickness of
t = 1.05 mm. A noticeable difference in the peak amplitude of out-of-plane dis-
placement is observed between the application of load 1 and load 2, while the
difference between load 2 and load 3 is minimal. This variation becomes more
pronounced when the mass per unit area is m = 166 kg/m? compared to when

m = 332 kg/m?.
150 : : : : : 150
g El
£ 100} £ 100}
+ +
= =
(] [}
= g
& 50t S 50}
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2, 2,
e 2
S| s
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=) _ 2 o, _ 2
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& 50t Load 1 X 50+ Load 1
5 Load 2 5 Load 2
Load 3 Load 3
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Figure 7.25: Comparison of the response for different load amplitude with the
same impulse density for ¢ = 1.05 mm: a) m = 166 kg/m? and b)
m = 332 kg/m?, load 2, strain rate effects enabled.
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7.3.7

Slenderness

The influence of slenderness is presented in Figure 7.26 for thicknesses ¢t = 0.7, 1.05,
and 1.4 mm. Reducing the slenderness, i.e increasing the thickness, results in
smaller displacements and reduced oscillation frequency. Negative oscillation am-
plitude is observed for ¢t = 1.4 mm.
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Figure 7.26: Comparison of the response for different thicknesses of the CSM:

m = 166 kg/m?
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a) m = 166 kg/m? and b) m = 332 kg/m?, load 2, strain rate

effects enabled.

Figure 7.27 shows the longitudinal out-of-plane displacement along the top corru-
gation for five time increments. The final increment in each case corresponds to
the point of maximum deflection for the respective thickness. It can be observed
that as the thickness decreases, the deformation shape transitions from a smooth,
parabolic profile to a sharper, more V-shaped form, likely due a more distinct
hinge in the middle of the CSM strip caused by the buckling that take place there.

The appearance of a wavy pattern in the deformation is influenced by the shape
and magnitude of the initial imperfections. A lower imperfection magnitude results
in less pronounced waviness, indicating a reduced sensitivity to local geometric
irregularities.
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Figure 7.27: Longitudinal displacement for: a) ¢ = 0.70 mm, b) ¢ = 1.05 mm,
c) t = 1.40 mm, with m = 166 kg/m?, load 2 and strain rate
effects enabled.

7.3.8 Influence of mass

Figure 7.28 shows the out-of-plane displacement over time for mass 84, 166, and
332 kg/m?. As the mass increases, the displacement decreases, indicating greater
resistance to motion. The oscillation frequency remains nearly unchanged between
the 84 and 166 kg/m? cases but is noticeably lower for the 332 kg/m? case. This
figure clearly demonstrates the significant influence of mass on the system’s dy-
namic response. Specifically, as the mass of the structure increases, the energy
transferred into the body decreases, and thus less deflection is needed to dissipate
the energy, see Equation (2.1).
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Figure 7.28: Comparison of the response for different masses, t = 1.05 mm,
load 2, strain rate effects enabled.

7.3.9 Initial imperfections

Figure 7.29 presents the out-of-plane displacement over time for initial imperfec-
tions of 0.5, 1, 2, and 3 mm. As the imperfection increases, both the maximum
deflection and the amplitude of positive oscillations increase, while the amplitude
of negative oscillations decreases. This behaviour supports the decision to adopt
3 mm as the magnitude of the initial imperfection. Despite being approximately six
times larger than the value recommended in the Eurocode, no significant change
in the dynamic response is observed. This is acceptable in the context of this
study, which focuses on overall behaviour rather than precise magnitudes.
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Figure 7.29: Comparison of the response for different initial imperfections, ¢t =
1.05 mm, m = 166 kg/m?, load 2 and strain rate effects enabled.

7.3.10 Boundary conditions

The out-of-plane displacement over time is presented in Figure 7.30 for a mass
of 55 kg/m? and thickness 1.05 mm. The mass was reduced to ensure that the
springs would yield, as increasing the mass leads to reduced displacement (see Sec-
tion 7.3.8). With larger masses, the displacement becomes too small for the springs
to engage significantly, making their positive contribution to energy absorption
negligible. Since the area under the force-displacement curve remains nearly con-
stant for small displacements—regardless of boundary conditions—catenary ac-
tion plays a minor role unless the displacement exceeds approximately 120 mm
(see Figure 7.15).

Among the tested boundary conditions, the simply supported case exhibits the
largest maximum displacement but shows less oscillatory behavior compared to
the spring-supported configurations. The spring boundary models were validated
against the simply supported case using stiffness K, showing good agreement in
terms of dynamic response.

As spring stiffness increases, the maximum displacement decreases, with the lowest
values observed in the pinned-pinned configuration. The K; springs begin to yield
at approximately 129 mm, while the K, springs yield at around 139 mm. The
earlier yielding of K allows displacement to accumulate sooner, resulting in a
higher peak displacement.
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Figure 7.30: Comparison of the response for different boundary conditions, ¢t =
1.05 mm, m = 84 kg/m?, load 2 and strain rate effects enabled.
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7.4

Comparison static vs dynamic

The distribution of plastic strain for the points in Figure 7.31 is presented in
Figure 7.32 , each number corresponds to a specific displacement, meaning that
point 1 has the same displacement in the static and dynamic case.
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Figure 7.31: Points where the plastic strain in Figure 7.32 is evaluated. The

points correspond to the same displacements in the static and
dynamic cases. Thickness 1.05 mm, mass 166 kg/m?, load
amplitude 2 and strain rate effects enabled in the dynamic case.

The red regions in Figure 7.32 indicate areas of plastic strain. The evolution from
Point 1 to Point 5 shows an increase in both the intensity and spread of plastic
deformation. In the static case, as loading progresses, these bands become more
prominent and wider, with strain localization becoming more severe by Point 4
and 5. While in the dynamic case, plastic strain appears earlier and with greater
intensity than in the static case at the same displacement points.
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Figure 7.32: Distribution of plastic strain (red), static case to the left, dynamic
case to the right, at the same out-of-plane displacement for the
points in Figure 7.31.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 127



8 Final remarks

8.1 General

The aim of this Master’s thesis has been to improve the understanding of the
structural response of thin-walled steel structures subjected to static and dynamic
loading through numerical investigations of a 100 x 100 mm plain steel plate and a
Corrugated Sheet Metal (CSM) section with three corrugations. The study focused
on varying key parameters, such as slenderness, initial imperfections, boundary
conditions, and loading rate, to evaluate their influence on the structural response,
particularly in the post-buckling and post-peak regimes. Overall, the objectives
of the thesis have been successfully achieved.

Considerable effort was devoted to identifying relevant and well-documented ex-
perimental studies on steel plates subjected to both static and dynamic in-plane
compressive loading and CSM sections exposed to static and dynamic transverse
loads. However, such studies proved difficult to find, especially those that capture
the residual post-peak response. Most analyses or experiments tend to terminate
shortly after the peak load is reached, as this is typically the primary focus of
investigation.

8.2 Discussion plate response

Four different plate thicknesses, corresponding to four slenderness ratios and three
different cross-section classes where studied. The imperfection magnitude was
varied while keeping the imperfection shape constant. Considering the static re-
sponse, it was concluded that large imperfections significantly reduce the peak
load (ultimate capacity). This means the theoretical assumption that peak load
remains constant regardless of imperfections holds only for amplitudes within Eu-
rocode recommendations (e.g., 1/200, corresponding to 0.5 mm in this case). In
the FE analyses, imperfections of up to 1/33 (3 mm) was assumed. While such
values may not be realistic under normal conditions, in cases of physical damage
or pre-existing defects, their influence on capacity reduction could be significant.

Boundary conditions were shown to substantially influence the structural response,
not only reducing the critical buckling load, but more notably increasing the peak

load.

As discussed in Sections 5.2.2 and 5.2.3, the geometry affects the response as
expected. Plate height does not influence the peak load, and plate size is not
critical as long as slenderness is held constant and the response is normalized.

Slenderness was found to significantly affect the dynamic response. In this study,
thickness was varied to alter slenderness. Higher slenderness led to more pro-
nounced dynamic oscillations under the same strain rate. Conversely, as slender-
ness decreased, higher strain rates were required to induce dynamic inertia effects,
i.e. dynamic sensitivity increases markedly with slenderness.

A reduced imperfection magnitude increased both critical and post-buckling strength.
This effect is particularly noticeable under dynamic loading, where small imperfec-
tions delay instability, enabling the plate to carry higher loads and endure larger
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deformations. Compared to the static case, the dynamic response is more sensi-
tive to initial imperfection magnitude (see Figures 5.3 and 5.33). Notably, under
dynamic loading, there is no distinct point of local buckling initiation, especially
when imperfections are small. In contrast, under static loading, the onset of local
buckling is more clearly defined.

When comparing the plate response to typical force-displacement behaviour of
columns (see Sargsyan and Sargsyan (2024)), both similarities and differences were
found. The response is more similar to columns when the plate is in CSC1-CSC3,
but differs significantly in CSC4. While column stiffness, whether defined by
Young’s modulus or secant stiffness, remains largely unaffected by strain rate,
slender plates (e.g., 1 mm thickness) showed a notable increase in stiffness under
dynamic loading. Less slender plates behaved more like columns with minimal
strain rate sensitivity. Additionally, both columns and plates exhibit increased
dynamic effects when geometric imperfections are reduced, particularly for slender
specimens. Another observed difference is that the studied plates retained a clear
residual strength after peak load compared to typical columns.

The appearance of two failure modes observed in the FE analyses was attributed
to numerical artefacts. While they did not substantially influence the results, they
may cause confusion in interpreting plots and require clarification, see Appendix

A.

8.3 Discussion CSM response

Three different CSM thicknesses (0.7, 1.05, 1.4 mm), corresponding to three slen-
derness ratios were studied. All fall within CSC4 classification for both the com-
pressed flange and the web, though the case with ¢ = 1.4 mm is close to the CSC3
limit. The structural response at various thicknesses was similar, increased thick-
ness raised the peak and post-peak loads. However, the post-peak drop became
more abrupt as thickness, and thus the peak load, increased.

Hand calculations were performed both to validate the Abaqus results and to
highlight key differences between simplified analytical methods and finite element
simulations, particularly in the post-buckling regime. The Eurocode based calcula-
tions showed good agreement with the finite element simulations in the static case.
An effective stiffness was also estimated based on the most critical cross-section.
For the studied thicknesses, this effective stiffness closely matched the secant stiff-
ness at the peak load. If this observation holds true for other geometries, using
effective stiffness may offer a simple and practical method for estimating the secant
stiffness corresponding to peak resistance.

Different boundary conditions were modelled in the static case: simply supported,
pinned-pinned, and partially restrained (via non-linear springs). The pinned-
pinned case exhibited a lower first local peak than the simply supported one,
but a subsequent increase in strength due to catenary action, limited by local fail-
ure at fastener holes (springs). In contrast, the simply supported case showed an
almost constant post-peak strength. While greater energy absorption is expected
for the pinned-pinned case, it is limited by failure at the fasteners, which is difficult
to simulate accurately. The possibility of accounting for even a limited catenary
effect from the CSM strips 'normal’ fasteners could contribute significantly to its
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overall energy absorption capacity.

Dynamic analysis included three pressure magnitudes: a reference (Load 2), a
doubled peak amplitude (Load 3), and a halved peak amplitude (Load 1), all with
constant impulse. Differences between Load 1 and Loads 2 and 3 were minor, and
almost no difference was observed between Loads 2 and 3, see Figure 7.25. Higher
mass led to smaller variations in displacement—time response. This indicates that
within the studied amplitude range, the load magnitude has negligible effect on
peak displacement.

Strain rate dependence was modelled using the Cowper—Symonds law, in the same
way as for the steel plate. Displacement decreased with increasing strain rate,
especially for CSM sections with smaller thickness, a trend also observed in the
plain steel plate.

The effect of mass was also examined. Increasing mass reduced displacement, this
is due to reduced applied energy. It is worth noting, for ¢ = 0.7 mm, the full
load-bearing capacity may be fully consumed by dead loads alone when the mass
reaches 332 kg/m?2. In Abaqus, this self-weight was not explicitly modelled (i.e.,
no distributed load of 3.32 kN/m? was applied). Therefore, the simulations more
accurately reflect wall behaviour when subjected to the chosen dynamic loads, not
that of a roof, which would be subjected to transverse loading.

In the static FE analyses, convergence problems were encountered when small ini-
tial imperfections were used, thus hindered reaching the post-peak regime. How-
ever, this was not an issue under dynamic loading using the explicit solution
procedure, which allowed a more detailed investigation of imperfection effects. As
expected, larger imperfections led to greater maximum deflections, though the
structural response showed limited sensitivity to imperfection magnitude within
the studied range.

8.4 Conclusions

The structural response of an axially loaded plate under static and dynamic loading
was investigated numerically using the finite element method. Based on the results
for the considered plate geometry and assumptions made, the following conclusions
can be made:

1. The main difference between static and dynamic loading is the occurrence
of dynamic effects, oscillations due to inertia effects and strain rate effects
in the steel material.

2. The results indicate a notable post-peak residual strength, stabilizing at ap-
proximately 50-60 percent of the peak load under static loading conditions.
This residual strength appeared at all studied plate thicknesses. The same
trend was observed under dynamic loading; once the dynamic oscillations
ended, the same level of residual strength as in the static case was reached.
However, when strain rate effects were considered, the residual strength was
somewhat increased.

3. The sensitivity to dynamic loading increases markedly with slenderness,
when the slenderness increase the dynamic oscillations increase for the same
strain rate. Additionally increased strain rate increases stiffness, critical
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buckling load and post-buckling strength. Potentially increasing the energy
absorption capacity.

4. The choice of boundary conditions for the plate edges is of great importance
since both peak load and residual strength are affected.

5. There is a larger sensitivity to imperfection amplitude during dynamic load-
ing compared to static loading, in the dynamic case a smaller imperfection
leads to larger oscillation amplitude. During dynamic loading a larger dif-
ference in peak load depending on imperfection magnitude can be observed
compared to the static case.

To provide deeper insight into the dynamic response of thin-walled steel structures,
a full CSM section was also investigated. Instead of displacement controlled axial
loading, an out-of-plane impulse load approximately corresponding to that of an
incident shock wave generated by a detonation of 100 kg TNT on the ground at
a distance of 25 m to the CSM strip, was applied. Based on this analysis, the
following conclusions can be drawn:

1. The results indicate that there is a notable post-peak residual strength sim-
ilar to the plate, after the peak load is reached a drop can be seen due to
buckling, however at some unknown load level the response start to stabilize.

2. For the studied thicknesses, the post-peak strength drop becomes more pro-
nounced as the thickness increases in the simply supported case, manifested
by both a faster and larger drop after the peak load is reached.

3. The results indicates that an effective stiffness calculated based on the most
critical cross-section may be used as a simple way to estimate a secant stiff-
ness that coincides with the peak load. However, more geometries needs to
be studied to make sure it is applicable for geometries other than the ones
studied in this thesis.

4. An in-plane restraint can drastically improve the capacity during dynamic
loading due to catenary effects if the load is large enough to trigger post-peak
behaviour.
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8.5 Further studies

This thesis has only focused on non-linear numerical analysis using the finite ele-
ment method. It would thus be valuable to validate the numerical findings through
experiments on similar structures, in a first stage on simple steel plates, but sec-
ondly also on a CSM structure.

It would be of particular interest to validate the findings of the post-peak capac-
ity. Determining the load level at which this residual strength stabilises would
be highly valuable in dynamic loading due to explosions considering energy ab-
sorption. Such knowledge could contribute to more efficient utilisation of material
capacity in simplified design calculations, allowing engineers to estimate the ul-
timate capacity and determine in advance the load level at which the structure
transitions into a stable post-peak regime. This was not the primary objective of
this thesis, and further studies with a larger sample size are required to draw any
quantitative conclusions.
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Appendix A

A.1 Difficulties with validating the dynamic plate
analysis

Significant difficulties in validating the dynamic plate analysis arose. Initially, the
results from the static analysis and the dynamic analysis were identical up to and
including P,,... However, after the maximum load capacity was reached, different
deformation modes emerged, which affected the response R(u). The problem only
arose for t = 1 mm.

The static analysis resulted in a symmetric deformation shape, and the dynamic
analysis resulted in an symmetric or unsymmetrical deformation shape depending
on the settings used and prescribed velocity in Abaqus. Since the static anal-
ysis consistently produced symmetric results without any errors when using the
displacement controlled approach, symmetric results were also expected for the dy-
namic analysis since the same model was used. Both explicit and implicit methods
were used, however no differences were observed, therefore the dynamic implicit
solution step was exclusively utilized.

Great efforts were put in to find the cause of the discrepancy. See Figure A.1
for the comparison between the response when a symmetric deformation shape
is formed vs an nonsymmetric shape, also see Figure A.2 for the deformed shape
(out-of-plane displacement) at different positions along the curve. It can be noted
that even though the curves merge at an in-plane displacement of 5 mm, the
deformed shape is still inconsistent.

The difference in terms of settings in Abaqus is presented in Table A.1, it can be
seen that only the maximum increment size varies.
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Figure A.1: Comparison of response for different deformation shapes, t = 1
mm, v = 0.01 mm/s and e = 0.5 mm.
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Table A.1: Settings used to produce Figure A.1.

Symmetric deformation | Asymmetric deformation
Velocity [mm/s] 0.01 0.01
Total step time [s] 800 800
Increment size

Initial 0.1 0.1

Minimum 1x 1076 1x 1076
Maximum 1.6 0.9
Maximum number of increments 2000 2000

A.2
A.21

Uncertainty about whether the two deformation shapes presented in Section A.1 is
due to a numerical error or related to the post-buckling behaviour of dynamically
loaded plates, extensive tests were performed to investigate the observation. The
investigations carried out and their findings are presented in Subsections A.2.3 to
A.2.10.

Numerical problem or physical problem

Orientation

A.2.2 Slenderness of the plate

Four different slendernesses were investigated, different slendernesses were achieved
by changing the thickness of the plate.

The problem with inconsistent deformation shapes was only present for ¢t = 1 mm,
which is the most slender plate studied. When ¢t = 2, 3, and 4 mm, results
from the dynamic analysis for the lowest velocity matched the results from the
static analysis without any sensitivity to the increment size, in addition only the
symmetric deformation shape was observed for all velocities. Only the slender
plate with a thickness of 1 mm was thus studied further since the other thicknesses
produced satisfactory results.

In Section 5.1.3 it was found that only the plate with a thickness of 1 mm had
significant post critical buckling strength. When t = 2 mm a small post buckling
strength (almost negligible) could be seen and when t = 3 and 4 mm no post
critical buckling strength could be seen.

Therefore a study on a plate with a thickness of 1.5 mm was made to see if the
same problems occur for ¢ = 1.5 mm as for ¢ = 1 mm. In Figure A.3 the force-
displacement relationship when ¢ = 1.5 mm is presented, it is clear that the plate
has a post critical buckling strength since it buckles approximately at 24 kN and
carries load until the ultimate capacity is reached at 33 kN.

The two different deformation shapes appear also for ¢ = 1.5 mm, see Figure A 4.
This indicates that the symmetry issue is only prevalent for slender plates. This
sub-study also excludes the possibility that the problem is connected to the thick-
ness t = 1 mm only.
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Figure A.4: Post buckling deformation shape: a) Symmetric deformation for
the static case, b) Unsymmetrical deformation for the dynamic
case.

A.2.3 Increment size

As presented in Section 4.9.1 a maximum increment, At,, .., can be specified when
using the automatic increment size in Abaqus. During the process of finding a
suitable increment size to achieve a sufficient number of data points when post
processing the data, a sensitivity towards the choice of At,,.. was discovered.
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The settings held constant for all simulations in this sub-study are presented in
Table A.2. Table A.3 presents whether the deformation shape after buckling is
symmetric or non-symmetric, it is also presented how long the simulation was ran
in terms of in-plane displacement.

If the maximum in-plane displacement is equal to 8 it means that the full analysis
is performed, if it is less than 8 mm it means that the analysis gets stuck, taking
smaller and smaller steps until the simulation is aborted, either due to the allowed
maximum number of total increment is exceeded or due to the increment size
needed is smaller than the specified minimum increment At,,;,. To specify a very
small At,,;, or a very large allowed total number of increment does not effect the
results, it only allows the simulation to run longer, this was however negligible.

Table A.2: Simulation settings.

Parameter Value Unit
Initial imperfection 0.5 mm
Velocity 0.01 mm/s
Total step time 800 S
Initial increment 0.1 -

Minimum increment 1 x 1072 -

In Table A.3 the result for 10 different choices of At,,., is presented and it can be
observed that a non-symmetrical deformation shape is obtained 2 out of 8 times.
What can be noted is that no pattern can be seen, at least for this sample size.
Between At,,.. and the deformation shape, it seems to be random. It is worth
noting that when an unsymmetrical deformation shape is obtained, Abaqus has no
troubles with running the full analysis and At,,,, is utilized for a majority of the
increments, while for a symmetric deformation shape the analysis at some point
obtains convergence errors and gets stuck.

It is not at the point where the analysis gets stuck that a non-symmetrical de-
formation shape is formed, if a non-symmetrical deformation shape is formed it
is formed shortly after the ultimate load, which is approximately at u = 0.2-
0.3 mm depending on thickness of the plate and initial imperfections, see Figure
A.1. Based on the results in Table A.3 the occurrence of two different deformation
shapes seems to be a numerical issue rather than a modelling error.

Table A.3: maximum increment size and symmetry correlation.

Max increment [-] 0.8 109,09 | 10 [1.05|11]115| 1.2 | 1.5 | 3
Max in-plane displacement [mm] | 1.91 | 8 | 6.56 | 6.71 | 1.99 | 8 | 6.65 | 6.56 | 6.58 | 6.64
Symmetrical deformation yes | no | yes | yes | yes | no | yes | yes | yes | yes

A.2.4 Velocity ramp up

An investigation was made to see if velocity ramp-up time effects the deformation
shape. In Table A.4 the settings that are constant for all simulations in this sub-
study is presented and in Table A.5 and A.6 the result is presented. The initial
increment was set to one tenth of the ramp-up time to make sure that Abaqus
does not take to big jumps and the velocity is ramped up smoothly.
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The maximum ramp up time of 10 seconds was chosen so that the full amplitude of
the velocity is reached before the peak value of the force in the force displacement
curve for this specific plate and its associated parameters (thickness, imperfections
etc) is reached, to make sure that the correct speed is actually studied.

What can be seen is that the ramp-up time affects the deformation shape; how-
ever, no pattern of how it affects the shape can be seen. It seems random if the
deformation shape is symmetric or non-symmetrical when different ramp up times
are used.

Table A.4: Simulation settings.

Parameter Value Unit
Initial imperfection 0.5 mm
Velocity 0.01 mm/s
Total step time 800 S

Minimum increment 1 x 107% -

Table A.5: Deformation shape for different ramp up times when At,,.. = 1.6.

Ramp up time [s] 10 1 01 0.01 0.001
Initial increment size 1 0.1 0.00 0.001 0.0001
Maximum increment size 1.6 1.6 1.6 1.6 1.6
Symmetrical deformation yes yes yes no yes

Table A.6: Deformation shape for different ramp up times when At,,., = 1.1

Ramp up time [s] 10 1 01 0.01 0.001
Initial increment size 1 01 0.01 0.001 0.0001
Maximum increment size 1.1 1.1 1.1 1.1 1.1
Symmetrical deformation yes no no no no

A.2.5 Mesh size

The mesh was refined to deduce any mesh discretization dependence. The resulting
force-displacement relation for several mesh sizes are presented in Figure A.5, all
of which resulted in symmetric deformation. It can be seen that the influence of
mesh size is neglectable up to the ultimate load but past the ultimate load some
difference is observed. It was found that refining the mesh reduced increment
sensitivity, meaning that the analysis could be completed and obtain symmetric
shape for several increment settings. The unsymmetrical shape, though, remains
for some increment settings. The convergence analysis indicates that a coarser
mesh should have been used, see Table A.7 indicating that 50x50 elements is
appropriate. The dynamic effects were however possible to distinguish even at
such coarse mesh as 20x20 elements, thus no effort was done to re-run the analyses.
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Table A.7: Reaction force at 4 mm in-plane displacement for different mesh
size. Change decreases as the mesh gets finer, convergence at
around 50x50 elements since 2% is commonly allowed.

Elements RF [kN] change [%]
20x20 8.70

30x30 8.08 -7.13

40x40 7.75 -4.08

50x50 7.60 -1.94

60x60 7.45 -1.97

A.2.6 Mesh shape

The mesh layout was considered a possible cause. The mesh was made unsymmet-
rical by using quad-dominated - free - advancing font, see Figure A.6. No effects
were observed, results remained the same as for the structured mesh. Another
variant was tested in which the midpoint of the partitioned edges AD and BC,
was shifted upward and downward. This resulted in, when observed for a certain
increment setting, that the unsymmetrical shape shifted in the direction of the
shifted midpoint. An attempt of shifting the midpoints in different directions was
made to counteract the shift, however the shape instead shifted to the top.
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Figure A.6: Unsymmetrical mesh.

A.2.7 Load

The load application was investigated to deduce if the unsymmetrical loading was
the cause of the two possible solutions. The load was applied also at the bottom
edge, without any restraints in y-direction since the two loads cancel out the net
displacement and prevent rigid body motion, see Figure A.7. No effects were
observed and thus this alternative was left out.

Another loading variant was also tested, by prescribing the deflection on a reference
point, rigidly connected to the edge. No effects were observed.

Figure A.7: Two different load applications, top and bottom (left) and load
prescribed in reference point connected to nodes at top edge
(right).

VIII CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



A.2.8 Convergence tolerance

The convergence tolerance for the implicit step was decreased to force the solver
to find a more accurate solution. The hypotesis were that the standard settings
were too loose, and by decreasing the tolerance the solver is forced to check for a
closer solution. No effects were observed.

A.2.9 Imperfection amplitude

Different imperfection magnitudes e were considered in order to force the plate
into a symmetric shape. A range of magnitudes between 0.01 mm to 20 mm was
tested. Hypothetically, if the initial imperfection is large enough the deformation
would become symmetric since it is forced into the symmetric shape of the initial
imperfection, see Table A.9 for the results and Table A.8 for the settings used.

Although a symmetric deformation shape was obtained for all velocities when
e = 20 mm, we would not say that the hypothesis is true, since 20 mm corresponds
to L/5 which is very large, we expected a smaller imperfection to effect the result.
The "no" highlighted in red in the last row deviates from the rest of the results, it
is strange that the deformed shape goes from a symmetric shape for lower values
of the imperfection amplitude and then to a non-symmetric for e = 2 mm and
then back to symmetric when e is increased further.

Table A.8: Simulation settings for different velocities.

Parameter 10 mm/s 5 mm/s 1 mm/s
Ramp up time [s] I1x107% 5x1073% 1x 1072
Initial time increment 1x107* 5x107* 1x1073

Minimum time increment 1x 1078 5x 1078 1x 1077
Maximum time increment 1.6 x 1073 0.0032 1.6 x 1072
Total step time [s] 0.8 1.6 8

Table A.9: Effect of imperfection amplitude on deformation symmetry.

Imperfection amplitude [mm] 001 01 05 1 2 4 10 20
L/X 10000 1000 200 100 50 25 10 5
Symmetrical deformation (10 mm/s) no no no no no no 1No yes
Symmetrical deformation (5 mm/s) no no no no no no 1no yes
Symmetrical deformation (1 mm/s) yes yes yes yes no yes yes yes

A.2.10 Strain rate effect

The effects of strain rate was investigated by enabling strain rate effects through
the power law, trying two different loading speeds. For v = 100 mm/s, without
strain rate effects, the deformation is unsymmetric. With strain rate effects con-
sidered, the deformation becomes symmetric (a bit distorted). For v = 0.01 mm/s,
without strain rate effects, the initial state is symmetric but becomes unsymmet-
rical with strain rate effects turned on.

If instead the maximum incrementation is decreased to 0.9 (from 1.6), considering
v = 0.01 mm/s, the deformation is unsymmetrical independently of strain rate
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effects , different behaviour from the previous increment setting. The behaviour
for v = 100 mm/s is however the same as for the previous increment settings.

See Table A.10 for summarized observations.

Table A.10: Effect of strain rate and incremental settings on deformation

shape.
v [mm/s] 100 100 | 0.01 0.01 | 0.01 0.01 100 100
S.R on off | on off | on off on off
Max time inc. | 1072 1073 09 09 | 1.6 16 [1.6-10% 1.6-1073
Symmetric def. | Yes No | No No | No Yes Yes No

The result for v = 100mm/s is intuitively realistic for both increment settings,
implying that an increase in strength due to strain rate effects cancels out the un-
symmetrical shift (happens in the plastic region after utlimate strength is reached).
The result for v = 0.01 mm/s is however contradictory in-between the two settings,
making it difficult to establish any conclusions.

A.3 Concluding remarks

An extensive investigation was conducted to determine whether a modelling error
had occurred, what factors influence the deformation shape, and whether there
are any solutions to the issue where certain combinations of settings in Abaqus
led to unexpected, unsymmetrical deformation shapes.

It is unlikely that a modelling error was made, as satisfactory results can be
obtained. However, the issue lies in the inability to consistently reproduce the
same deformation shape across different prescribed velocities.

If the unsymmetrical deformation shape only appeared at high velocities the con-
clusion may have been that the unsymmetrical deformation shape is associated
with dynamic effects, however the problem arose for all velocities but to varying
extent, it is harder (maybe impossible for some velocities) to produce the sym-
metrical results at higher velocities.

Almost everything that was investigated related to the inconsistency with the
deformation shape had some influence on whether the deformation turned out to be
symmetric on nonsymmetric, for example a refined mesh decreased the sensitivity
towards the choice increment size. However no general solution to the problem
was found. Although this investigation identified factors that facilitated obtaining
the same symmetric deformation shape as in the static case, particularly at lower
velocities (< 1 mm/s), the issue persists at higher velocities, except when strain
rate effects are included

The cause of the inconsistency could be numerical noise, small round-off errors
in the solver can push the solution toward one path or the other. On the other
hand it can not be fully ruled out that the asymmetric deformation shape is a
valid correct solution, both deformation shapes might be equally realistic, the
uncertainties thus remain unsolved.
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Plots to motivate the choice of thickness

cl ear
clc
addpat h(' C:\ Users\ti m u\ OneDri ve\ Deskt op\ Exanensar bete\fonts');

%l ate properties
h = 200/1000; % Hei ght (m
b = 100/1000; % Wdth (m

%vat erial properties

fy = 355e6; % Yield strength (Pa)
E = 210e9; % Young' s nodul us (Pa)
v 0. 3; % Poi sson's ratio

%l ate is sinply supported along all four edges
a = h; % Plate | ength
k = 4; % Buckl i ng coefficient

%
epsilon = sqrt(235e6 / fy);
c =b;, %Plate width for classification

%
t _values = 0.8e-3:0.00001: 4. 1le-3;

rho_val ues = zeros(size(t_val ues));

| anbda_p_val ues = zeros(size(t_val ues));
sigma_cr_val ues = zeros(size(t_values));
sigma_max_val ues = zeros(size(t_val ues));

%teration over thickness val ues
for i 1: 1 ength(t_val ues)
t t_val ues(i);
| b * t”"3/ 12; % Monent of inertia

% Critical Buckling Load
sigma_cr = k*((pi"2*E)/ (12*(1-v~2)*(b/t)"2)); % Pa]
Pcr = sigma_cr*t; U N n

% assification (EN 1993-1-1 Table 5. 2)
Beta = c / t;

Cl = 33 * epsilon;

C2 = 38 * epsilon;

C3 = 42 * epsilon;

C4 = 42 * epsilon; %Class 4 lint

%8l enderness Cal cul ation (EN 1993-1-5 Table 4.1)
b_bar = b;

gaffel = 1; % Assune uniform conpression

k_sigma = 4; % Ilnternal conpression el ement




| anbda_p = sqrt(fy/sigma_cr);

% Apply the new condition for #
if lanmbda_p < 0.673

rho = 1; %Fully effective cross-section
el se

% ho = 1/1 anbda_p;

rho = (lanbda_p - 0.055 * (3 + gaffel)) / |anbda_p”2;
rho = max(rho, 0); % Ensure non-negative val ues
end
%vhaxi mum Load
Pmax = 1.9 * sqgrt(E * fy) * t~2; % N|
sigma_max = Pmax / (b * t); % Pa]

% Store results

fy = fy;

rho_val ues(i) = rho;

| anbda_p_val ues(i) = | anbda_p;
sigma_max_val ues(i) = sigma_mnax;
sigme_cr_values(i) = sigma_cr;
fy values(i) = fy;

end

% Define points to highlight (t =1, 2, 3, 4 nm
highlight _t =1[1, 2, 3, 4]; %t values in nm

%Initialize arrays for rho and | anbda_p correspondi ng
%tot =1, 2, 3, 4 mm

hi ghl i ght _rho = zeros(size(highlight_t));

hi ghl i ght _| anbda_p = zeros(size(highlight t));

% Cal cul ate corresponding rho and | anbda_p values for t =1, 2, 3, 4 mm
for i = 1:length(highlight_t)

t_mm = highlight_t(i) / 1000; % Convert nmto neters

index = find(t_values >>t_mm 1); % Find the closest index for t

hi ghl'i ght _rho(i) = rho_val ues(i ndex);

hi ghl i ght | anbda_p(i) = | anbda_p_val ues(i ndex);
end

% Define classification limts for width-to-thickness ratio (b/t)

ClL =33 * epsilon; %Class 1 limt
C2 = 38 * epsilon; %Class 2 limt
C3 =42 * epsilon; % Class 3 limt
C4 =42 * epsilon; %Cass 4 limt (sane as C3)

% Convert classification limts into thickness val ues
t C1 C1;

Q'a'Q
QAL

— — —~




% Recal cul ate signma_cr for each classification thickness

sigma_cr_Cl (pi*2 * E) / (12 * (1 - v~2)) * (t_C1 [/ b)"2
sigma_cr_C2 (pit2 * E) / (12 * (1 - v~2)) * (t_C2 ] b)"2
sigma_cr_C3 (pin2 * B / (12 * (1 - vr2)) * (t_C3/ b)n2
sigma_cr_C4 (pin2 * B / (12 * (1 - vr2)) * (t_CA4A ] b)n2

*

~ X X X
EE

% Recal cul ate sl enderness limts based on corrected sigma_cr

| anbda_Cl = sqrt(fy / sigma_cr_Cl);
| anbda_C2 = sqrt(fy / sigma_cr_C2);
| anbda_C3 = sqrt(fy / sigma_cr_C3);
| anbda_C4 = sqrt(fy / sigma_cr_C4);
figure(l)

plot(t_values * 1000, rho_values, 'k', 'LineWdth', 1.5);
hol d on;
pl ot (highlight _t, highlight _rho, 'ko', 'MarkerSize', 8, 'LineWdth', 1.5);

t_Cl = t_C1*1000;
t_C2 = t_C2*1000;
t_C3 = t_C3*1000;
t_C4 = t_C4*1000;

% Add vertical lines at |anbda_Cl, |anbda_C2, |anbda_C3, |anbda_C4

xline(t_C1, '--k');

xline(t_C2, '--k');

xline(t_C3, '--k');

xline(t_C4, '--k');

% Add horizontal |abels at each vertical line using the 'text' function

text((4.5-(4.5-t_CL)/2), 0.67, '"1', "Interpreter', 'latex','FontSize'
12, 'Horizontal Alignnent', 'center', 'Vertical Alignment', 'mddle');

text(t_C2-(t_C2-t_C1)/2, 0.65, '2', "Interpreter', 'latex','FontSize'
12, 'Horizontal Alignnent', 'center', 'Vertical Alignment', 'bottom);

text((t_C3-t_C2)/2+t_C2, 0.65, '3", "Interpreter', '"latex', 'FontSize'
12, 'Horizontal Alignment', 'center', 'Vertical Alignnent', 'bottomi);

text(t_C3 - 0.1, 0.65, "4, "Interpreter', 'latex','FontSize', 12,
"Horizontal Alignment', 'center', 'Vertical Alignnent', 'botton);

xl abel (' Plate Thickness t (nm)', 'Interpreter', 'latex');

yl abel (' Reduction Factor $\rho$', 'Interpreter', 'latex');

title(' Reduction Factor $\rho$ vs. Plate Thickness', 'Interpreter’,
"latex');

grid on;

| egend(' $\rho$ vs. t', 'Chosen thickness', 'Cross section class'
"Location', 'best', ‘'Interpreter', 'latex','FontSize', 14);

hol d of f;

ax = gca

ax. TickLabel Interpreter = 'l atex';




ax. Font Si ze=12

figure(2)

pl ot (| ambda_p_val ues, rho_values, 'k', 'LineWdth', 1.5);

hol d on;

pl ot (hi ghli ght | anbda_p, highlight_rho, 'ko', 'MarkerSize', 8,
"LineWdth', 1.5); % Highlight points

% Add vertical lines at |anbda Cl, |anbda_C2, |anbda C3, |anbda_C4

xline(lanmbda_C1, '--k');

xl'ine(lanbda_C2, '--k');

xl'ine(lanbda_C3, '--k');

xline(lanmbda_C4, '--k');

% Add horizontal |abels at each vertical line using the '"text' function

text ((lambda_C1-0.5)/2+0.5, 0.67, '1', 'Interpreter', 'latex'
"Font Si ze', 12, 'Horizontal Alignnment', 'center',
"Vertical Alignnent', 'nmiddle);

text ((l anbda_C2-1 anbda_Cl1)/ 2+l anbda_C1, 0.65, '2', 'Interpreter',
"latex',' FontSize', 12, 'Horizontal Alignnent', 'center',
"Vertical Alignnent', 'bottoni);

text ((l anbda_C3-1 anbda_C2)/ 2+l anbda_C2, 0.65, '3', 'Interpreter’,
"latex', 'FontSize', 12, 'Horizontal Alignnment', 'center',
"Vertical Alignnent', 'bottomni);

text(lanbda _C3 + 0.04, 0.65, '4', '"Interpreter', 'latex',6'FontSize'
12, 'Horizontal Alignnment', 'center', 'Vertical Alignnent', 'bottomni);

x| abel (' Sl enderness, $\lanbda_p$', 'Interpreter', 'latex');

yl abel (' Reducti on Factor $\rho$','Interpreter', 'latex');

grid on;

| egend(' $\rho$ vs. $\|anbda_p$', ' Chosen thickness',
'Cross section class','Location', 'best',
"Interpreter', 'latex','FontSize', 14);

hol d of f;

ax = gca

ax. Ti ckLabel I nterpreter = 'latex"';

ax. Font Si ze=12

figure(3)
plot(t_values * 1000, signma_cr_values/1le6, 'b', 'LineWdth', 1.5);
hol d on;

pl ot (t_val ues * 1000, signa_max_val ues/1le6, 'b--', 'LineWdth', 1.5);
pl ot (t _val ues*1000, fy val ues/1e6,'r',' LineWdth', 1.5)

x| abel (" Pl ate Thickness t [mm ', 'FontName', 'Serif');

yl abel (' Stress [MPa]', 'FontNane', 'Serif');




grid on;
legend(' Critical Stress (\signma_{cr})', ...
"Maxi mum Stress (\sigma_{nmax})',"'Yield Stress (f_{y})'

‘Location', 'best', 'FontNane', 'Serif');
hol d of f
figure(4)

pl ot (| ambda_p_val ues, sigma_cr_val ues/1le6, 'b', 'LineWdth', 1.5);
hol d on;

pl ot (I ambda_p_val ues, sigma_nax_val ues/1e6, 'b--', "LineWdth', 1.5);
pl ot (| ambda_p_val ues, fy_val ues/ 1e6, ' r',"' LineWdth', 1.5)

x|l abel (' Sl enderness', 'FontNane', 'Serif');

yl abel (" Stress [MPa]', 'FontNanme', 'Serif');

grid on;

legend(' Critical Stress (\sigma_{cr})"', ...
"Maxi mum Stress (\sigma_{max})',"'Yield Stress (f_{y})'
‘Location', 'best', 'FontNane', 'Serif');

set(gca, ' Fontnane', "Serif'")

ax =
Axes (Reduction Factor $\rho$ vs. Plate Thickness) with properties

XLim [0.5000 4.5000]
YLim [0.3000 1]
XScal e: 'linear'
YScal e: 'linear'
GidLineStyle: '-
Position: [0.1300 0.1100 0.7750 0.8150]
Units: 'normalized

Use CET to show all properties

ax =
Axes (Reduction Factor $\rho$ vs. Plate Thickness) with properties

XLim [0.5000 4.5000]
YLim [0.3000 1]
XScal e: 'linear'
YScal e: 'linear'
GidLineStyle: '-'
Position: [0.1300 0.1136 0.7750 0.8114]
Units: 'normalized

Use CET to show all properties

ax =

Axes with properties:




XLim [0.5000 3]
YLim [0.3000 1]
XScal e: 'linear'
YScal e: 'linear'
GidLineStyle: '-
Position: [0.1300 0.1100 0.7750 0.8150]
Units: 'normalized

Use GET to show all properties

ax =
Axes with properties:

XLim [0.5000 3]
YLim [0.3000 1]
XScal e: 'linear'
YScal e: 'linear'
GidLineStyle: '-'
Position: [0.1300 0.1136 0.7750 0.8114]
Units: 'normalized

Use CET to show all properties

Published with MATLAB® R2022a
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Building your tomorrow.

T130-75L-930 Isolerat tak

3x310=930

111

1]

75

TVARSNITTSDATA Tabell 1
Plattjocklek, nominell t mm 0,70 0,80 0,90 1,00 1,20 1,50
= Plattjocklek vid berakning toer mm 0,66 0,76 0,86 0,96 1,16 1,46
< Strackgrans fiy N/mm? 350 350 350 350 350 350
-
2 Massa m kg/m 824 | 942 | 1060 | 11,78 | 14,13 | 17,66
Egentyngd G kN/m? 0,09 0,10 0,11 0,13 0,15 0,19
5 Upplagsreaktion for s=100 mm Rsw.rd kN/m 18,60 24,60 31,60 39,80 60,00 96,90
< ,
- Smal flans tryckt | Moment Ms Rrd kNm/m 10,88 13,27 15,48 17,69 23,47 33,60
< "
a Troghetsmoment Iset mm*mm | 2487 | 2863 | 3239 | 3616 | 4368 | 5496
% Upplagsreaktion for s=100 mm Rbw.Rd kN/m 20,70 28,20 36,30 | 44,70 63,50 96,90
<Z( Bred flans tryckt | Moment Mb,Rrd kNm/m 9,11 11,40 13,80 16,28 21,10 26,87
o N
F Troghetsmoment Iset mm¥mm | 2314 | 2731 | 3156 | 3584 | 4368 | 5496
Livbuckling Vwrs  kN/m 304 | 448 63,1 855 | 1424 | 2193
Skjuvbuckling Flansbuckling Vird kN/m 44.6 66.0 93.0 120.9 172.8 267.2
< _ : . . , , )
'a‘( Globalbuckling Vgra-L?  kN/m 768 950 1143 | 1348 | 1790 | 2527
E Bojning profilhdrn VrRd kN/m 9,6 11,9 14,3 16,8 22,4 31,6
o | Andstod Upplagsreaktion av skivkraft RvV 1,06 1,06 1,06 1,06 1,06 1,06
Dragkraft i fastdon FealV 0,165 | 0,165 | 0,165 | 0,165 | 0,165 | 0,165
SNABBDIMENSIONERING - Tvafacksplat i sékerhetsklass 2 e Tabell 2
Snézon Maximal spannvidd L for olika tjocklekar t, upplagsbredder Is och snézoner sk
Sk t=0,70 t=0,80 t=0,90 t=1,00 t=1,20 t=1,50
kN/m? ls=100 | 1s=200 s=100 | 1s=200 s=100 | 1s=200 ls=100 | 1s=200 ls=100 | 1s=200 | Is=100 | ls=200
1 6,2 6,8 7,2 7,8 8,1 8,6 8,8 9,3 9,6 9,6 9,6 9,6
15 51 5,7 6,0 6,6 6,8 7.3 7,5 7.9 8,9 9,3 9,6 9,6
2 4,4 4,9 5,2 5,7 5,9 6,4 6,5 7,0 7,8 8,3 9,6 9,6
2,5 3,9 4,4 4,6 51 5,3 5,7 5,8 6,3 7,0 7,5 8,7 9,2
3 3,5 4,0 4,2 4,7 4,8 5,2 5,3 5,8 6,4 6,8 8,0 8,2
4 2,9 34 35 4,0 4,0 4,5 4,5 5,0 5,5 5,9 6,9 7,3

FORKLARINGAR

Snabbdimensionering enligt tabell 2 géller i sékerhetsklass 2 for

egentyngd Gk = 0,3, formfaktor fér sné u=0,85 och ett vind-

hastighetstryck pa gk = 0,7 med cpep =0,5. For sékerhetsklass 3
kan spénnvidderna reduceras med 7%.

Dimensioneringsvarden beror av byggnadens sékerhetsklass.
Takplat utsatt for transversallast och som inte har stabiliserande
funktion dimensioneras i normalt sékerhetsklass 2.

PI&t som stabiliserar stommen genom skivverkan dimensioneras
for denna del av lasten som stommen, normalt sékerhetsklass 3

och for samtidig transversallast i sékerhetsklass enligt ovan.

Nedbojningen ar kontrollerad for L/200. Beakta kanslighet i

anslutande detaljer

For andra forutsattningar anvéand Ruukkis dimensionerings-

program Poimu

Minimiinfastning:
Andupplag

Mellanupplag, &nddverlapp

Siddverlapp

Vid skivverkan erfordras normalt fler inféastningar

2 skruvar i varje profilbotten

Max c/c 500mm

GABARHET Tabell 3
Tjocklek Rekommenderad max spénnvidd
Enfack Flerfack
0,70 6,6 7,8
0,80 74 8,6
0,90 7,8 9,0
1,00 8,0 9,0
1,20 8,2 9,0
1,50 8,4 9,0

1 skruv i varje profilbotten
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MAXIMALA BELASTNINGAR i kN/m? Tabell 4
Upplags- Tjock- | Last-|Begrénsningar Spannvidder L (m)
fall lek Fall
mm 5., 54 57 60 63 66 69 72 75 78 81 84
1 Moment 280 250 224 202 184 167 153 141 130 120 111 1,03
0,70 3 Nedbdjning 1,41 119 101 086 0,75 065 057 050 044 039 035 031
2 Vindsug 335 298 268 242 219 200 183 168 155 143 133 123
1 Moment 351 313 281 253 230 209 192 176 162 150 139 129
0,80 3 Nedbdjning 166 140 119 1,02 088 077 067 059 052 046 041 0,37
2 Vindsug 408 364 327 295 267 244 223 205 189 174 162 150
1 Moment 424 379 340 307 278 253 232 213 19 181 168 156
0,90 3 Nedbdjning 192 162 1,37 118 102 089 077 068 060 054 048 043
2 Vindsug 476 425 381 344 312 284 260 239 220 204 189 176
- 1 Moment 501 447 401 362 328 299 274 251 232 214 199 1,85
1,00 3 Nedbdjning 218 184 156 134 116 1,01 088 0,77 069 061 054 0,49
2 Vindsug 544 485 436 393 357 325 297 273 252 233 216 201
1 Moment 649 579 520 469 425 388 355 326 300 277 257 239
1,20 3 Nedbdjning 266 224 190 163 141 123 107 094 083 074 066 059
2 Vindsug 722 644 578 522 473 431 394 362 334 309 286 266
1 Moment 826 737 662 597 542 493 452 415 382 353 328 3,05
1,50 3 Nedbdjning 334 281 239 205 177 154 135 119 1,05 093 083 075
2 Vindsug 10,33 922 827 747 677 617 565 519 478 442 410 381
1 Upplag 100 232 213 19 181 168 156 146 136 128 120 113 1,06
0,70 1 Upplag 200 273 250 229 210 194 180 167 156 145 136 128 1,20
3 Nedbdjning 360 304 258 221 191 166 146 128 113 101 090 081
2 | Vindsug 280 250 224 202 184 167 153 141 130 120 111 103
1 Upplag 100 300 2,74 252 233 215 200 1,86 174 163 153 144 135
0,80 1 Upplag 200 350 3,19 292 268 247 228 212 197 184 1,72 161 1,51
3 Nedbdjning 422 355 302 259 224 195 1,70 150 1,33 1,18 105 0,94
2 | Vindsug 351 313 281 253 230 209 192 176 162 150 139 129
D 1 Upplag 100 366 3,35 308 283 262 243 226 211 197 185 1,74 163
y 0,90 1 Upplag 200 425 387 353 324 298 276 256 238 221 207 194 1,82
3 Nedbdjning 484 408 347 297 257 223 195 1,72 152 135 121 1,08
b 2 | Vindsug 424 379 340 307 278 253 232 213 196 181 168 156
1 Upplag 100 433 396 363 334 309 286 266 248 231 217 203 1091
- 1,00 1 Upplag 200 500 454 4,15 380 350 323 299 278 259 242 226 212
L 3 Nedbdjning 546 460 391 336 290 252 221 194 1,72 153 136 1,22
2 | Vindsug 501 447 401 362 328 299 274 251 232 214 199 185
1 Upplag 100 592 540 495 456 420 389 362 337 314 294 276 259
1,20 1 Upplag 200 680 6,17 563 516 474 437 405 376 350 326 305 2,86
3 Nedbéjning 664 559 475 408 352 306 268 236 209 186 166 1,49
2 | Vindsug 649 579 520 469 425 388 355 326 300 277 257 239
1 Upplag 100 871 794 727 668 616 570 529 493 460 430 403 3,79
1,50 1 Upplag 200 994 902 822 752 691 637 589 547 509 474 443 415
3 Nedbéjning 835 704 598 513 443 385 337 297 263 233 208 1,87
2 | Vindsug 826 737 662 597 542 493 452 415 382 353 328 3,05
FORKLARINGAR
Alla data ar baserade p& Eurocode och EKS10. Platen kontrolleras for dar
foéljande lastfall: Gk Egentyngd
n Formfaktor for snolast
Brottgranstillstand: sk Karakteristisk snolast
Lastfall 1 - Egentyngd, sné som huvudlast och vindlast Cpep  Formfaktor for vind, tryck
Qu=1v, 089135 G+ y,- 15 p-s + vy 7,15 R Cpes Formfakt.or.for vindt sug
O Karakteristiskt hastighetstryck
Lastfall 2 - Vindsug som huvudlast och egentyngd yo  Faktor for kombinationsvérde - vind yo=0,3
Qp=1415-¢,.-q-10- Gk y1  Faktor for frekvent varde for variabel last
y1= 0,3 for sndézon sk=1,0 -1,5
Bruksgranstillstand: y1= 0,4 for sndzon sk=2,0- 2,5
. . y1= 0,6 for snézon sk= 3,0 - 6,0
Lastfall 3 - Egentyngd, sn6 som huvudiast och vindlast Yd Partialkoefficient med hénsyn till sékerhetsklass
Q=G tv, ns ya= 0,83 for sékerhetsklass 1
Nedbéjningen kontrolleras fér L/200 va = 0,91 for sékerhetsklass 2

vd = 1,00 for sékerhetsklass 3



Appendix D

Table D.1: Material model data points used in Abaqus

Yield stress [MPa] | Plastic strain [-]

355.5 0

361.09 0.016
399.86 0.030
460.21 0.054
489.40 0.072
513.60 0.094
535.77 0.117
557.9 0.139
571.49 0.151

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 XXI
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Explosion load - CSM

Load 3
P:=73.8 kPa b:=558 mm width were the load is applied
1:=240 Pa-s b :=930 mm  total width of the CSM strip
L:=6000 mm
b A:=b.L=3.348 m’
i=——=0.6
T Ayi=by,+ L=5.58 m?
P
80

ippi=——=400 Pa-s
Yo

Distributed mass and total mass

k
My =166 —o 1y =y, » Agyy = 926.28 kg
m
k
Mypi=332 —o =y Ay = (1.853+10%) kg
m

kr=0.667 (Simply supported, plastic case, see table below)

Jamnt utbredd last
\ { P! I | I Ny !
s i @& |4 N rol (A
Utbdjningskurva elastiskt fall
K, 0,504 0,406 0,483 0,257
Ky 0,640 0,533 0,600 0,400
Kop 0,787 0,762 0,805 0,642

Utbdjningskurva plastiskt fall

K 0,333 0,333 0,333 0,333

A 0,500 0,500 0,500 0,500

K,r 0,667 0,667 0,667 0,667




Momentum

I:=i-A,,=(1.339:10%) N+s

Effective mass
Mefy =My * Kpyp=617.829 kg

My =My K= (1.236-10°) kg

Exterior work
IZ

Wy =———=(1.451-10%) J
*Mepy
1—2
Wy i=———="725.709 J
2 * mef2

Static response:

R
RmazﬁtO.? :=9.4 kN q,q ::M: 1.685 kPa
tot
R,,ux 11.05:=16.8 kN  (See graph below) R
- gyi= max_t1.05 —3.011 kPa
Rmax?t1.4 =26 kN tor
R
gyi=—222t — 4 659 kPa
tot
5355

——t=0.7

—e—1=1.05

Reaction force [kMN]

—a—t=14

0 50 100 150 200 250 300 350 400 450 500

Qut-of-plane displacement [mm]



P
—=24512 ;=10

W E=W_I
WI,l ::WEI = (1,451 . 103> J

W imoda =W e =T725.709 J

Non-Commercial Use Only



--> Compare with area under static load - deflection curve

--> It is calculated how large deflection (w in a excel table which is used to plot the graphs
above) is needed to get a area, that is the same magnitude as WI.1 and WI.2 for the three
different thicknesses
and 2 different masses

--> Expected maximal out-of-plane displacement:

t=0.7, m = 332 kg/m~2 -->112.5mm
t=0.7, m = 166 kg/m~2 --> 210 mm

t = 1.05, m = 332 kg/m~2 --> 80 mm
t =1.05, m = 166 kg/m~2 --> 130 mm

332 kg/m~2 --> 65 mm

t
t 166 kg/m~2 --> 100 mm

1.4, m
1.4, m
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Input data

Hole diameter dy:=5.5 mm
Screw diameter d:=5.0 mm

Screw distance to free e,:=37.5 mm

edge
Screw distance to web e,:=37.5 mm
€2
Plate thickness t:=1.05 mm ﬁ
R €1 |
Steel tensile capacity  f,:=500 MPa

Springs per fastener n:=17

Capacity (Eurocode, one screw)

e
Tensile failure  F,:= (2.8-%— 1.7) *fu+d-t=50.663 kN

e
Shear failure ~ F,:=2.5-|—|+f,-d-t=14.915 kN
3-d,

Elongation F,:=25-f,-d-t=6.563 kN
Actual force in spring

_ _ min (Fy,F,,F.,)
Mid springs mid = =937.5 N

n
F .

Edge springs at symmetry line Fige ::%:468.75 N

Q o) o)

Y Ceeccccanced

Mid springs, stiffness K

Edge springs, stiffness K/2
T e—
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Hand calculation - static capacity CSM

Calculation of Loadbearing capacity of CSM strip with 3 corrugations and length 6 m
with the following thicknesses:

-t1 = 0.7 mm

-t2 = 1.05 mm

-t3=1.4mm

0:=64.5.—
180

L:=6m

t,:=0.7 mm

t,:=1.05 mm

t3:=1.4 mm

t:i=t, Change to desired thickness
Ymo:=1.0

fy=355 MPa

Jyp=355 MPa,

E:=210000 MPa

Cross-section:

111 111 111

115.5° 115.5°




Effective width compressed part of the web
*1993-1-3 chapter 7
B (7.53)

yb
Yo

seff.O :=0.76+t-

he:=59 mm (AutoCAD, (reasonable since we have more
h,:=71 mm mass at the top 111 > 75))

Seff.l = Seff.O =25.878 mm (7-54)

Seffmi=1.5+5.70=38.818 mm  (7.59)

(a) without stiffener

hC
=65.368 mm

sin (9)
Seff.1t Sefrn=64.696 mm < Sn, ok! (if not, see 7.60 and 7.61)

Sn =



Effective width compression flange:
*1993-1-5 chapter 4

b:=111 mm
:\/235-MPa 0814
fy
1!)::1
homd (Table 4.1)
b
Api=——————=1.716
28.4.c-4/k,
A, —0.055-(3+
pi=—"t (B+9) =0.508 (4.2)
A
beff:b'p:56402 mm (Table 4.1)

beff.l = beff' 0.5=28.201 mm

beff.2 = beff. 0.5=28.201 mm

Effective cross-section for one corrugation:

_beffl  beff2

37.5 37.5



Sectional constants:

t t t
beff,l-t-5+beff,2-t-5+2.37.5 mm-t-|(130 mm)+5 J

s S
+2+ 5570+t |sin (0) .~ . +2+5epp 0t || 5, ——2 |+ sin () Al
2 2 2 2
130 mm
130 mm sin(6) " t
2| =5, t-|s,-sin(6) + -sin(0) +—
sin (6) 2 2
ZTP.eff = =68.724 mm
beff.l't+beff‘2't+2'37-5 mm-t J
+2°Seff1't (J
130 mm
+2.8 t+2e|—— —5 |-t
offn ( sin (9) n)
ZTP.eff.top = ZTP.eff =68.724 mm
21p.eff.bottom = 130 MM —21p opp+1=62.676 mm
zIP.eff.top
130 ‘
ZTP.eff bottom

375 37.5



contribution around weak axis is disregarded since t <<< length

t 2
Ibottom.flange =37.5mm-t- (ZTP.eff.bottom _5) = <2017 ‘ 105) mm4

t 2
Tyepi= <beff.1 + beff.2> «t- (ZTP.eff.top_E) = <3-654 . 105) mm'

2D rotation matrix:
(needed since the webs are rotated with respect to the global coordinate system, (only
for illustrational purposes, not actual variables))

Rz cos(@) —sin(@)] - I,

sin (9) cos (9) I, I

zy zz

2

=ReIpuR" > I,=I, ., sin(0)

Yy zz.loca

Explanation of notation on this and the next page:

Example:
B
F N7
ol
7 .

o

seffl \ beffl beff2

seffn e

bottom web R

bottom flange



130 mm iy 3 »
sin(@) "

12

Ibottom.web.local.z =

2
Ibottom.web.global.y = Ibottom.web.local.z S (0) d

130 mm 2
130 mm sin (6) o t
—8p |+t | ZrP.cff.bottom — «sin(0)|——
( Sin(@) ) TP. ffb tto 2 ( ) 2
S ff 3 ot
1 )
Iseff.l.local.z ::eT: <2.022 . 103> mm4
i 2 5 4
Iseff-l-global.y *=Lgeff.1.l0cal.z * S (9) d = (1.167-10 ) mm

2
$ t
ff1 .
+Seppatte (ZTP.eff.top - e? *sin (9) — 5)

3
] -t
IsEff.n.local‘z ::% = <6824 -10° > mm*
2
Iseff.n.global.y =dgseffn.docal.z sin (9) d = <4‘384 : 104> mm4

2
Seffn |, ¢
+ Seffn® te (zTP.eff‘top - (Sn - 62 ~|+sin (9) _5

Ieff.y ::Ibottom.flange 2 +Ibeff+Ibottom.web.global.y *2d= <1337 ° 106> mm*

+ Iseff.l.global.y <2+ Iseff.n.global‘y 2

I
W p=—— Y —(2.133.10") mm?
ZTP.eff.bottom
I .
Woppem—Y = (1.945-10") mm?
RTP.eff.top

Wppi=3emin (W, Wepr) (X3 since we have modelled 3 corrugations in Abaqus)

fyb

M, pq= Weff :
Ynmo

=20.714 kN -m (8.10), Weff < Wel since CSC4




M
CRd _ 4 603 —— kN

=8
q I m

F,,;:=q-L=27.618 kN

FEM: (F is the total reaction force of the CSM on both sides, and e = 0.5 is used as
amplitude for the initial imperfections which is approx. b/200)

-t=0.7mm: F=9.2kN

-t=1.05mm: F=17.8 kN

-t=14mm: F = 28.8 kN

Analytical:

-t=0.7mm: F=7.972 kN
-t =1.05 mm: F = 16.465 kN
-t=14mm: F=27.618 kN

FEM with combination of 2 modes:

-t =0.7 mm: F = 7.6 kN (unclear if the peak is reached)
-t=1.05mm: F=17.1 kN

-t=1.4mm: F = 27.3 kN

Difference when only first mode:
-t=0.7 mm: 13.35%

-t = 1.05 mm: 7.50%

-t=14mm: 4.10%

Difference when using and combining 2 modes:
-t =0.7 mm: -4.2%

-t =1.05mm: 3.7%

-t=14mm: -1.16%
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Hand calculation - stiffness of CSM

0:=64.5—
180

L:=6m

t,:=0.7 mm

t:=1.05 mm

t3:=1.4 mm

t::tg

Ymo=1.0

f,=355 MPa
f,p1=355 MPa
E:=210000 MPa

btop flange®

bbottom.flange :=37.5 mm

_ 130 mm

b gin (0)
111
1i5.5,°\

130
- 64.5°

Change to desired thickness

=111 mm

=144.031 mm

111

(5

115.5°

75

111

115.57




Stiffness without area reduction
Sectional constants:

t
zTP.top = 59 mm + —_—

2P bottom = 11 MM + >
t)? 5 4
Ibottom.flange = bbottom.flange “t- (zTP.bottam - 5) = <264‘7 -10 > mm

t 2
Itop.flange = btop.flange ot (ZTP.top - 5) = <5409 -10° > mm4

te lweb3

12

2
I’web.global = I’web.local -sin (0) + lweb ot (

web.local "=

2
W—z@m) =(2.912.10%) mm*

Itot =3 <2 ° Ibottom.flange + Itop.flange +2- Iweb.global) = <4958 ° 106) mm’

Stiffness with area reduction ("effective stiffness")

ZTP‘Eff.tOp = 68-724 mm

2P eff bottom = 62.676 mm

5::”w:0.814 Pi=1 k=4
£y

btop.flange

t
)‘p = —1.716

28.4-e-1\/k,
A, —0.055+(3+
pi=— 2( V) =0.508
AP
beff = btop.flange p= 56.402 mm

beff.l = be o 0.5=28.201 mm

beff.2 = beff' 0.5=28.201 mm



S 0 ::0-76't'
I fyb

Yo

Seff.1*= Seff.0= 25.878 mm

sEff.n :=1.5. SEff.O =38.818 mm
z
=P _ 66,143 mm

S +s =64.696 mm S, :
eff.1 effn n sin (0)

t 2
Ieff.bottom.flange =37.5 mm-t- (ZTP.eff.bottom_E) = <2017. 105> mm4

t 2
Lefptop.fiange = (Vegp.a+ begra) = £ (zTP.eff.top - 5) =(3.654:10°) mm*

130 mm 3
— —_s,| -t
( sin (9) )

I =
bottom.web.local.z
12

2

Ibottom.web.global.y = Ibottom.web.local.z -sin (9) d
130 mm 2
—— 35,
+ 130 mm s tela sin (9) sin (9) t
sin (9) n TP.eff.bottom 2 5
3
S ot
ff.1 .
Iseff.l.local.z ::eT: <2022 d 103> mm4
2
Iseff.l.global.y =dgeffocal.z® sin (6) d = <1.167 . 105> m’rn,4
2
S t
ff1r .
+Seppavte (ZTP.eff.top - —62 +sin (6) — 5)

3
S ot
Iseff.n.local.z::eff#: (6824 ° 103) mm4
=(4.185-10*) mm'

2
Iseff.n.global.y =dseff.n.local.z® sin (9) d

2
S t
+Seff.n't' (ZTP.eff.top_ (Sn 62 ") * S (0) _5)



6 4
Ieff.tot =3+(2- Ieff.bottom.flange + Ieff.top.flange +2- Ibottom.web.global.y 4= <3997 -10 > mm
+2- Iseff.l.global.y +2- Iseff.n.global.y

I =(4.958-10°) mm*

I
Reduction := (1 —M) =19.377%

tot

384-E-1
k= "' _370.212 kN
5.L% m
384-E-1
kppi=———— I 298,478 Ll
5.L° m
SUMMARY:
t=0.7:
-k = 185 kN/m
- keff = 114 kN/m
t = 1.05:
-k = 278 kN/m
- keff = 198 kN/m
t=1.4:
- k = 370 kN/m

- keff = 298 kN/m
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