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ABSTRACT

The shear resistance of thin metal plate consists of three components: shear buckling,
the tension field effect and contribution of the flanges. This study considers the first
two. The shear resistance of metal plate at elevated temperatures is known when
temperature across the plate is constant. However, in many practical applications, such
as webs of all-metal sandwich panels and slim floor beams in fire, the temperature
distribution across the plate is non-uniform.

This study presents the results of a FEM analysis of thin carbon steel, aluminium and
stainless steel plates at different non-uniform elevated temperatures. The temperature
distributions were motivated by fire tests in literature (on slim floor beam and sandwich
panel) and FEM calculations based on the general heat transfer theory. Material and
geometric non-linearity were applied in the model. The material models were obtained
from the most novel EN standards. The imperfections for the analysis are introduced by
superimposing the eigenmodes of the plates.

The benchmarking cases used to validate the FEM models are resistances of the plates
at uniform elevated temperatures. These results are compared to the test results
available in literature.

Two methods for predicting the shear buckling, post-buckling and ultimate shear
resistances of thin metal plates at non-uniform elevated temperatures are proposed.
Design methods are given for carbon steel, aluminium and stainless steel and
comparison against the FEM and EN results is made. The proposed methods are
calibrated so that they give safe results compared to the considered FEM results.



THVISTELMA

Ohuen metallilevyn leikkauskestavyys koostuu kolmesta osasta: leikkauslommahdus,
vetokenttd ja ympéroivien rakenteiden osuus. Tassa tutkimuksessa késitelladn kahta
ensimmaistd. Mikali uuman lampétila on tasainen, kirjallisuudesta 10ytyy kokeiden
tuloksia ja teorioita leikkauskestavyyden laskemiseen. Epadtasaisen lampétilan
vaikutusta ei sen sijaan ole tutkittu aiemmin. Kuumia epétasaisia lampdtiloja
leikkausrasitetuissa levyissa voi esiintya esimerkiksi metallikennojen ja hattupalkkien
uumissa tulipalotilanteessa.

Tassa tutkimuksessa esitetddn numeerisen laskennan tulokset ohuille hiiliteraksesta,
alumiinista ja ruostumattomasta terdksestd valmistetuille levyille erilaisissa
epatasaisissa lampotilajakautumissa. Lampotilajakaumat on valittu Kirjallisuudesta
I0ytyvien polttokokeiden (matalalattiapalkille ja metallikennolle) ja suoritettujen
numeeristen laskelmien perusteella mahdollisimman realistisiksi. Laskentamallissa
otetaan huomioon sek& geometrinen ett4 materiaalimallien epalineaarisuudet. Korkeiden
lampotilojen materiaalimallit ovat uusimpien EN standardien mukaiset. Levyjen
alkuh&iriot on muodostettu yhdistelemalld alimpia ominaismuotoja.

Numeerisen laskentamallin kéyttokelpoisuus todetaan laskemalla leikkauskestavyyksia
kuumissa, tasaisissa lampotiloissa. Saatuja tuloksia verrataan kirjallisuudesta 16ytyviin
koetuloksiin.

Tutkimuksessa esitellddn kaksi menetelmda ohuen metallilevyn leikkauskestavyyden
laskemiseksi kuumassa epatasaisessa lampotilassa. Menetelmat esitetdan hiiliteraksestd,
alumiinista ja ruostumattomasta teréksestd tehdyille levyille ja menetelmien antamia
tuloksia verrataan numeerisella laskennalla ja EN standardeilla saatuihin arvoihin.
Laskentamenetelmét ovat kalibroitu siten, ett4d ne antavat varmalla puolella olevia
tuloksia numeeriseen laskentaan verrattuna.
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NOTATIONS

Roman characters

hw

kkq
kE! kE,q
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K
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L
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ts

tyf

Ux, Uy, Us
\Y
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VbtRrd, ViRd
Vow,rds Vw,Rd
VCr

ViitRd
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viii

distance between stiffeners of the web plate
length of the gusset plate

width of flange

width or depth of a cross-section

factor related to method of reference temperature
elastic modulus

ultimate strength for aluminium

strength for overall yielding for aluminium
strength for overall yielding for aluminium flanges
ultimate strength

yield strength

yield strength of flange material

height of the plate

height of the gusset plate

height of the web

reduction factor

reduction factor of elastic modulus

reduction factor for design vyield strength at average
temperature of plate

shear buckling coefficient

reduction factor for yield strength at average temperature of
plate

length

bending moment

design bending moment

resistance

thickness

thickness of flange

thickness of lower flange

displacements

shear force

shear force resistance at ambient temperature
contribution of flanges to shear resistance
contribution of web to shear resistance

shear buckling load

shear resistance at elevated temperatures
post-buckling resistance
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Vit ultimate shear resistance
X, Y, Z co-ordinates

Greek characters

a thermal expansion coefficient

Cw shear buckling factor for carbon and stainless steel
e coefficient dependent on fy

Ivo partial factor for resistance of cross-sections
g partial factor related to instability of member
O fi partial factor for relevant material property, for fire situation
h factor for shear area

11, slenderness parameter

n Poisson’s ratio

q temperature

G material temperature

Geold coldest plate temperature

Ghot hottest plate temperature

Qhmid temperature in the middle of the height of plate
Gweb average plate temperature

ry shear buckling factor for aluminium

s normal stress

s, S principal stresses

t shear stress

t critical shear stress

terg critical shear stress for the gusset plate

ty, tip, tipg ultimate shear stress

Ly shear yield stress



1 INTRODUCTION

1.1 Background and history

Fire resistance of structures has drawn much more attention since the collapse of the
World Trade Center towers [Duthinh et al, 2008], [Quintiere et al, 2002], [Dai et al,
2010]. The safety of the people and property inside buildings in a fire situation is a
major concern. People inside or in the neighbourhood should be able to escape safely
before a structure or a part thereof fails at elevated temperatures. The structures of ships,
trains and other vehicles need to be designed fire resistant, too. Elevated temperatures
occur also in hot gas ducts and similar industrial structures.

Many structures of buildings, vehicles and industrial products are composed of thin
plates. Webs of slim floor beams in buildings and the all-metal sandwich panels mainly
used in ships in fire are examples of possible applications of this study, also illustrated
in Figure 1.1.

Figure 1.1. Metal plates (webs) under shear loading at non-uniform elevated
temperatures.

The main focus of this study is on plates made of metal (carbon steel, aluminium and
stainless steel). The shear resistance of thin metal plate at non-uniform elevated
temperatures is an important, unsolved factor as regards the many applications
mentioned above.

A thin metal plate is capable of carrying considerable additional shear load in excess of
its elastic shear buckling load. After buckling occurs, a new load carrying mechanism



develops, whereby any additional shear loading is supported by an inclined tensile stress
field. Material yielding and geometrical buckling are two independent phenomena, but
they may well interact with each other and produce complex behaviours [Gheitasi,
Alinia, 2010]. As the applied loading increases, the tensile membrane stress grows until
the yield stress of the material is reached. When the web has yielded, final collapse will
occur when plastic hinges form in the supporting structures [Real et al, 2007].

Wilson was the first to discover post-buckling behaviour as early as 1886 [Wilson,
1886]. The first calculation model was developed by Rode in 1916, when he adopted a
tension field width of 50 times the thickness of the plate [Rode, 1916] (left-hand side of
Fig. 1.2). His theory was never used in design, because it had not been verified by tests.
In the 1930’s Wagner presented a pure tension field theory for aircraft structures
[Wagner, 1931] (right-hand side of Fig. 1.2). That theory is suitable only for extremely
thin aircraft structures attached to very rigid boundary elements. Even though the
existence of post-buckling shear capacity was discovered, it was not considered directly
in the design of plate girders in civil engineering. Post-buckling strength was accounted
for only indirectly in design by lowering safety factors [Alinia et al, 2009(c)]. Elastic
buckling remained the basis for plate girder design until the 1960’s.
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Figure 1.2. Tension field theories by Rode [Rode, 1916] (left) and Wagner [Wagner,
1931] (right).

In 1959, Basler and Thurlimann performed an extensive study on the post-buckling
behavior of plate girder web panels under shear loading [Basler, Thurlimann, 1959].
The American Institute of Steel Construction (AISC) was the first to include post-
buckling shear strength in its specifications [AISC, 1963] as a result of the above study
and another two by Basler [Basler, 1961(a)], [Basler, 1961(b)]. According to Basler’s
theory, the tension field is anchored only to the vertical stiffeners because of the lack of
rigidity of the flanges (left-hand side of Fig. 1.3).

Basler and Thurlimann’s theory was followed by modified failure theories intended to
achieve better correlation between theory and tests. Rockey and his co-workers
proposed a theory, which assumed that flanges could develop plastic hinges after
tension field action [Rockey et al, 1978] (right-hand side of Fig. 1.3). This theory was



eventually included in the British Standard [BS 5950, 1990]. According to Lee et al, the
majority of all steel bridges in the world have been designed and built based on theories
by Basler and Rockey or their derivatives [Lee et al, 2008].

hl v % hl v %
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Figure 1.3. Tension field theories by Basler [Basler, 1961] (left) and Rockey et al.
[Rockey et al, 1978] (right).

In Eurocodes [EN 1993-1-5, 2005], the shear resistance of slender plates is based on the
rotated stress field theory as proposed by Hoglund [HOglund, 1972] (left-hand side of
Fig. 1.4). The tension field theory by Dubas and Gehri also agrees well with the test
results [Dubas, Gehri, 1986] (right-hand side of Fig. 1.4). These theories are described
in more detail later in this thesis.
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Figure 1.4. Tension field theories by Héglund [Hoglund, 1972] (left) and Dubas &
Gehri [Dubas, Gehri, 1986] (right).

In addition to the tension field theories illustrated in Figures 1.2-1.4, a large number of
different theories concerning ultimate shear resistance of web panels have been
presented. For example, the tension field theories of Fujii [Fujii, 1968], [Fujii, 1971]
Komatsu [Komatsu, 1971] and Chern and Ostapenko [Chern, Ostapenko, 1969] assume
that the tension field develops all over the plate, but the intensity of the tension varies in
the perpendicular direction. According to Yoo and Leeg, this might be the largest number
of failure theories devoted to a single topic in structural mechanics. The ultimate
strength state is so complex that any attempt to address it using classical closed form



solutions appears to be a futile exercise [Yoo, Lee, 2006]. Behind the classical theories
mentioned above, is the fundamental assumption that compressive stresses do not
increase after shear buckling has occurred. That assumption yields to theory that the
tension field must be anchored by flanges and stiffeners. However, recent numerical
analyses [Yoo, Lee, 2006], [Alinia et al, 2011] have revealed that tension field action is
possible also for unanchored plates. The analysis by Yoo and Lee showed that all forces
developed during post-buckling are self-equilibriated within the plate and that diagonal
compression increases near the edges of the plate after shear buckling, which is contrary
to the fundamental assumption of classical failure theories [Yoo, Lee, 2006]. Thus, it
can be concluded that there is no single theory that explains the behaviour of thin plate
under shear loading even at ambient temperature. Obviously, the phenomenon becomes
even more complex at elevated temperatures, especially when temperature distribution
across the plate is non-uniform.

In addition to the research performed by Yoo and Lee [Yo0o0, Lee, 2006], numerous other
numerical analyses concerning the post-buckling behaviour of steel plates at ambient
temperature have been conducted. Alinia et al. [Alinia et al, 2009(b)] described the
different stages of the post-buckling behaviour of thin shear panels using the finite
element method (FEM). Their research showed that after buckling, differences between
in-plane stresses on the two sides of plates started to develop and widen with the applied
loading. It was also shown that material yielding starts earlier on one face, but at the
ultimate load stage both faces have full yield bands. Moreover, Alinia et al concluded
that support conditions do not have a significant effect on the through-thickness bending
stresses and tension fields of plates [Alinia et al, 2009(b)]. In another research by Alinia
et al. [Alinia et al, 2009(c)], they analysed numerically a number of full-scale plate
girders with a thin web and determined their shear failure characteristics. Moreover,
they compared the results from FEM to different theories. They concluded that
Eurocodes [EN 1993-1-1, 2005], [EN 1993-1-5, 2005] gave the most conservative
results while e.g. Rockey’s [Rockey et al, 1978] and Basler’s [Basler, 1961] tension
field models always overestimated the girders’ ultimate shear resistance. Moreover,
Hoglund’s [Hoglund, 1972] theory for thicker flanges was always on the safe side and
reasonably close to FEM results [Alinia et al, 2009(c)].

During the past decade, experimental and analytical research on the shear resistance of
web plates at elevated temperatures has been conducted. Test results and FEM
calculations on 18 steel-plate girders loaded primarily in shear at elevated temperatures
are presented in the reference [Vimonsatit, Tan, Qian, 2007]. Vimonasatit et al concluded
that the shear strength of a plate girder section reduces significantly with increasing
temperature and that the more slender sections have lower shear capacity at a certain
temperature [Vimonsatit, Tan, Qian, 2007]. These test series will be considered in more
detail later in this thesis. Moreover, the most slender web will be used as the benchmark
case for the numerical analyses of this study.



An article by Tan and Qian deals with experimental and numerical investigation of a
thermally restrained plate girder loaded in shear at elevated temperatures [Tan, Qian,
2007]. Tan and Qian observed that ultimate shear resistance decreased significantly
under a thermal restraint effect involving an axial force [Tan, Qian, 2007].

A theoretical model for predicting the failure load of a plate girder subjected to a
specified uniform elevated temperature is presented in [Vimonsatit, Tan, Ting, 2007].
That model is based on Rockey’s investigations [Rockey et al, 1978] on shear resistance
at ambient temperature, which has been extended to uniform elevated temperatures by
reducing material properties. The predicted shear strengths from that research agreed
well with the predictions from numerical analysis [Vimonsatit, Tan, Ting, 2007].

In another article Qian and Tan analysed the plate girder out-of-plane and in-plane
deformations at elevated temperatures in order to obtain pre- and post-buckling
stiffnesses [Qian, Tan, 2009]. Qian and Tan proposed analytical equations for out-of-
plane and in-plane deflections which were verified by experimental measurements and
FEM analysis [Qian, Tan, 2009].

All experimental and analytical investigations on shear resistance at elevated
temperatures consider the case where temperature distribution across the plate is
uniform. However, in many applications (e.g. hat beam webs and all-metal sandwich
panel webs in fire, hot gas ducts) the temperature distribution is non-uniform.
Temperatures at opposite edges of a plate may vary significantly when the plate is part
of a larger structure. This has been shown for example in fire tests for hat beams
[Terasnormikortti 21/2009, 2009] and all-metal sandwich panels [Heinisuo, Yliharsil,
2006] as well as in numerical analyses of all-metal sandwich panels [Salminen, 2010],
[Ala-Outinen et al, 2006]. For example, in the fire tests on hat beams, the difference
between the hottest and the coldest temperature of the web was in some cases
approximately 300 °C and exceeded 800 °C in the numerical analysis of an insulated all-
metal sandwich panel [Ala-Outinen et al, 2006]. Thus, the material properties may vary
significantly across the height of the plate.

In some studies on the resistance of metal structures at elevated temperatures, non-
uniform temperature distributions have also been considered. The article by Feng et al
presents the results of a numerical investigation of cold-formed thin-walled steel
channels at non-uniform elevated temperatures [Feng et al, 2003]. The non-uniform
temperature distributions across the cross-section were derived from thermal analysis of
thin-walled panels, which are commonly used in wall construction as load-bearing studs
with interior insulation and planar gypsum board sheeting on both sides. Feng et al
reported that the non-uniform temperature distributions in the cross-section of the
column may be simplified by assuming uniform temperatures in the flanges and a linear



temperature distribution in the web in order to develop a hand-calculation method to
evaluate the column strength [Feng et al, 2003].

The article by Yin and Wang presents the results of numerical analyses conducted for
lateral torsional buckling of steel 1-beams at non-uniform elevated temperatures in the
cross-section [Yin, Wang, 2003]. According to their article, the lateral torsional
buckling behaviour of the beam is controlled by the average elastic modulus of the
cross-section at low load ratios, and the temperature of the less heated flange dominates
beam behaviour at high load ratios. According to Yin and Wang, British standards [BS
5950, 1990] and Eurocodes [EN 1993-1-2, 2005] predict much lower beam failure
temperatures (often much more than 100 °C) than numerical analyses in the case of non-
uniform temperature distribution [Yin, Wang, 2003].

The articles by Tan and Yuan consider buckling of steel columns under longitudinal
non-uniform temperature distribution [Tan, Yuan, 2008], [Tan, Yuan, 2009]. The
motivation for these studies came from zone modeling of a compartment fire where the
gas layers were artificially divided into two zones: the hotter upper zone and the cooler
lower zone. Across the cross-section temperature was assumed to be uniform. The
results of these analytical studies show that the buckling load or failure duration is
significantly  underestimated when using uniform temperature distribution
conservatively based on the top column (hottest) temperature [Tan ,Yuan, 2008].

Kaitila carried out an FEM analysis on cold-formed thin-walled channel sections
subjected to compressive axial force under a temperature gradient in the cross-section
[Kaitila, 2002]. He found that the stiffness of the member is affected by the temperature
gradient difference between the flanges. He concluded that the design method based on
average temperature gave results that were on the safe side compared to FEM analysis
in the cases of flexural and torsional-flexural buckling. The maximum temperature in
Kaitila’s analysis was 750 °C and the maximum temperature difference in the cross-
section 300 °C.

Although shear capacity has been widely investigated for carbon steel plates, only
limited studies have been carried out for stainless steel plates. Stainless steel design
rules have been based on those developed for carbon steel even though these materials
exhibit completely different mechanical behaviour [Estrada et al, 2007]. Recent studies
concerning stainless steel shear buckling at ambient temperature have been carried out
for example by Real, Estrada and Olsson [Real et al, 2007], [Real, 2001], [Estrada,
2005], [Olsson, 2001]. The calculation models for aluminium structures at elevated
temperatures are also partially based on research of steel structures due to the lack of
researches on aluminium structures at elevated temperatures [Maljaars, 2008].



1.2  Scope of the work

The shear resistance of a thin plate consists of three phases both at ambient and elevated
temperatures as the load increases [Vimonsatit, Tan, Ting, 2007]: the buckling phase,
the post-buckling phase and yielding of supporting structures (Fig. 1.5). The first two
are considered in this study. The buckling phase alone was studied numerically in an
earlier research [Salminen, 2010] which showed that when the reduction factor based on
the average temperature of the plate at non-uniform temperatures is used, the results are
almost always clearly on the unsafe side compared to FEM analysis.

1. Shear buckling 2. Post-buckling 3. Flange effect
( Tension field)
D «—
I Jvcr Jvult
— >

Figure 1.5. Three stages of plate before collapse as the load increases.

This study examines rectangular, isolated metal plates of different properties under
shear loading. It covers the range of Eurocodes for carbon steel, stainless steel and
aluminium plates [EN 1993-1-1, 2005], [EN 1993-1-2, 2005], [EN 1993-1-4, 2006],
[EN 1999-1-1, 2007], [EN 1999-1-2, 2007]. All considered plates were selected so thin
that elastic shear buckling precedes yielding at ambient temperature meaning that the
post-buckling phase occurs. The effects of the boundary conditions (simply
supported/clamped), slenderness, aspect ratio and yield strength of the plate to shear
resistance are studied at different kinds (linear and non-linear) of temperature
distributions.

In reality, there are no isolated plates under pure shear loading in structures, and it is
recognised that a simply supported or clamped plate in shear cannot exactly represent
the behaviour of a plate girder web. According to Alinia et al [Alinia et al, 2009(c)], the
following differences occur in the behaviour of a plate in pure shear and a plate girder
web:

 In a web plate, bending moment due to lateral loading is always present,

I The actual behaviour of a flange-web joint is something between simply
supported and clamped,

l The flanges of a beam are allowed to move towards or away from each other
which makes their weak axis second moment an important factor. In a plate



model, it is assumed that the plate edges’ in-plane movement is either free or
restrained, and

| The effects from end-posts and sub-plates due to intermediate stiffeners are
ignored in the plate model.

The effects of stiffeners or surrounding members (flanges) are not considered in this
study. All cases involve only the shear in the plane of the plate. Nor are interactions
with other stress components considered even though there are cases where significant
compressive and tensile forces can occur in heated beams due to thermal expansion and
catenary action, respectively [Liu et al, 2002], [Allam et al, 2002], [Wald et al, 2009],
[Ma, Makel&inen, 2006], [Yin, Wang, 2005(a)] and [Yin, Wang, 2005(b)]. Moreover, it
has been shown that many kinds of behaviour occur due to the interaction of members.
Often the behaviour of real structures is better than predicted from standards for isolated
members. However, the current design codes for fire resistance of structures are based
on isolated members and, for example, in the Cardington fire test Eurocodes [EN 1991-
1-2, 2002], [EN 1993-1-2, 2005] gave good and conservative predictions of structural
behaviour [Wald et al, 2006]. Thus, it can be concluded that resistance to pure shear is
an important factor when considering the resistance of metal structures at ambient as
well as elevated temperatures. The surrounding structures are left for future studies.
However, the relation between the isolated plates analysed in this study and real
structures needs to be shown by comparison to applicable test results available in
literature.

Figure 1.6 presents the cases of this study in principle. For carbon steel, yield strengths
from 235 to 460 N/mm? are considered. In the case of aluminium and stainless steel, the
range of alloys and grades is rather wide. In this study, aluminium alloy 5083-H111 and
5083-0O and stainless steel grade 1.4301 are considered. According to Maljaars and
Estrada et al, they are commonly used in structural applications [Maljaars, 2008],
[Estrada et al, 2007]. The material models for carbon and stainless steel at elevated
temperatures are taken from EN 1993-1-2 [EN 1993-1-2, 2005] and for aluminium
based on the test results presented in dissertation of Maljaars [Maljaars, 2008]. It should
be noted that this study uses basic values of Eurocodes for the material properties even
though it is possible to use also nationally determined parameters.

The height of the plate is in every case 305 mm (same as in the benchmark case). Other
dimensions of the plate (distance between stiffeners a and thickness t) vary in the
analysis. It should be noted that the displacements in the plane of the plate are
constrained only at one point whereby no horizontal forces can develop at the vertical
edges of the plate like many tension field theories, such as the rotated stress field theory
[HOglund, 1972], predict. The boundary conditions shown in Figure 1.6 are applied
because it makes possible to observe the plate under pure shear loading. Shear loading
is applied as a uniform stress along the edges of the plate. In reality, the distribution is



not uniform and depends on the cross-section. However, in the case of a thin web, shear
load can be assumed to be distributed uniformly across the beam web without leading to
a significant error. The use of uniform shear stresses is justified in more detail in
Chapter 2.

MATERIALS
Carbon steel: S235-S460
Aluminium: Alloys 5083-H111 and 5083-O

BOUNDARIES Stainless steel: Grade 1.4301
Simply supported
Clamped
74
N\ — Hcold
= / TEMPERATURES
€ Ambient
0 v Uniform elevated
Qv t Non-uniform elevated

- linear distributions across the height
- non-linear distributions across the height

h=

V Hhot

Figure 1.6. Studied cases.

1.3 Method of study

This study concentrates merely on numerical analysis — no mechanical loading tests are
conducted. The shear resistances of metal plates of different properties are calculated at
numerous non-uniform elevated temperatures using commercial ABAQUS FEM
software [ABAQUS, 2010], which has been widely used in other recent analyses of
shear buckling and resistance of thin plates at ambient temperature, such as [Alinia et al,
2009(c)], [Habasbi, Alinia, 2009], [Estrada et al, 2008], [Real et al, 2006]. The
verification of FEM models is done by comparing their results to the test results at
ambient and uniform elevated temperatures presented in reference [Vimonsatit, Tan,
Qian, 2007]. Moreover, a comparison to resistances according to Eurocodes [EN 1993-
1-1, 2005], [EN 1993-1-2, 2005], [EN 1993-1-4, 2006], [EN 1999-1-1, 2007], [EN
1999-1-2, 2007] at ambient and elevated temperatures is also done. Then, FEM models
are applied at non-uniform elevated temperatures. The non-uniform temperature
distributions are motivated by fire tests on hat beams [Terdsnormikortti 21/2009, 2009],
an all-metal sandwich panel [Heinisuo, Yliharsila, 2006] and FEM analysis of an all-
metal sandwich panel [Salminen, 2010], [Ala-Outinen et al, 2006]. In the FEM analysis,
the temperatures of the plate are set first and then mechanical loading is applied until
maximum resistance is reached (steady-state method), which makes the observation of
the different stages presented in Figure 1.5 possible. Unfortunately, no test results on
shear resistance at non-uniform temperatures are available.
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1.4  Goal and outline of the study

The main interest of this study is to determine how the ultimate shear resistance of an
isolated, thin plate decreases at non-uniform elevated temperatures compared to ambient
temperature resistance. It is believed that Eurocodes [EN 1993-1-1, 2005], [EN 1993-1-
4, 2006], [EN 1999-1-1, 2007] predict the shear resistance of metal plates at ambient
temperature reliably. Thus, the goal of this study is to develop an analytical design
method to reduce the ambient temperature shear resistance of a thin metal plate in cases
where temperature varies across the height (constant temperature in the longitudinal
direction) of the plate. The design method is based on the equations and reduction
factors given in Eurocodes [EN 1993-1-2, 2005] and [EN 1999-1-2, 2007].

This thesis divides into six chapters. In all chapters, the main focus is on carbon steel
which is considered first. Then, the differences compared to aluminium and stainless
steel are pointed out, where necessary. The first chapter presents the background and
motivation for the study as well as its methods and goal. The theoretical background for
calculating shear resistance at ambient and elevated temperatures is presented in
Chapters 2 and 3, respectively. Different theories and test results are also compared.

The fourth chapter presents the procedure and results of the numerical calculations used
to verify the proposed design methods. Firstly, the FEM model is validated by
comparing the results at ambient and uniform elevated temperature to the results of the
reference [Vimonsatit, Tan, Qian, 2007]. Then, numerous analyses of different cases at
non-uniform elevated temperatures are conducted. The fifth chapter presents the
proposed design methods for the cases where temperature varies across the height of the
plate. Use of the methods is also demonstrated by worked examples. Moreover, a
comparison of the results from FEM, the Eurocodes and the proposed methods is made.
Finally, Chapter 6 summarises the results of the study and makes suggestions for further
research.
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2 SHEAR RESISTANCE OF THIN METAL
PLATE AT AMBIENT TEMPERATURE

The behaviour of a thin plate can be divided into three stages: shear buckling V¢, post-
buckling (tension field) resistance V, and the effect of the flanges. The first two (Fig.
2.1) are considered in this study. The contribution of the flanges according to Eurocodes
[EN 1993-1-5, 2005], [EN 1999-1-1, 2007], [EN 1993-1-4, 2006] is only dealt with

briefly.

2.Yielding of the
tension field

—

1. Shear buckling

JVGI"F L’Eb= Wit

/1

Shear force

Out-of plane displacement

Figure 2.1. Two phases of thin plate loaded with pure shear as the load increases.

It was assumed in all cases of this study, that the shear load is distributed uniformly
along the edges of the plate. In reality, the vertical distribution depends on the
dimensions of the cross-section and is non-uniform. According to Jourawski’s formula,
the distribution of shear stresses in the web of the symmetric I-profile shown in Figure
2.2 can be derived from Equation (2.1) [Outinen, Salmi, 2004].

Figure 2.2. Dimensions of the I-profile.
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Vb e, 2 2\, 1 (2 2
t(y) = —S(H? -h?)+—(n? - 4y2 ) 2.1
y 8IZt§( )b( Y)Q &3
1 1
h |, =—bH®-—(b-t)h? 2.2
where L 12(b ) (2.2)

Vertical distributions of shear stresses are calculated for five example cases. Table 2.1
presents the dimensions and slenderness ratios 1, (EQ. (2.25)) of the tested beams
(TG1TTGbS) considered in reference [Vimonsatit, Tan, Qian, 2007]. Beam TG5 is used
as a benchmark case in this study.

Table 2.1. Dimensions of the tested beams of reference [Vimonsatit, Tan, Qian, 2007].

Beam H [mm] b [mm] h [mm] t [mm] I,

TG1 152.6 152.4 139 6.1 0.25
TG2 206 203.9 181 8 0.24
TG3 317 80 305 2 151
TG4 317 80 305 2.7 1.01
TG5 317 80 305 15 2.17

Figure 2.3 presents the calculated distributions (Egs. (2.1) and (2.2)) of shear stresses
for the beam webs shown in Table 2.1.

e
<
~
>
0,00

0.70 0,80 0

0,50 — /

t[V/th]
Figure 2.3. Distributions of shear stresses for beam webs TG1TTGS5.

Figure 2.3 shows that the distribution of shear stress is not uniform in the considered
cases. Table 2.2 lists the minimum, average and maximum values of shear stresses ( min,
tavg and tmax, respectively) for the considered beam webs.
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Table 2.2. Minimum, average and maximum values of shear stresses for the considered
beams [V/th].

TG1 TG2 TG3 TG4 TG5
Loin 0.85 0.86 0.81 0.77 0.85
fog 0.96 0.94 0.98 0.98 0.98
Loax 1.01 0.98 1.07 1.09 1.05

Figure 2.3 and Table 2.2 reveal that in all considered cases minimum shear stress was
23 % lower and maximum shear stress 9 % than uniform distribution. The following

analytical formulas were derived from Equation (2.1) for &min and max:

t. =t0.5h)="2(H? - h?) (2.3)
81t
Vb e , L& too
t,.. =t0)=——sH"-h"gl-—0 2.4
© 8|Zt8 ¢ b+H 2.4)

According to Equations (2.3) and (2.4), if t decreases, the difference between tmi, and
tax also decreases. Thus, it can be concluded that in the case of structures with a thin
web compared to overall width, the assumption of uniformly distributed shear stress is
justified.

2.1  Shear buckling

The shear load that causes a plate to buckle is given by:
VvV, = htt,, (2.5)

where  his the height of the plate,
{ t is the thickness of the plate,
L. is the critical shear stress.

The critical shear stress & can be calculated from the classical stability theory for plates
by Timoshenko [Timoshenko, 1936]:

pE Aty
t =k P gt 26
20 -n?)ghs (26)
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where {l E is the elastic modulus of the plate material,
I nis the Poisson’s ratio of the plate material, and
k¢, the shear buckling coefficient, is obtained for simply supported

plates from:
o h ~2
k =5.34+48—0 fora 2h 2.7)
ca-
o h ~2
k =5.34-0 +4 fora ¢h (2.8)
ca=
where {l a is the distance between the stiffeners of the plate.

Historically, shear buckling in steel plates has been determined by assuming that web
panels are simply supported at the joint between the supporting structures and the web.
This assumption has turned out to be conservative since the geometrical properties of
the structure modify the boundary conditions and influence the behavior in shear. It has
been known for long that the boundary conditions of a web plate are somewhere
between simply supported and clamped, but it has not been taken into account, mainly
due to the lack of means to evaluate it in a rational manner [Estrada et al, 2008]. In this
study, boundary conditions are assumed to be either simply supported or clamped. The
shear buckling coefficient for clamped plates can be derived from Equations (2.9) and
(2.10) [Timoshenko, 1936]:

2

k =898+56818 fora 2h (2.9)
ga+
shg'
k., =5.6e—0 +8.98 fora ¢h (2.10)
ga+

The shear buckling coefficient for simply supported and clamped plates as a function of
ratio a/h is shown in Figure 2.4 (left). Moreover, the right-hand side of Figure 2.4
illustrates how much higher the shear buckling coefficients of clamped plates k¢ are
compared to the corresponding coefficients of simply supported plates K¢ ss.
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Figure 2.4. Shear buckling coefficients for simply supported and clamped plates (left)
and their percentage difference (right).

Figure 2.4 shows that the difference between the shear buckling coefficients for
clamped and simply supported plates is significant. When the ratio a/h exceeds 0.9, the
shear buckling coefficient for a clamped plate is at least 50 % higher than that for a
simply supported plate.

It should be noted that Equation (2.6) is only valid for elastic behaviour. When the
proportionality limit is exceeded, most current standards introduce the effect of material
non-linearity into the formulation of critical shear buckling stress by including a
plasticity reduction factor A [Estrada et al, 2008].

The material coefficients E and n for carbon steel, aluminium and stainless steel at
ambient temperature according to Eurocodes [EN 1993-1-1, 2005], [EN 1999-1-1,
2007] and [EN 1993-1-4, 2006] are shown in Table 2.3. EN 1993-1-4 gives three values
for elastic modulus of stainless steel depending on its grade. This study uses stainless
steel grade 1.4301 whereby E = 200 000 N/mm?.

Table 2.3. Material coefficients E and n at ambient temperature according to

Eurocodes.
Material E[NmmT n
Carbon steel 210 000 0.3
200 000
Stainless steel 195 000 0.3
220 000

Aluminium 70 000 0.3
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2.2 Tension field resistance

When a thin plate reaches critical shear strength V., any increase in shear load is carried
by tensile membrane stresses in the tension field. Figure 2.5 illustrates stress
development in a plate loaded with pure shear before (top) and after (bottom) buckling.
Before critical shear strength is reached, each element maintains the pure shear stress
state with equal magnitudes of diagonal tensile and compressive stresses. When critical
shear stress is reached, compressive stress can no longer increase (a fundamental
assumption in many tension field theories) and equilibrium is violated by stresses on the
vertical and horizontal planes as shown in Figure 2.5. This necessitates the development
of normal stresses s;1 and s, [Yoo, Lee, 2006].

Stresses before buckling

| - | J@J’ 45&

Increase in stresses after buckling

T AC,, AO,,
T—Tot—— «— T Ty

Ve ap

. T_ Tcr T_ TCF
v 0-22 v 022

—

Figure 2.5. Stress developments before and after buckling.

If the fundamental assumption is valid across the plate, then vertical normal stresses S,
must be resisted by the flanges and horizontal normal stresses s;; by adjacent panels
[Yoo, Lee, 2006]. According to reference [Dubas, Gehri, 1986], tension field action is
possible only if the panel is surrounded by stiffening members. Moreover, according to
the tension field theory proposed by Hoglund [HOglund, 1972], the resulting tensile
forces must be anchored to the end-posts (see Chapter 2.2.2).

This study considers only isolated plates where vertical and horizontal normal stresses
Si11 and Sy, cannot be anchored to flanges or stiffeners. If the fundamental assumption is
correct, no tension field (post-buckling behaviour) can occur there. However, according
to FEM analyses and the test series conducted by Yoo and Lee, no anchoring system,
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such as flanges, is needed for the development of post-buckling strength [Yoo, Lee,
2006]. Yoo and Lee noticed that vertical and horizontal axial stresses reduce to zero at
the edges of vertical and horizontal strips. That observation clearly explains why a thin
plate without anchors (flanges or stiffeners) is also able to develop its post-buckling
strength [Yoo, Lee, 2006].

Numerous tension field theories are found in literature as shown in Chapter 1. Any
attempt to describe this phenomenon based on classical closed form solutions appears a
futile exercise [Yoo, Lee, 2006]. However, the following two tension field theories are
in close agreement with the test results: the tension field theory by Dubas and Gehri
[Dubas, Gehri, 1986] and the rotated stress field theory by Hoglund [HOglund, 1972].

2.2.1 Tension field theory by Dubas and Gehri

The tension field theory by Dubas and Gehri [Dubas, Gehri, 1986] is illustrated in
Figure 2.6.

1 !

v |hg §

t dg i

t (1

h ¥ JE cr

i I

1 2

; g ¢Ty: Terg

a

Figure 2.6. Tension field theory by Dubas and Gehri.

This theory supposes that a tension field develops between two gusset plates. The
gussets are assumed to act as a simply supported plate under pure shear and to have the
same shear buckling coefficient k¢ and aspect ratio as the whole plate meaning that
a . N : . .

h—g :%, notations as in Figure 2.6. The dimension hq results from the assumption that

g

the critical buckling strength for the gusset plate . 4 equals the shear yield stress of the
whole plate &, defined in Equation (2.11).

t (2.11)

_fy
G
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The critical shear stresses for the gusset plate and the whole plate are thus:

p’E at@
oo = Ki &0 =t (2.12)
‘ 12(1-n2)ghg9 y

p’E  At§
2@ -n?)ghs (13)

By combining Equations (2.12) and (2.13), the size of the gusset plate can be obtained
from:

0 ~2 2
p?E  _, &h,§ _ ahg
‘Gpa-my DR d TREC Y @19
h =h Lo (2.15)

9
y

a, =a |Le (2.16)
ty

The ultimate shear load V,p (where D represents Dubas) of the plate is (see Fig. 2.6):

V,o = htt, +ht(t, -t,) = htt, +h /%t(;ty _t.) 2.17)
y

— e L, g
= hte,tcr + t_(ty - tcr)l‘J
8 y g

The ultimate stress is:

v, ¢ 4 0o
t,o =P = [t t é1+8 Ly Legyg t, (2.18)
ht @ % t, £, 9

The first term corresponds to the ultimate strength from the von Karman assumption
and the second one is an enhancement factor with a maximum value of 1.25. In order to
achieve a better correlation between test results and theory, Dubas proposed the
following design formula where the enhancement factor is ignored and a factor of 0.9 is
applied:

t,oq =09/t T ¢t

y (2.19)
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Equation (2.19) correlates closely with test results and is suitable for design [Dubas,
Gehri, 1986].

2.2.2 Rotated stress field theory by Hoglund

The rotated stress field theory presented by Hoglund [Hoglund, 1972] was originally
developed for girders with web stiffeners only at the supports T a structure for which
other tension field methods give very conservative results [Hoglund, 1997]. The method
is capable of predicting the resistance of short as well as long panels [Johansson et al,
2001]. First, the method is presented as in the references [Hoglund, 1997], [Johansson et
al, 2001] and [Maquoi, Skaloud, 2000] (Fig. 2.7 and Egs. (2.20)1(2.26)) followed by
illustrations in Figures 2.8, 2.9 and Equations (2.27)T(2.36).

Figure 2.7 presents the state of stress in a slender girder web after shear buckling and
the idea of the rotated stress field theory.

%4 vV
L]
a) I . b) o ) 7
! v o 1 v g —W\Ul
t v t '
74 4?

Principal stresses

Figure 2.7. Rotated stress field theory by HOoglund.

A more or less pure shear state of stress exists close to the flanges (Fig. 2.7 (a)), but in
the middle area of the plate there are also membrane stresses s; (Fig. 2.7 (b)).
Membrane stresses in the transverse direction are zero, because only the web prevents
the flanges from moving towards each other. The principal stresses (s; and s;) of stress
state b are also drawn in Figure 2.7. The conditions for the equilibrium of the principal
stresses are (Fig. 2.7 (c)):

s, =tltanj (2.20)
s, =-ttanj (2.22)
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Based on test results, a fundamental assumption is made that the compressive stress
remains close to critical shear stress meaning that (see also Eq. (2.6)):

2Et2
32 = _tcr = —ktlz(/f_T)hz (222)

Ultimate strength of the web plate is assumed to be reached when it yields according to
the von Mises yield criterion, defined in this case as:

f =S e = \/sf +s’-ss, (2.23)

y mises

Shear resistance &, can then be solved from Equations (2.20)—(2.23):

4
t, 1\ 4F 2J3F
h I Ly fy (2.25)
where N = :
t. \3t,

It should be noted that in the references [Johansson et al, 2001] and [Maquoi, Skaloud,
2000] Equation (2.24) is miswritten (3/4 should be /3).

The resultant of the tensile stresses s;, shown in Figure 2.7, the force Ny, can be derived
from Equation (2.26) assuming the state of stress used in Equations (2.20) and (2.21) is
uniform across the depth of the plate.
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The actual force N; is smaller because the state of stress close to the flanges is close to
pure shear. However, the resulting tension in the web plate has to be anchored at the
end-posts. The test results for girders with rigid end-posts agree well with the theory,
while the resistances of girders with non-rigid end-posts are clearly smaller [Johansson
et al, 2001]. The requirements for the stiffness and strength of rigid end-posts are given
in EN 1993-1-5 [EN 1993-1-5, 2005].

The EN 1993-1-5 [EN 1993-1-5, 2005] resistances (Table 2.4 and Fig. 2.12) are
somewhat reduced compared to the rotated stress field theory to allow for scatter in test
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results as a result of initial imperfections and plastic buckling [HOglund, 1997].
Moreover, in EN 1993-1-5, the design resistance of steel plate is given using simpler
expressions than in Equation (2.24) by curve fitting.

An alternative way of illustrating the rotated stress field theory is presented in the
following. Figure 2.8 and Equations (2.27)T(2.36) present an optimization problem,
where shear stress t is maximized by changing t and s; so that constraints (Egs. (2.28)
and (2.29)) are satisfied.

0>

Figure 2.8. Shear and membrane stresses (left) and principal stresses (right).

maximize t (t, s) (2.27)
subject to Jsi+si-ss, ¢f, (2.28)
s,2-t,(1,) (2.29)

It should be noted that positive s, is tension and positive & is compression (Eq. (2.6))
which explains the sign in Equation (2.29). The relation between the principal plane
stresses s; and s; and plane stresses ¢ and s; is shown by Equations (2.30) and (2.31)
[Outinen, Salmi, 2004].

s, :%st —% sz +4t? (2.31)

s, = %st +%1/st2 +4t? (2.30)
When replacing the principal stresses s; and s, in Equation (2.28) by the values of
Equations (2.30) and (2.31), the first constraint (Eq. (2.28), von Mises yield criterion)
can be written as:

(2.32)
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The second constraint (Eq. (2.29), fundamental assumption) can be formulated as shown
in Equation (2.33) by using Equations (2.6) and (2.31).

%st —%1/33 +41° 2 -t (2.33)
Equation (2.33) can be formulated as:

t¢,st, +t2 (2.34)

Critical shear stress t; can be written as shown in Equation (2.35) (see Eqg. (2.25)).

f
t,=— (2.35)
NETH
Equation (2.34) can then be written in the following form:
fz2 fs
te | L - 2.36
31, +3F, (2:39

Figure 2.9 presents both constraints (Egs. (2.28) and (2.29)) drawn for slenderness ratios
I,=11 12 13,15, 2, 25 and 3. It should be noted that the first constraint (Eq.
(2.28), von Mises yield criterion) does not depend on the slenderness of the plate.
Relative stresses (s/fy and t/ty) are used in order to plot a graph which applies to all
yield stresses fy.
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Figure 2.9. Rotated stress field as an optimization problem.

Figure 2.9 shows that the maximum values of shear stress, &, at different slenderness
can be found from the intersections of the constraints (Egs. (2.28) and (2.29), red points
in Fig. 2.9) in the considered cases. Furthermore, the illustration also shows that
according to the rotated stress field theory [HOglund, 1972], the development of post-
buckling strength is possible only when a tensile stress component s; is introduced. In
the case of slender webs, tensile stresses are significant at the maximum values of shear
strength ¢,. Figure 2.9 reveals that, for example, a plate with a slenderness ratio /,, = 3
reaches its maximum shear strength when tensile stress s is approximately 90 % of
yield strength fy.

It must be reminded that the optimization approach presented above is equivalent to
Equations (2.20)T(2.26) and Figure 2.7. In that approach, the value of , is calculated
explicitly. The purpose of the optimization approach was to provide an alternative way
to illustrate the basic ideas of the rotated stress field theory.

2.3  Shear resistance of web according to the Eurocodes

Here follows a presentation of how the shear resistances of thin metal plates at ambient
temperature are calculated according to EN 1993-1-5 [EN 1993-1-5, 2005], EN 1999-1-
1 [EN 1999-1-1, 2007] and EN 1993-1-4 [EN 1993-1-4, 2006] for carbon steel,
aluminium and stainless steel plates, respectively. Chapters 2.3.1 and 2.3.2 only deal
with the shear resistance of plates made of carbon steel. The differences in the cases of
aluminium and stainless steel are considered in Chapters 2.3.3 and 2.3.4, respectively.
Standard EN 1993-1-1 [EN 1993-1-1, 2005] states that the shear buckling resistance of
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webs without intermediate stiffeners should be calculated according to EN 1993-1-5
[EN 1993-1-5, 2005], if

h e
—>72— 2.37
" h (2.37)

where fe= /iﬂ | (2.38)
y

1 h=1.2when g ¢ 400 °C and steel grade is not higher than S460. In all
other cases A= 1.0 according to the Finnish National Annex to EN 1993-
1-5 [Kansallinen liite standardiin 1993-1-5, 2008].

The maximum shear strength in EN 1993-1-5 [EN 1993-1-5, 2005] is put to 1.2f,//3~
0.7f, for steel grades S460 and lower because of strain hardening and the contribution
from the flanges. With higher grades the strain hardening is less pronounced and no test
results are available. Therefore, a more conservative shear strength of f,//3~ 0.6f, is
applied [Johansson et al, 2001]. It should be noted that in EN 1993-1-5 [EN 1993-1-5,
2005] the height of the web h is defined as the clear web depth between flanges.

EN 1993-1-5 [EN 1993-1-5, 2005] gives the slenderness parameter /4y

f
1, =076 /t—y (2.39)

Since+/1/+/3 ©0.76, Equation (2.39) has basically the same formula as Equation
(2.25).

Theoretically, shear buckling may occur when &, < &, meaning that 7,> 1. The

corresponding slenderness limit according to EN 1993-1-1 [EN 1993-1-1, 2005] is
considered next. Equation (2.39) can be written in the form (see Eq. (2.6)):

12f (L-n*)h?
1,=0.76 ) 5 2) (2.40)
k.o Et

When the EN 1993-1-1 [EN 1993-1-1, 2005] condition for shear buckling (Egs. (2.37)
and (2.38)) is inputted in Equation (2.40), the condition according to EN 1993-1-1
becomes:
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12f (1-n*)072%¢? (1-n?
1, >076 |2 LTITEET g |146188800CL-n") (2.41)
k.,p°Eh k,p°Eh

When the properties defined for carbon steel in EN 1993-1-1 [EN 1993-1-1, 2005] (E =
210 000 N/mm?, n = 0.3) are used, the following curves for cases A= 1.0 and A= 1.2
can be drawn (Fig. 2.10). Plates that are more slender than the drawn curves should be
designed for shear buckling.

1 Theoretical Shear buckles
limit Eurocodes
h=1.0
08 ===FElrocodes
h=1.2
O’6 e
I Does not shear
buckle

0,4
0,2 -+

O ' ! ! ! T T 1

a/h

Figure 2.10. Plate slendernesses at which shear buckling should be considered.

In relation to the ratio h/t, theoretical Equation (2.6) can be written in the following
form, meaning that the plate buckles if:

2
h > M (2.42)
t \12(1-n?)f,

Figure 2.11 presents the maximum h/t value for the plate at which it does not buckle
theoretically (Eq (2.42)) and according to EN 1993-1-1 [EN 1993-1-1, 2005] (Eq.
(2.37)). Steel grades S235, S355 and S460 are considered here.
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Figure 2.11. Plate h/t ratios at which shear buckling should be considered.

According to EN 1993-1-1 [EN 1993-1-1, 2005], shear buckling should be considered
in each case if /1, >0.83 for h= 1.0 and if 1, > 0.69 for h = 1.2. It is obvious from
Figure 2.11 that the distance between the stiffeners has no effect in the EN 1993-1-1
[EN 1993-1-1, 2005] condition. Figure 2.11 shows that the maximum h/t ratio for the
shear buckling condition decreases when yield strength or factor £ increases. Moreover,
it can be seen that according to EN 1993-1-1 [EN 1993-1-1, 2005], shear buckling
should be considered in the case of clearly thicker plates than when using theoretical
Equation (2.6). It has been long accepted that the existence of initial imperfections in
thin-walled structures can reduce their buckling resistance [Alinia et al, 2009(a)].

In this study, all considered plates are assumed to be so thin that they buckle before
yielding. Therefore, the design resistance of the plate for shear is calculated according
to EN 1993-1-5 [EN 1993-1-5, 2005] as follows:

Vi rs = Vioura +Vor g € m,t (2.43)
b,Rd ~ Vbw,Rd bf Rd ¥ " 5 :
V39,
where 1 Vbwrd IS the contribution of the web (see Chapter 2.3.1),

1 Vitra IS the contribution from the flanges (see Chapter 2.3.2),
f om1 = 1.00 [EN 1993-1-1, 2005].
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Contribution of the web

The contribution from the web is obtained from the following [EN 1993-1-5]:

where

_c,fht

V, -y
bw,Rd \/§QM .

(2.44)

1 ¢ is the factor for the contribution of the web shown in Table 2.4 and

Figure 2.12,

f gz = 1.00 [EN 1993-1-1, 2005].

Table 2.4. Contribution from the web (c,) for shear resistance according to EN 1993-1-
5 [EN 1993-1-5, 2005].

Rigid end post

Non-rigid end post

1,<0.83/h h h
0.83/h ¢ 1,<1.08  0.83/1, 0.83/1,
1, 2108 1.37/(0.7+1,) 0.83/1,

Figure 2.12 presents the formulas of Table 2.4 graphically for all cases (h=1.0and 1.2,
rigid and non-rigid end post). Moreover, theoretical shear buckling resistance (Eq. (2.6))
is plotted in order to illustrate that EN 1993-1-5 [EN 1993-1-5, 2005] takes the post-
buckling strength into account in the design of slender webs.

14
1.2
1,0
0,8
0,6
0,4
0,2

0,0

h=1.2
h=1.0 \
\\‘\\
& "I8id engy
. ) On~r,- p()i~
\\\\\ endpoSt \
T Theoretical
shear bucklineg
0 1 ’ 3 4
I,

Figure 2.12. Contribution from the web according to EN 1993-1-5 [EN 1993-1-5,

2005].
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Critical shear stress t, which is needed in the calculation of slenderness parameter /7,
(Eqg. (2.39)), is obtained according to the informative Annex A of EN 1993-1-5 [EN
1993-1-5, 2005]. The plates of this study have no transverse stiffeners, which means
that the EN 1993-1-5 equations for the shear buckling coefficient and critical shear
stress are the same as with the classical theory illustrated by Equations (2.6)T(2.8).

It should be noted that calculation of post-buckling resistance according to EN 1993-1-5
[EN 1993-1-5, 2005] is permitted for all a/h ratios and end panels. For example, in the
American Standard [AISC, 2005(b)], tension field action is not permitted for end panels
with transverse stiffeners and for members when a/h exceeds 3.

2.3.2 Contribution from the flanges

According to EN 1993-1-5 [EN 1993-1-5, 2005], the contribution from flanges to shear
resistance is obtained from:

bt?f & & M. 608
Vit rae = L zl‘g = 8 8 (2.45)
Caw1 ¢ M f.Rd T .
¢
where 1 bt is the width of the flange,

1l t; is the thickness of the flange,

1 fys is the yield strength of the flanges,

 Mgq is the design bending moment,

 Mtra = Mgk (When guwo = 1.00), the moment resistance of the cross
section consisting of the effective area of the flanges only,

f om1 = 1.00 [EN 1993-1-1, 2005], and

a 1.6b,t7f 0

fc=a2025+——"0, (2.46)
& th?f 0
¢ W

The width br and thickness t; of the flange are taken for the flange which provides the
least axial resistance so that the maximum value for bs is 15€t; on both sides of the web.
The value of M¢rq should be reduced by multiplying it by the factor shown in Equation
(2.47) when an axial force Nggq is present.

N g
(A + A

1- (2.47)

OB BD
felelel

where 1 An is the area of the top flange and
1 A is the area of the bottom flange.
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2.3.3  Aluminium

According to EN 1999-1-1 [EN 1999-1-1, 2007], the design resistance of aluminium
plate girders with transverse and longitudinal stiffeners for shear buckling is the sum of
the contributions from the web and flanges. For aluminium web plates with transverse
stiffeners only at supports, web contribution alone is considered. The contribution from
the web is determined as follows:

f
V, re = Fth—=2 2.48
Rd T30 (2.48)
where I ry is the factor for shear buckling (see Table 2.5 and Fig. 2.13),

1 f, is the characteristic value of 0.2 % proof strength,
 ov1 = 1.10 [EN 1999-1-1, 2007].

The factor for shear buckling is obtained from Table 2.5 or Figure 2.13 [EN 1999-1-1,
2007].

Table 2.5. Factor r, for shear buckling according to EN 1999-1-1 [EN 1999-1-1, 2007].

Rigid end post Non-rigid end post
1,<0.83/h h h
0.83/h ¢1,<0937 0.83/1, 0.83/1
I, 20.937 2.3/(1.66+1,) 0.83/ 1

The factor A is obtained from the following in the case of aluminium web plate [EN
1999-1-1, 2007]:

h= o.7+o.35%¢1.2 (2.49)

0

where { f, is the strength for overall yielding and
{ 4 is the ultimate strength of the web material.

Figure 2.13 presents the formulas of Table 2.5 graphically for cases A =1 and 1.2 as
well as for rigid and non-rigid end posts.
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Figure 2.13. Contribution from the web according to EN 1999-1-1 [EN 1999-1-1,
2007].

The slenderness parameter /1, for aluminium plate girders with web stiffeners only at

supports is derived from:
a / f
1, = 0.35? —= (2.50)

For aluminium plate girders with intermediate web stiffeners the slenderness parameter
I,is:
81 f
] = _0 8 E _o

e

The contribution from the flanges Virq can be included in ultimate shear resistance as
shown in Equation (2.52) if flange resistance is not completely utilized in resisting
bending moment.

(2.51)

b t2f, & &m_ a0
Vire = LLolfy_g e g ¢ (2.52)
' Cng & aM f Rd9 0
¢ S TRTs
where 1 for Is flange strength for overall yielding
_ %0 08 4.4bftff0fg
ﬂc_aae . +WQ

¢ (2.53)
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The width bs and the thickness t; of the flange are taken (as with carbon steel) for the
flange which provides the least axial resistance so that the maximum value for bs is 15t¢
on both sides of the web. The value of M¢rq Should be reduced as in the case of carbon
steel (Eq. (2.47) using forinstead of fy) when an axial force is present.

2.3.4 Stainless steel

Historically, the design rules for stainless steel have been based on assumed analogies
with carbon steel behaviour, with modifications made where necessary to fit with test
results. [Real et al, 2007].

According to EN 1993-1-4 [EN 1993-1-4, 2006] the shear buckling resistance of a thin
stainless steel plate is calculated according to EN 1993-1-5 [EN 1993-1-5, 2005] with
modified c,, which is determined as follows:

0.6
c,=h for I, ¢ — (2.54)
h
0.64 0.05 0.6
c,=011+—- for 1,>— 2.55
! I P h (2.55)
14
h=1.2
1,2
pe10 \
1,0 \
0,8
! N
C
i O,6 \\
04 ——
\
0,2
0,0
0 1 2 3 4
I,
Figure 2.14. Contribution from the web according to EN 1993-1-4 [EN 1993-1-4,

2006].

The standard EN 1993-1-4 [EN 1993-1-4, 2006] recommends the value gmo = 1.1 as a
partial factor in Equation (2.44). 1t should be noted that Equations (2.54) and (2.55) do
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not consider a rigid or non-rigid condition. The slenderness parameter 1, for stainless
steel plates is calculated similarly as for carbon steel plates (Eg. (2.39)).

According to EN 1993-1-4 [EN 1993-1-4, 2006], the effect of the flanges may be
included in ultimate shear resistance similarly as with carbon steel plates in EN 1993-1-
5 [EN 1993-1-5, 2005] (Eg. (2.45)) but with c given by:

8 350,12, §
c=a%0.17+ ———>=0 (2.56)
2 thzf 0
¢ woot
§¢ 0.65 (2.57)

2.4  Comparisons between different methods

The different methods for predicting the shear resistance of thin metal plate presented in
previous chapters are compared in the following. Figure 2.15 presents a comparison of
theoretical shear buckling stress (Eq. (2.6)) and ultimate shear stress for carbon steel
plates according to EN 1993-1-5 [EN 1993-1-5, 2005] (flanges ignored) and the tension
field theory by Dubas [Dubas, Gehri, 1986] and Hoglund [Hoglund, 1972]. All shown
relative ultimate shear stresses t,/t, are presented as a function of the slenderness
parameter 1, (Eq. (2.39)).

12 h=1.2 \ Hoglund
10 Dubas & Gehri
' h=1.0
EN 1993-1-5 (rigid
\

08 R end-post) +
\\\ = = EN 1993-1-5 (non-
\\ \ rigid end-post)

“>\
~ 06 NG Theoretical shear |
Ny \\ buckling

Figure 2.15. Comparison of different methods.

Figure 2.15 shows that the tension field theories of Dubas [Dubas, Gehri, 1986] and
Hoglund [HOglund, 1972] yield much the same results even though the approaches are
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rather different. For the range covered in Figure 2.15 (/,=1T4), the rotated stress field
theory gives, on average, 3.7 % higher resistances than the theory of Dubas. Reference
[Alinia et al, 2011] compares the theories of Rockey [Rockey et al, 1978], Basler
[Basler, 1962] and HOglund [Hoglund, 1972] and standards: EN 1993-1-5 [EN 1993-1-
5, 2005], AISC [AISC, 2005(a)] and AASHTO [AASHTO, 1994] for 30 slender web
plates using FEM. According to Alinia et al, all the theories and standards, except EN
1993-1-5 overestimated the ultimate shear strength of web plate girders. From Figure
2.15 it can also be concluded that the post-buckling phase is a highly significant factor
in ultimate shear resistance especially in the case of slender plates. Figure 2.16 also
proves that by showing the contribution of post-buckling resistance &, - t. according to
the tension field theories by Hoglund and Dubas and the design formulas of EN 1993-1-
5 at slightly over 400 °C temperature meaning that h=1.

1,0
Héglund
0,8 + Dubas & Gehri —
5 EN 1993-15 (rigid —_——
: 0,6 end-post) // =
5 — — EN1993-1-5 (non- P
b rigid end-post) / 7
w 04
~ 7
/ /
0,2 /
/
0,0 /
0 1 2 3 4
Iy

Figure 2.16. Contribution of post-buckling resistance to ultimate shear resistance.

Figure 2.16 shows, for example, that at web slenderness 1, = 2, the contribution of
post-buckling resistance to the ultimate shear resistance is approximately 40 % (non-
rigid end-posts) or 50 % (rigid end-posts) according to EN 1993-1-5 [EN 1993-1-5,
2005] and 60 % according to the theories of Hoglund [Hoglund, 1972] and Dubas
[Dubas, Gehri, 1986]. According to EN 1993-1-5, ultimate shear resistances are higher
than theoretical shear buckling resistances when 1, is approximately 1.2. However,
Figure 2.16 illustrates clearly how the post-buckling behaviour of plates under shear
loading is taken into account in EN 1993-1-5.

The contribution of shear buckling resistance is clearly higher according to Hoglund
[HOglund, 1972] than according to EN 1993-1-5 [EN 1993-1-5, 2005], even though the
EN 1993-1-5 method is based on the theory of Hoglund. That is because the EN 1993-1-
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5 resistances are somewhat reduced compared to the theory of HOglund to allow for
scatter in test results as a result of initial imperfections and plastic buckling [H6glund,
1997].

Figure 2.17 compares the design formulas of Eurocodes [EN 1993-1-5, 2005], [EN
1999-1-1, 2007] and [EN 1993-1-4, 2006] in the case of carbon steel, aluminium and
stainless steel, respectively. The shear buckling factors (¢, for carbon and stainless steel
and r, for aluminium) are presented as a function of the slenderness parameter /. It
should be noted that £, is calculated differently for aluminium plates for carbon and
stainless steel plates (see Eqgs. (2.39), (2.50) and (2.51)).

14 1 Aluminium, rigid end-post
h=1.2 .
1,2 - Carbon steel, rigid end-post
10 - = = = Carbon steel, non-rigid end-post
= = = Aluminium, non-rigid end-post
>
K 08 - :
— Stainlesssteel
2
% 0,6 -
04 -
0,2 1
0,0 T T T 1
0 1 2 3 4

Figure 2.17. Shear buckling factors cyand r,, for carbon steel, aluminium and stainless
steel according to Eurocodes.

Figure 2.17 shows that according to EN 1993-1-5 [EN 1993-1-5, 2005] and EN 1999-1-
1 [EN 1999-1-1, 2007], the effect of the rigidity of end-posts is significantly higher for
aluminium plates than for carbon steel plates. The values for non-rigid end-posts are the
same in the case of carbon steel and aluminium. For stainless steel, ¢, starts to decrease
at smaller slenderness ratios than in the case of carbon steel and aluminium due to non-
linear material behaviour. According to EN 1993-1-4 [EN 1993-1-4, 2006], the rigidity
of the end-post has no effect on c,.

Based on the analysis of this chapter, it can be concluded that post-buckling resistances
that are in good agreement with test results can be obtained by quite different
approaches (the tension field theories by Dubas [Dubas, Gehri, 1986] and H6glund
[HOglund, 1972] considered in this study). Moreover, it can be said that post-buckling
resistance is taken into account in the Eurocodes [EN 1993-1-5, 2005], [EN 1999-1-1,
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2007] and [EN 1993-1-4, 2006] and that in the case of a slender plate, it has a
significant effect on the ultimate shear resistance of the plate.
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3 SHEAR RESISTANCE OF THIN METAL
PLATE AT ELEVATED TEMPERATURES

When subjected to elevated temperatures, metal structures lose part of their loading
capacity and stiffness. The shear resistance of a plate at elevated temperatures can be
determined by reducing the material properties. Chapter 3.1 presents the reductions of
material properties of carbon and stainless steel according to EN 1993-1-2 [EN 1993-1-
2, 2005] and aluminium according to EN 1999-1-2 [EN 1999-1-2, 2007]. Chapter 3.2
presents the calculation procedure for shear resistance of thin metal plate at elevated
temperatures according to EN 1993-1-2 and EN 1999-1-2. The test results [Vimonsatit,
Tan, Qian, 2007] used as the benchmark case of this study are considered in Chapter 3.3
and Chapter 3.4 presents the temperature distributions from fire tests and FEM analysis
on which the temperature distributions of this study are based.

3.1 Material properties at elevated temperatures

3.1.1 Carbon steel

According to EN 1993-1-2 [EN 1993-1-2, 2005], the strength and deformation
properties of carbon steel should be obtained by using the reduction factors for elastic
modulus, proportional limit and effective yield strength, which are presented as a
function of steel temperature g, in Figure 3.1. The design strength of class 4 members
(0.2 % proof strength) for carbon steel is also plotted [EN 1993-1-2, 2005]. The
reduction factor k; 4 of material property i at temperature g is defined as follows:

i
ki,q = _q_ (31)
Iamb
where 1 iq is the value of the material property at elevated temperature and

1 1amp 1S the value of the material property at ambient temperature.
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Figure 3.1. Reduction factors for carbon steel according to EN 1993-1-2 [EN 1993-1-2,
2005].

Based on the reduction factors presented above, the relationship between stresses and
strains at elevated temperatures, required for example for numerical analysis, can be
determined according to EN 1993-1-2 [EN 1993-1-2, 2005] (Fig. 3.2).

£p0 £,0:002 015 5,=02
=fp’e /E a’e
Figure 3.2. Principle of the stress-strain relationship of carbon steel at elevated
temperatures according to EN 1993-1-2 [EN 1993-1-2, 2005].

The notations of Figure 3.2 are the following:

1 fyq Is effective yield strength,

1 fo,q Is proportional limit,

 Eaq is slope of the linear elastic range,
1 eyq is strain at the proportional limit,
1 g4 is yield strain,
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1 eq is limiting strain for yield strength, and
1 euq is ultimate strain.

The values of stresses between strains e,q and &4 are expressed as functions in EN
1993-1-2 [EN 1993-1-2, 2005]. The stress-strain curves for the benchmark case material
according to EN 1993-1-2 at different elevated temperatures are shown in Figure 4.7.

3.1.2  Aluminium

Standard EN 1999-1-2 [EN 1999-1-2, 2007] gives 13 different reduction curves for 0.2
% proof strength of aluminium depending on the alloy and temper as shown in Figure
3.3. The lower limit may be used for alloys not covered by EN 1999-1-2, but listed in
Table 3.2a and 3.2b of EN 1999-1-1 [EN 1999-1-1, 2007]. One reduction curve is given
for elastic modulus.

This study considers alloy EN AW-5083-H111 (referred to as 5083-H111). According
to Maljaars, it is one of the most common alloys used in structural applications in
Europe [Maljaars, 2008]. For alloy 5083-0, the reduction curve for 0.2 % proof strength
is given in EN 1999-1-2 but not for alloy 5083-H111, so the lower limit values should
be used. However, Maljaars considers the reduction factors for alloy 5083-H111 to be
the same as those for 5083-0O, and the same assumption is made also in this study. It
should be noted that no material model such as for carbon steel (Fig. 3.2) or stainless
steel (Fig. 3.6) is given in EN 1999-1-2. The stress-strain curves for alloy 5083-H111
for the FEM analysis of this study are from the reference [Maljaars, 2008] (See Chapter
4.2.2).

1,0 - == Elastic modulus
0.9 - —=— 0.2% proof strengthof alloy
0,8 - 5083-0
= —— 0.2% proof strengths of
g 0,7 7 other alloys
S 0,6 - —e—Lower limit of 0.2%proof
E 05 - strengths
=t i
S 04
D 03 -
o
0,2 A
0,1 A
0,0 T )
0 100 200 300 400 500 600
Temperature [°C]

Figure 3.3. Reduction factors of elastic modulus and proof strengths for aluminium
according to EN 1999-1-2 [EN 1999-1-2, 2007].
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Figure 3.3 shows that the reduction factor of 0.2 % proof strength for aluminium
depends significantly on the alloy. At the same temperature, the reduction factors of 0.2
% proof strength for alloy 5083-O are, on average, approximately 2.5 times higher than
the lower limit values in the 100-350 °C range.

3.1.3 Stainless steel

The reduction factors of different stainless steel grades for elastic modulus, 0.2 % proof
strength and tensile strength according to EN 1993-1-2 [EN 1993-1-2, 2005] are shown
in Figures 3.4 and 3.5. This study considers grade 1.4301, which is commonly used in
structural applications because it combines adequate corrosion resistance and strength
with relative economy [Estrada et al, 2007].

10 ~
0,9 A
0,8 A
8 0,7 A
o
£ 06
g 05 - —#— Proofstrength 1.4003
Lz —— Elastic modulus
3 04 A
8 03 - —— Proofstrength 1.4571
o 0 | % Proofstrength 14401 /1.4404
Oll i —o— Proofstrength 1.4462
l —— Proofstrength 1.4301
0,0 T T T T T
0 200 400 600 800 1000 1200
Temperature [°C]

Figure 3.4. Reduction factors of elastic modulus and proof strength for stainless steel
according to EN 1993-1-2 [EN 1993-1-2, 2005].
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Figure 3.5. Reduction factors of tensile strength for stainless steel according to EN

1993-1-2 [EN 1993-1-2, 2005].

Figures 3.4 and 3.5 reveal that the reductions factors of proof strength and tensile
strength for stainless steel are significantly different for different grades.

Figure 3.6 presents the

principle of the formulation of the stress-strain relationship for

stainless steel at elevated temperatures according to EN 1993-1-2 [EN 1993-1-2, 2005].

| | }
€c.o €u.0 E
=fo_2p,e/Ea,9 +0.002

Figure 3.6. Principle of stress-strain relationship for stainless steel at elevated
temperatures according to EN 1993-1-2 [EN 1993-1-2, 2005].
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The notations of Figure 3.6 are the following:

1 fuq Is tensile strength,

1 fo.2pq Is the proof strength at 0.2 % plastic strain,
1 ecq is the total strain at proof strength, and

1 euq is the ultimate strain.

Unlike in the case of carbon steel, the relationship of stresses and strains is not linear in
any range at elevated temperatures. The functions for the stresses as a function of strains
are given in EN 1993-1-2 [EN 1993-1-2, 2005]. Ultimate strain e, also depends on
temperature. The stress-strain curves of stainless steel grade 1.4301 according to EN
1993-1-2 at different elevated temperatures are shown in Figure 4.12.

3.1.4 Discussion on material models

Two types of test methods are commonly used in resistance tests for metals at elevated
temperatures [Outinen et al, 2001]: the transient-state and steady-state methods. The
steady-state method, which is a lot simpler, involves heating the specimen to the
specified temperature and then conducting the mechanical test. The transient-state test
method, which seems to give more realistic results [Outinen et al, 2001], involves
subjecting the specimen to a constant load and a constant temperature rise. The
temperatures and strains are measured during the test (left-hand side of Fig. 3.7), and
the results are converted into stress-strain curves (right-hand side of Fig. 3.7).

01 9
2
0, o O O o ///93

> >
& &

Figure 3.7. Determination of stress-strain curves (right) from transient-state test results
(left).

Reference [Outinen et al, 2001] shows that the behaviour of the tested carbon steel
specimen is significantly different depending on the test method. Strains at the same
stress are clearly higher in the case of a transient-state test than in a steady-state test.
Moreover, it can be said that the model based on transient-state test results is closer to
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the EN 1993-1-2 [EN 1993-1-2, 2005] curve, which is based on transient-state test
results [Outinen et al, 2001].

The stress-strain relationships for carbon steel and stainless steel (Figs. 3.2 and 3.6) are
valid for heating rates between 2 and 50 K/min [EN 1993-1-2, 2005]. Figure 3.8 shows
the heating rate of the standard fire curve defined in Equation (3.2) [EN 1991-1-2, 2002]
and the heating rates of 2 and 50 K/min. The heating rate of standard fire is obtained by
deriving Equation (3.2).

g, =20+ 345log,, (8T +1) (3.2)
where 1 g, is gas temperature [°C],
1 T is time [min].
60 - \
50 50 K/min
=
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Figure 3.8. Heating rates of standard fire and 2 and 50 K/min.

Figure 3.8 shows that from the beginning to approximately three minutes, the heating
rate of a standard fire curve is higher than 50 K/min, which is the maximum value given
in EN 1993-1-2 [EN 1993-1-2, 2005] for use with the material model defined in Figures
3.2 and 3.6. According to Outinen, the effect of the heating rate is clear and should
always be taken into account when carrying out material tests [Outinen, 2007]. In the
numerical analyses of this study, it is assumed that the heating rates are in the 2-50
K/min range to justify the use of the material models of EN 1993-1-2 [EN 1993-1-2,
2005].
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3.2  Shear resistance at elevated temperatures according
to Eurocodes

According to Eurocodes [EN 1993-1-2, 2005] and [EN 1999-1-2, 2007], the design
shear resistance Vsitrg Of class 4 carbon steel and all stainless steel and aluminium
cross-sections at elevated temperatures can be derived from the following equation:

Viitra = kpo.z,q,webVRd LgM 0/1 /gM,fiJ (3.3)

where 1 Kpo.2,qweb 1S the reduction factor for 0.2 % proof strength at the average
temperature of the web plate (see Figs. 3.1, 3.3 and 3.4),
11 Vrq is design shear resistance at ambient temperature (see Chapter 2)
1 gmo =1.00 for carbon steel, gmor = 1.10 for aluminium and stainless
steel and gm s = 1.00 for all cases [EN 1993-1-1, 2005], [EN 1993-1-4,
2006], [EN 1999-1-2, 2007].

The design resistance of thick carbon steel plate (class 1, 2 and 3 cross-sections) at
elevated temperatures is calculated using the reduction factor of yield strength
Ky.qweb INstead  of  Kpo.2,qweb [EN 1993-1-2, 2005] (see Fig. 3.1).In the case of
aluminium and stainless steel, the reduction of 0.2 % proof strength is applied also when
determining the shear resistance of thick plates [EN 1999-1-2, 2007], [EN 1993-1-2,
2005]. According to EN 1993-1-1 [EN 1993-1-1, 2005], the web of a bent carbon steel
beam is a class 4 cross-section when c/t > 124e where c is the height of the straight
portion of the web. At elevated temperatures, the classification of cross-sections is done
with the reduced factor e [EN 1993-1-2, 2005]:

e =0.85 fzfﬂ (3.4)
y

In this study, all considered carbon steel plates are thin meaning that they are class 4
Ccross-sections.

3.3  Uniform temperature across the height of the plate

Test results are available for this case. The reference [Vimonsatit, Tan, Qian, 2007]
presents test results and FEM calculations for 18 steel-plate girders loaded
predominantly in shear at ambient (20 °C) and uniform elevated temperatures (400, 550
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and 700 °C). The article by Tan and Qian deals with experimental and numerical
investigation of thermally restrained plate girders loaded in shear at uniform elevated
temperatures. Tan and Qian observed that ultimate shear resistance decreased
significantly under a thermal restraint effect, involving axial force [Tan, Qian, 2007]. In
this study, only pure shear is considered. Therefore, the results of the reference
[Vimonsatit, Tan, Qian, 2007] are chosen as the benchmark case for this study.

The test series of the reference [Vimonsatit, Tan, Qian, 2007] were conducted for the
five different web girders listed in Table 3.1. All panels were loaded at ambient
temperature and at the elevated temperatures of 400, 550-565 and 700 °C, except for test
panel TG1, which was loaded only at ambient temperature and 400 °C. The heating rate
was 7 °C/min. The temperature distributions across the height of the web were very
close to uniform. A steady-state test method (see Chapter 3.1.4) was applied as it was
not possible for the electric furnace to achieve the standard fire curve presented in EN
1991-1-2 [EN 1991-1-2, 2002].

Table 3.1. Properties of the tested web girders from the reference [Vimonsatit, Tan,

Qian, 2007].
Web details

Test panel a[fmm]  h[mm] t [mm] h/t I, E [GPa] f, [MPa]
TG1 139 139 6.1 22.8 025 197 342
TG2 181 181 8 22.6 0.24 205 332
TG3 305 305 2 1525 151 200 287.8
TG4 305 305 2.7 113.0 1.01 200 232.8
TG5 305 305 1.5 203.3 217 200 332

Test specimens TG1 and TG2 were universal column sections and specimens TG3, TG4
and TG5 were fabricated from steel plates by welding the web and flange plates
together using a longitudinal fillet. All specimens were designed so that the tested
panels (Panel 1 and 2 in Fig. 3.9) would fail primarily due to shear force, not due to
flexural failure caused by plastic hinge formation at midspan. Therefore, additional
plates were welded onto the top and bottom flanges of the girders. Figure 3.9 shows the
test girder configuration with test panel TG5 as reported in [Vimonsatit, Tan, Qian,
2007]. The specimens were allowed to move freely in the longitudinal direction during
heating.
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Figure 3.9. Test girder configuration with test panel TG5 as reported in [Vimonsatit,
Tan, Qian, 2007].

The two most slender webs, TG3 (/,=1.51) and TG5 (/,=2.17), are considered in more
detail in this study. In a previous work [Salminen, 2010], it was shown that the tested
and calculated [EN 1993-1-2, 2005] resistances agreed well in the case of stocky webs
(TG1 and TG2). Figure 3.10 presents the tested shear resistances at elevated
temperatures divided by the ambient temperature shear resistance (Viest / Venamb) for
panels TG1 and TG2 according to EN 1993-1-5 [EN 1993-1-5, 2005]. The reduction
factor curve for the effective yield strength according to EN 1993-1-2 is also plotted.
For test panel TG4 (/1=1.01) the calculated results were clearly unconservative probably

due to the reported problems in the tests [Vimonsatit, Tan, Qian, 2007].
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Figure 3.10. Tested shear resistances [Vimonsatit, Tan, Qian] compared to EN 1993-1-
5 [EN 1993-1-5, 2005] and EN 1993-1-2 [EN 1993-1-2, 2005] resistances for stocky

webs TG1 and TG2.
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Table 3.2 presents the ultimate shear forces of the slender webs TG3 and TG5 from the
tests (Vutest) @and from the calculations with the analytical method (V,v) applied in
[Vimonsatit, Tan, Qian, 2007], which is based on Rockey’s theory [Rockey et al, 1978].
Moreover, the shear resistances are calculated according to Eurocodes (Vyen) [EN
1993-1-5, 2005], [EN 1993-1-2, 2005] so that the contribution from the flanges and the
rigidity of the end posts are taken into account (see also Chapters 2.3 and 3.2). The
width of the flange is 80 mm and thickness 6 mm for TG3 and TG5. The yield strengths
of TG3 and TG5 flange materials are 274.5 and 277 N/mm?, respectively [Vimonsatit,
Tan, Qian, 2007].

Table 3.2 also presents the shear resistances calculated according to the tension field
theories by Dubas (Vup) [Dubas, Gehri, 1986] and Hoglund (V,n) [HO6glund, 1972]
(Egs. (2.18) and (2.24), respectively) where material properties are reduced according to
EN 1993-1-2 [EN 1993-1-2, 2005]. Yield strength is reduced based on the reduction
factors of design strength for class 4 members.

Table 3.2. Ultimate shear forces.

[Vimonsatit, Tan, Qian, 2007] This study

Test q Vi, Test Viv. ViEn Vup ViH
panel [°C]  [kN] [kN] [kN] [kN] [kN]
TG3-1 20 79.85 85.7 68.7 82.0 81.3
TG3-2 400 67.63 65.2 44.6 54.9 54.4
TG3-3 565 34.34 37.13 26.1 323 319
TG3-4 690 17.15 15.7 10.1 12.1 12.0
TG5-1 20 59.6 69.28 49.5 50.5 51.4
TG5-2 400  46.4 53.17 32.2 34.2 34.6
TG5-3 550 28.6 32.39 20.6 22.0 22.3
TG5-4 700 10.16 11.48 6.4 6.6 6.7

Figures 3.11 and 3.12 present the results of Table 3.2 graphically for tested panels TG3
and TGS5, respectively.
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Figure 3.12. Tested shear resistances compared to Eurocodes and different theories in
the case of TG5.

Based on Table 3.2 and Figures 3.11 and 3.12, it can be concluded that the analytical
model presented in [Vimonsatit, Tan, Qian, 2007] gave results that were in quite good
agreement with the tests but in some cases (TG5 at 20, 400 and 550 °C) the results were
more than 10 % on the unsafe side.

Resistances calculated according to the Eurocodes [EN 1993-1-5, 2005], [EN 1993-1-2,
2005] were in all considered cases lower than the corresponding resistances from tests.
The tension field theories of Dubas [Dubas, Gehri, 1986] and Hoglund [Hoglund, 1972]
with EN 1993-1-2 reductions also gave resistances that were in most cases on the safe
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side compared to test results. On average, the calculated resistances at elevated
temperatures according to Eurocodes, Dubas’ and HAglund’s theory were 52, 32 and 31
% on the safe side, respectively.

All calculated Eurocode resistances for slender webs were more conservative at
690-700 °C than at ambient and other elevated temperatures. The possible reason for
that is that Vimonsatit, Tan and Qian performed steady-state tests while the material
model of EN 1993-1-2 [EN 1993-1-2, 2005] is based on transient test results.

3.4  Non-uniform temperature across the height of the
plate

The temperature across the web height may vary in many different ways. The
temperature distributions used in this study are motivated by fire tests results on a
typical slim floor hat beam [Terdsnormikortti N:o 21/2009, 2009], an all-metal
sandwich panel [Heinisuo, Yliharsila, 2006] and thermal analyses of an all-metal
sandwich panel by FEM [Salminen, 2010], [Ala-Outinen et al, 2006].

Figure 3.13 shows the dimensions of the tested hat beams [Ter&snormikortti N:o
21/2009, 2009]. Three thicknesses of the lower flange (t;f) were considered (10, 15 and
30 mm). The gas temperatures (below the beam) of the tests followed the standard
temperature-time curve (Eq. (3.2)) [EN 1991-1-2, 2002] leading to temperature
distributions shown as a function of the relative height co-ordinate (y/h) in Figure 3.14.
The hat beams were embedded in concrete slabs to simulate an actual slim floor
construction.
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Figure 3.13. Hat beam dimensions.
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Figure 3.14. Measured temperature distributions of webs of slim floor hat beams from
the reference [Terasnormikortti 21/2009, 2009].

In a previous work [Salminen, 2010], the temperature distributions of an all-metal
sandwich panel, which had no insulation inside, were calculated numerically using
COMSOL Multiphysics software [COMSOL, 2008]. The FEM model was verified by
comparing its results to temperatures from tests [Heinisuo, Yliharsild, 2006]. The results
from the tests and analysis showed that the temperature distributions across the height
of the web were highly non-uniform (Fig. 3.15). Thermal and mechanical FEM
calculations on a similar panel with insulation can be found from the reference [Ala-
Outinen et al, 2006].
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Figure 3.15. Calculated temperature distributions across non-insulated all-metal
sandwich panel [Salminen, 2010].

The problem in this case is the definition of the right temperature and the reduction
factors. In Eurocodes [EN 1993-1-2, 2005], [EN 1999-1-2, 2007], the average
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temperature and 0.2 % proof strength is used in the reduction of ambient temperature
shear resistance (see Eg. (3.3)). In Chapter 1, it was shown that numerous failure
theories for ultimate shear resistance of thin plate are proposed at ambient temperatures.
Therefore, the idea of proposing a tension field theory for non-uniform elevated
temperatures is rejected and the strategy of finding a reliable way to reduce ambient
temperature resistance is employed.

The buckling phase was studied in reference [Salminen, 2010], and it was shown that
when a reduction factor based on the average temperature of the plate at non-uniform
elevated temperatures is used, the results are almost always clearly on the unsafe side
compared to FEM analysis. Moreover, a graphical design method intended to predict the
shear buckling load of a thin metal plate at non-uniform elevated temperatures was
proposed. The results from the method agreed well with those from FEM simulations
and were on the safe side in most cases. The method proposed in [Salminen, 2010] is
presented and utilised with a method intended to predict the ultimate shear resistance in
Chapter 5.1.



51

4 FEM ANALYSES

The numerical analyses of this study were conducted using ABAQUS [ABAQUS,
2010] FEM software. Metal (carbon steel, aluminium and stainless steel) plates of
different properties were considered at ambient, uniform elevated and non-uniform
elevated temperatures. Chapter 4.1 presents all considered cases including the properties
of the plates and temperature distributions. Chapter 4.2 describes the modelling of the
benchmark case, for which test results [Vimonsatit, Tan, Qian, 2007] at ambient and
uniform elevated temperatures are available. The main differences with the other cases
(e.g. different aspect ratio, aluminium and stainless steel plates) are also pointed out.
Chapter 4.3 provides a convergence study and sensitivity analysis considering the
meshing and imperfections. All results of the numerical modelling are shown in Chapter
4.4, and finally a discussion of the obtained results is presented in Chapter 4.5.

4.1 Considered cases

This chapter presents all the calculated cases of this study. Properties of all considered
plates are shown in Chapter 4.1.1 and temperature distributions in Chapter 4.1.2.
Ambient temperature resistances were also calculated for each plate. Moreover,
resistances at uniform elevated temperatures were calculated for some plates including
the benchmark case.

4.1.1 Properties of the plates

All the considered plates are shown in Tables 4.1T4.2. A total of 12 carbon steel-
(PL1TPL12), two aluminium plates made of alloy 5083-H111/5083-0O (PLal and PLa2)
and two stainless steel (grade 1.4301) plates (PLsl and PLs2) were considered. All
plates were selected so that elastic shear buckling preceded yielding at ambient
temperature (theoretically 7 > 1). Table 4.1 shows the properties of the carbon steel
plates which were first considered in reference [Salminen, Heinisuo, 2011(b)]. These
eight square plates include so-called benchmark cases (PL2 and PL7) for which test
results at ambient and at uniform elevated temperatures are available [Vimonsatit, Tan,
Qian, 2007]. More specific analyses were performed in the case of these plates.
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Table 4.1. Properties of the carbon steel plates analysed in reference [Salminen,
Heinisuo, 2011(b)] (benchmark cases in bold).

Plate Boundaries  Geometry fy E hit 1
(axhxt)[mm]  [N/mm?]  [N/mm?]

PL1 Simple 305x305x1 355 210 000 305 3.28
PL2  Simple 305x305x1.5 332 200 000 203 2.17
PL3 Simple 305x305x 2 355 210 000 153 1.64
PL4  Simple 305x305x1 235 210 000 305 2.67
PL5 Simple 305x305x1.5 235 210 000 203 1.78
PL6 Clamped 305x305x1 355 210 000 305 2.63
PL7  Clamped 305x305x1.5 332 200 000 203 1.73
PL8 Clamped 305x305x1 235 210 000 305 2.14

Table 4.2 presents the plates considered first in this study. These plates also include
aspect ratios, a’/h = 0.5, 2 and 3 (PL10TPL12). Carbon steel grade S460 (PL9),
aluminium (PLal and PLa2) and stainless steel (PLsl and PLs2) plates were also
considered. The slenderness parameters [ for aluminium plates were calculated using
Equation (2.51) (intermediate web stiffeners).

Table 4.2. Properties of the plates analysed in this study.

Plate  Boundaries Geometry fy or fo/f, E h/t 1
(ax hxt) [mm] [N/mm?]  [N/mm?]

PL9 Simple 305 x 305 x 2 460 210 000 153 1.87
PL10 Simple 152.5x305x 1 235 210 000 305 1.62
PL11 Simple 610x305x 1 235 210 000 305 3.24
PL12 Simple 915x305x 1 235 210 000 305 3.39
PLal Simple 305x305x1.5 125/275 70 000 203 2.28
PLa2 Simple 305 x 305 x 2 125/275 70 000 153 1.71
PLsl  Simple 305x305x1 210/520 200 000 305 2.59
PLs2  Simple 305x305x1.5 210/520 200 000 203 1.72

4.1.2 Temperature distributions

The shear resistances of the plates presented in Tables 4.1 and 4.2 were calculated at
ambient temperature and at 18 different non-uniform temperatures. Moreover, some
cases, including the benchmark case, were also calculated at uniform elevated
temperatures.

Non-uniform temperature distributions across the plate height for carbon steel were:
1001300, 1001500, 1007700, 1007900, 20071500, 3001600, 4007700, 5001800 and
600T900 °C. The reductions in material properties of carbon steel, aluminium and
stainless steel are totally different at elevated temperatures. Moreover, the material
model of aluminium is based on test results [Maljaars, 2008], which were conducted at
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up to 350 °C while in EN 1993-1-2 [EN 1993-1-2, 2005] the material models of carbon
and stainless steel are presented up to 1200 °C. Therefore, different temperature
distributions were applied in the case of each material. In the case of aluminium, the
following temperature distributions were applied: 507200, 501250, 5071300, 501350,
1007250, 1257275, 1501300, 17571325 and 2001350 °C. For stainless steel the
distributions were: 10071400, 1007600, 1007800, 10011000, 2007600, 3007700,
4001800, 5007900 and 600T1000 °C. All distributions were considered linear and non-
linear (3rd order polynomial) so that the hottest temperature occurs at the lower edge of
the plate as shown in Figure 4.1 and Equations (4.1) and (4.2). The temperature
distributions were motivated by fire tests on hat beams [Terdsnormikortti 21/20009,
2009] and FEM analysis and fire tests on an all-metal sandwich panel [Salminen, 2010],
[Heinisuo, Yliharsila, 2006]. Figures 4.2T4.4 show all the non-uniform temperature
distributions applied in the FEM analyses. In addition, temperature distributions from
[Salminen, 2010] were applied in the worked example of the calculation method
presented in Chapter 5.1.2.

qcold
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Y [mm]

qhot

Figure 4.1. Temperature distributions.

Linear distribution: 90Y) = G + 1= 32 s = ) (4.1
Non-linear distribution: q(y) =Quq + (1L~ L)s(qhot - Qo) (4.2)
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Figure 4.4. Temperature distributions of this study for stainless steel plates.

4.2  Modelling

The modelling of the benchmark cases (PL2 and PL7) [Vimonsatit, Tan, Qian, 2007] is
described in Chapter 4.2.1. The procedure was the same for other plates of different
properties and with plates made of aluminium and stainless steel. However, the
differences in the modelling are pointed out where necessary (e.g. different aspect
ratio), and the applied material models for aluminium and stainless steel are shown in
Chapter 4.2.2. The modelling of the benchmark case is also shown in more detail in
Appendix A

4.2.1 Benchmark case

The properties of the tested web girders (Chapter 3.3) [Vimonsatit, Tan, Qian, 2007]
were the same as with plates PL2 and PL7. The only difference between modelled
plates PL2 and PL7 was that PL2 was simply supported and PL7 was clamped. In the
tests [Vimonsatit, Tan, Qian, 2007] the web was welded between flanges and vertical
stiffeners. The nominal distance between the flanges and the vertical stiffeners was 305
mm. The yield strength (332 N/mm?) and elastic modulus (200 000 N/mm?) of the web
material were measured in the tests. The test results are considered in more detail in
Chapter 3.3.

The dimensions (a x h x t) of the benchmark case plates were 305 x 305 x 1.5 mm°.
Boundary conditions are shown in Tables 4.3 and 4.4 (see also Fig. 4.5). Uniformly
distributed stress of 1 kN/(t x h) was applied on the edges of the plate as shown in
Figure 4.6. The stress was then multiplied by the load proportionality factor, which
gives the maximum shear load of the plate in kN. Uniformly applied shear loads have
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been applied also in other recent studies concerning ultimate shear resistance of thin
plates [Alinia et al, 2009], [Lee et al, 2008], [Estrada et al, 2007], [Yoo, Lee, 2006].

Figure 4.5. Boundaries and co-ordinate system of modelled plates [Salminen, 2010].

Table 4.3. Boundary conditions for simply supported plates (0 — not constrained, 1 —

constrained).

Location u u, u, ROTXx ROTy ROTz
Point A 1 1 1 1 1 1
Points B, Cand D 0o 0 1 1 1 1
Edges 1 and 3 0 0 1 1 0 1
Edges 2 and 4 0 0 1 0O 1 1

Table 4.4. Boundary conditions for clamped plates (O — not constrained, 1T

constrained).

Location U Uy u, ROTx ROTy ROTz
Point A 1 1 1 1 1 1
Points B, Cand D 0o 0 1 1 1 1
Edges 1 and 3 0 0 1 1 1 1
Edges 2 and 4 0 0 1 1 1 1

Similar boundary conditions have also been used in other studies concerning shear
buckling and post-buckling of plates, such as [Yoo, Lee, 2006], [Alinia et al, 2009].
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Figure 4.6. Applied loading and mesh (50 elements along the edges).

Non-linear behaviour of carbon steel material at elevated temperatures was taken into
account according to EN 1993-1-2 [EN 1993-1-2, 2005] as shown in Figure 4.7. The
obtained results are therefore valid for heating rates between 2 and 50 K/min [EN 1993-
1-2, 2005]. In the tests [Vimonsatit, Tan, Qian, 2007] the heating rate was 7 K/min.
Stress-strain relationships were inputted in ABAQUS every 50 °C and linear
interpolation was used between these temperatures. It should be noted that creep strain
is implicitly introduced in this stress-related strain [EN 1993-1-2, 2005]. True stresses
(Strue) and logarithmic strains (enp) were calculated and used in modelling as given in
Equations (4.3) and (4.4). The initial value of the elastic modulus E was reduced
according to EN 1993-1-2 [EN 1993-1-2, 2005] (Fig. 3.1). ABAQUS [ABAQUS, 2010]
uses the value of elastic modulus until the proportional limit is reached. The Poisson’s
ratio n is supposed to be 0.3 also at elevated temperatures.
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for the benchmark case (fy = 332 N/mm?).
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Each edge of plate PL2 (and PL7) consisted of 50 nodes of four-node reduced-
integration quadrilateral shell elements, coded as S4R in ABAQUS. These elements are
capable of modelling elastic, plastic and large-strain behaviours and can simulate both
membrane and flexural behaviours. The elements have three rotational and three
translational degrees of freedom per node. Element S4R uses thick shell theory as shell
thickness increases and becomes a Kirchhoff thin shell element as thickness decreases (t
< h/15, the cases of this study) and transverse shear deformation becomes very small
[ABAQUS, 2010]. The same element of ABAQUS and a corresponding one of other
softwares has been used in other recent studies on the buckling and post-buckling
behaviour of plates [Habashi, Alinia, 2009], [Alinia et al, 2009(a)], [Yoo, Lee, 2006],
[Kaitila, 2004]. Plates with aspect ratios a/h = 0.5, 2 and 3 consisted of 25 x 50, 100 x
50 and 150 x 50 elements, respectively. In reference [Habashi, Alinia, 2009], 30 x 30
elements were the minimum requirement for the square plate in the analysis of thin
unstiffened steel plate shear walls (SPSWSs) when using the same software and elements
at ambient temperature. Similar conclusions concerning mesh refinement have also been
drawn in other studies related to shear buckling and shear resistance of thin metal plates,
such as [Yoo, Lee, 2006], [Alinia et al, 2008], [Alinia et al, 2009(a)].
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Newton-Raphson method and its modifications are often used in non-linear FEM
analysis. However, it fails to trace the non-linear equilibrium path through the limit
point because in the vicinity of the limit point (shear buckling in this case), the tangent
matrix becomes singular and the iteration process diverges. Therefore, arc-length
control (modified Riks method) was used as an incrementation procedure. In this
method, the load increment for each load step is considered as an unknown and it is
solved as a part of the solution [Reddy, 2004]. Thus, the modified Riks method is a
displacement based procedure which allows for the decrease in the applied load,
unloading and softening [Alinia, 2010]. The sizes of the initial, minimum and maximum
increments were made appropriate for each case so that the displacement—shear force
curve was smooth, which required approximately 15130 increments depending on the
temperature distribution until the maximum shear resistance was reached (see e.g. Figs.
4.28714.30).

Initial imperfections were needed so that the tension field effect could occur. The three
lowest eigenmodes from the linear buckling analysis were combined so that the
maximum magnitude at the midpoint of the plate was h/100 (= 3.05 mm in all cases) as
shown in Figure 4.8 (aspect ratio a/h=1, simply supported plate). The eigenmodes 113
for simply supported plates with aspect ratios 0.5, 2 and 3 are shown in Figure 4.9. The
quantity h/100 is the maximum allowed imperfection after fabrication of the sheet
according to EN 1090-2 [EN 1090-2, 2005]. The eigenmodes were calculated at
ambient temperature separately for each considered case using the same boundary
conditions, elements and mesh as in the calculation of ultimate shear resistance.

Eigenmode 1 Eigenmode 2 Eigenmode 3

Maximum magnitude [mm)] 2.4132 0.7xh/200=1.0675 | 0.7x2.4132 =1.6892
Magnitude at the midpoint
of the plate [mm)] 2.4132 0 0.6368

(2.4132 + 0.6368 = 3.05)

Figure 4.8. Superimposition of the eigenmodes for initial imperfections [Salminen,
Heinisuo, 2011(a)].
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Figure 4.9. Eigenmodes applied in the imperfections for aspect ratios 0.5, 2 and 3.

Temperature distributions were given as a predefined field across the plate before
loading. Movements in the x- and y-direction were prevented only at point A (see Fig.
4.5) to allow thermal elongation, which was taken into account according to EN 1993-1-
2 [EN 1993-1-2, 2005].

4.2.2 Aluminium and stainless steel plates

The FEM model used for carbon steel plates was also applied to aluminium and
stainless steel plates. The only differences between them were the material models.
Thermal expansion was not taken into account in the cases of aluminium and stainless
steel because it was observed to have no effect on the results for carbon steel plates.

Standard EN 1999-1-2 [EN 1999-1-2, 2007] does not include a similar stress-strain
relationship for aluminium at elevated temperatures as is found for carbon- and stainless
steel in EN 1993-1-2 [EN 1993-1-2, 2005] (Figs. 3.2 and 3.6). The material model for
the aluminium plates considered in this study was taken from the dissertation of
Maljaars [Maljaars, 2008]. It is based on test results on conventional flat tensile test
specimens made of alloy 5083-H111 (f, = 125 N/mm? and f, = 275 N/mm? according to
EN 1999-1-1 [EN 1999-1-1, 2007]). The uniaxial steady state tests were conducted at
temperatures of 20, 200, 250, 300 and 350 °C and the stress-strain curves, which take
creep implicitly into account were derived for constant heating rates corresponding to
30, 60, 90 and 120 minutes [Maljaars, 2008] (see also Chapter 3.1.4). The curve
corresponding to a 30 minute constant heating rate was chosen for this study. The
design curves at elevated temperatures are given in [Maljaars, 2008] up to strain ¢ =
0.015. In modeling, stress is assumed subsquently to remain the same until ¢ = 0.3 and
to decrease then to zero. Chapter 4.4.3 shows the strain values when the maximum force
at elevated temperatures is reached to prove that strains are relatively small at that stage.
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It should be noted that the relative values fo2q/ fo2 in EN 1999-1-2 [EN 1999-1-2, 2007]
are based on steady state tests [Maljaars, 2008]. According to Maljaars, the reductions
of 0.2 % proof strength koq in EN 1999-1-2 [EN 1999-1-2, 2007] at elevated
temperatures are unsafe for alloy 5083-H111. It should be noted that the dissertation of
Maljaars considers the reduction factors of alloy 5083-H111 the same as those of 5083-
O even though EN 1999-1-2 [EN 1999-1-2, 2007] does not include reduction factors Ko q
for alloy 5083-H111, which means that the lower limit values should be used (see Fig.
3.3). The lower limit values of EN 1999-1-2 [EN 1999-1-2, 2007] are on the safe side
compared to the reduction factors ko4 from tests conducted in [Maljaars, 2008]. The
material model used for aluminium in this study is shown in Figure 4.10 and the
corresponding reduction factors of 0.2 % proof strengths ko 4 and the lower limit values
according to EN 1999-1-2 [EN 1999-1-2, 2007] are presented in Figure 4.11.
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Figure 4.10. Stress-strain formulation for aluminium plates PLal and PLa2 (large
strains at left and small strains at right).
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Figure 4.11. 0.2% proof strengths of material model applied in this study and EN 1999-
1-2 [EN 1999-1-2, 2007] (alloy 5083-O and lower limit).
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The stress-strain relationship for stainless steel at elevated temperatures is taken from
Figure C.1 of EN 1993-1-2 [EN 1993-1-2, 2005]. Figure 4.12 shows the applied
material model for stainless steel plates PLs1 and PLs2 (grade 1.4301, f, = 210 N/mm?,
f, = 520 N/mm?).
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Figure 4.12. Stress-strain formulation according to EN 1993-1-2 [EN 1993-1-2, 2005]
for stainless steel plates PLs1 and PLs2 (f, = 210 N/mm?, f, = 520 N/mm).

Stress-strain relationships for stainless steel were inputted in ABAQUS every 50 °C and
true stresses Sy and logarithmic strains enp were calculated for aluminium and
stainless steel as shown in Equations (4.3) and (4.4) and used in modelling as in the case
of carbon steel. The initial values of elastic modulus E were reduced for aluminium and
stainless steel according to EN 1999-1-2 [EN 1999-1-2, 2007] and EN 1993-1-2 [EN
1993-1-2, 2005], respectively (Figs. 3.3 and 3.4). It should be noted that only four
stress—strain curves at elevated temperatures were inputted in ABAQUS in the case of
aluminium (20 for stainless steel). ABAQUS interpolates the values between the curves
linearly, which may cause slight inaccuracy in the analysis of aluminium plates,
especially when temperature is between 20 and 200 °C. However, when strains are less
than 0.015, the right-hand side of Figure 4.10 indicates that linear interpolation between
the stress-strain curves in this case describes the behaviour of aluminium relatively
accurately. For example, the 250 °C curve represents closely the average values of
curves 200 °C and 300 °C.
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4.3 Convergence study and sensitivity analysis

The effect of mesh size on shear buckling and ultimate shear resistance is studied in
Chapter 4.3.1, and a sensitivity analysis considering the effect of initial imperfections
on ultimate shear resistance is presented in Chapter 4.3.2. The analyses were conducted
at ambient as well as uniform and non-uniform elevated temperatures. The first FEM
calculations of this study [Salminen, Heinisuo, 2010] were conducted using a bilinear
material model instead of the accurate model of EN 1993-1-2 [EN 1993-1-2, 2005] (Fig.
4.7). The effect of the material model could therefore been studied with carbon steel
plate PL2 at non-uniform elevated temperatures. The results of the comparison are
presented in Chapter 4.4.4.

4.3.1 Meshing

Shear buckling analyses were used only for initial imperfections in this study. However,
a brief convergence study to determine the suitable element mesh for shear buckling
analysis was conducted for benchmark case PL2. Figure 4.13 presents the calculated
eigenvalues V¢ rem for benchmark case PL2 at ambient temperature as a function of
used number of edge elements. The calculated values are compared to the theoretical
shear buckling load (18.68 kN), which is calculated using Equations (2.5)T(2.8).
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Figure 4.13. Convergence study for determining the number of edge elements (PL2,
ambient temperature).

Figure 4.13 shows that in this case the shear buckling load from FEM analysis is very
close to the theoretical value (Eg. (2.5)) when the model contains at least 20 edge
elements. However, 50 edge elements were used in the calculation, because the
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calculation time was rather short also there. Figure 4.14 presents the errors in the three
first eigenvalues at ambient temperature (left) and a linear 100T900 °C (right)
temperature distribution. It is assumed that FEM calculation gives an accurate result

always when 50 edge elements are used.
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Figure 4.14. Percentage errors in shear buckling resistance at ambient (left) and
elevated 100T900 °C (right) temperatures.

Ultimate shear resistances obtained with different meshes are compared in Figure 4.15.
It should be noted that the initial imperfections were calculated for each case separately
with the same meshing in order to apply the displacements for nodes. In this
comparison, it is also assumed that FEM calculation gives an accurate result in each
case when using 50 edge elements. Figure 4.16 illustrates the tension field at ambient
temperature with different discretization of meshes.
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Figure 4.15. Percentage errors in ultimate shear resistance.
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Figure 4.16. Tension fields at ambient temperature.

Based on Figures 4.14 and 4.15, it can be said that a denser element mesh is needed at
elevated than at ambient temperatures to get accurate results. Moreover, it can be seen
that too few elements leads to overestimated resistance. When the number of edge
elements was at least 40 in this case, the results were very close. In this comparison, the
most sensitive case for meshing was ultimate shear resistance at a linear temperature
distribution of 1007900 °C. One hundred edge elements were used also in this case. The
ultimate shear resistances with 50 and 100 edge elements were 4.00 and 3.81 kN,
respectively. Moreover, the effect of the element type was tested at the linear
temperature distribution of 1007900 °C. The calculated shear resistance using element
type S4 of ABAQUS and 50 x 50 mesh was 3.94 kN (1.5 % smaller than with element
type S4R). Element type S4 is a fully integrated, finite-membrane-strain shell element
and has four integration locations per element compared with one for S4R, which makes
the element computationally more expensive than S4R [ABAQUS, 2010].

It can be concluded that in this case the applied mesh (50x50 elements for a square
plate) and element type S4R produce relatively accurate results within reasonable
computer time. Figures 4.15 and 4.16 show that the post-buckling behaviour of the plate
can also be modelled using a relatively coarse mesh, but the results may be inaccurate
especially at elevated temperatures. The shapes of the tension fields shown in Figure
4.16 are clearly different for various meshes due to slightly different initial
imperfections.

4.3.2 Initial imperfections

In order to find the worst possible imperfection, which yields the lowest resistance of
the structure, a series of analyses need to be performed on a large range of possible
imperfections. According to the results of the optimization approach by Kristanic and
Korelc, it is difficult to characterize certain structures with certain types of
imperfections because every change in thickness, geometry or loading conditions may
change the worst imperfection significantly [Kristanic, Korelc, 2008]. It should be noted
that Kristanic and Korelc performed their calculations for a compressed cantilever
structure, a bended thin-walled T- and I-beam and a compressed cylinder. The paper by
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Pavlovcic et al presents an initial geometric imperfection study on the shear resistance
of longitudinally stiffened panels [Pavlovcic et al, 2007]. Based on their research, shear
capacity has only limited sensitivity to any kind of imperfection shape variation with
amplitude at the allowable fabrication tolerances (6.9 % reduction at the most compared
to “perfect” structure). According to Pavlovcic et al, in the case of longitudinally
stiffened panels, the imperfection direction, the critical buckling mode and different
combinations of imperfections have to be tested for research purposes. For design
purposes this study can be very limited [Pavlovcic et al, 2007].

In this study all final results were calculated using h/100 [EN 1090-2, 2005] as the
magnitude and the shape presented in Figure 4.8 and 4.9 as the initial imperfection. The
effects of the magnitude and shape of the given imperfection on the most slender carbon
steel plate PL1 (/ = 3.28) were also studied briefly. Figures 4.17-4.19 illustrate the
behaviour of PL1 at ambient and elevated temperatures at different magnitudes for the
initial imperfection. The shape of the imperfection is the same as specified in Figure
4.8. Moreover, Figures 4.17-4.19 show the theoretical shear buckling resistances,
calculated using Equations (2.5)—(2.8) and ultimate shear resistances for the plate alone
according to EN 1993-1-5 [EN 1993-1-5, 2005] and EN 1993-1-2 [EN 1993-1-2, 2005]
(Egs. (2.44) and (3.3)). The theoretical shear buckling resistance at a non-uniform
(linear 100-900 °C) temperature distribution in Figure 4.19 was calculated using the
method presented in reference [Salminen, 2010] (see Chapter 5.1).
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Figure 4.17. Effect of the magnitude of initial imperfection at ambient temperature.
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Figure 4.18. Effect of the magnitude of initial imperfection at 500 °C.
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Figure 4.19. Effect of the magnitude of initial imperfection in case of a linear 100-900
°C temperature distribution.

From Figures 4.17-4.19 it can be determined that shear resistance is not considerably
dependent on the magnitude of the initial imperfection at ambient and uniform 500 °C
temperature. At a linear 100-900 °C temperature distribution the effect is clear. The
differences in ultimate shear resistances calculated using the smallest imperfection
(h/100 000 = 0.00305 mm) and the largest imperfection (h/100 = 3.05 mm) at ambient
temperature, 500 °C and a linear 100-900 °C distribution were 2.5, 4.6 and 19.2 %,
respectively. It can also be determined that the shear buckling phase is detectable only
when the magnitude of the imperfection is very small (< h/1000 in this case). Moreover,
it can be seen that the resistances according to EN 1993-1-5 [EN 1993-1-5, 2005] and
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EN 1993-1-2 [EN 1993-1-2, 2005] correlate well with those from FEM in the case of
ambient and at 500 °C temperatures but at a linear 100-900 °C distribution the
Eurocode resistance (8.38 kN, see also Eg. (3.3)), which is calculated based on the
average temperature of the plate, 500 °C is clearly on the unsafe side compared to
resistances from numerical analysis. The shear buckling resistance calculated by the
method proposed in reference [Salminen, 2010] is on the safe side compared to the
result of the FEM calculation at a temperature distribution of 100-900 °C. The
contribution of the post-buckling resistance decreases clearly in these cases compared to
ambient temperature. Changes in plate behaviour at elevated temperatures are described
in more detail in Chapters 4.4.3 and 4.4.4.

Based on the imperfection magnitude analysis presented in Figures 4.17-4.19, it can be
concluded that the magnitude of the initial imperfection does not have a significant
effect on ultimate shear resistance at ambient and uniform elevated temperatures, but at
the studied non-uniform elevated temperature (Fig. 4.19) its effect is clear. Furthermore,
the analysis shows that the resistances calculated with the applied magnitude (h/100)
were in each case smaller than those obtained using smaller magnitudes (h/1 000, h/10
000 and h/100 000).

The effect of the shape of the imperfection was studied by applying the eight first
positive and negative eigenmodes from ambient temperature analyses individually as
imperfections of the most slender carbon steel plate PL1 (/ = 3.28) at ambient, uniform
500 °C and linear 100-900 °C temperatures. The magnitude of the imperfection was in
each case 3.05 mm. Here, a negative eigenmode means that the shear stresses shown in
Figure 4.6 act in opposite directions in the shear buckling analysis. The ultimate shear
resistances calculated in this sensitivity analysis (Vsens) Were compared to the results
calculated using the imperfection applied in the calculation of the final results of this
study (Vappliea). Figure 4.20 presents the values Vsens /' Vappiied fOr the cases considered.



. ¢ Ambient

A 500degrees

220 - X Linear 100-900 degrees

Vsens / Vapplied

Eigenvalue

Figure 4.20. Ultimate shear resistances from sensitivity analysis compared to the basic
case (Fig. 4.8).

Based on Figure 4.20, it can be said that ultimate shear resistance does not depend much
on the shape of the initial imperfection in most cases, especially when using the lowest
positive eigenmodes as an imperfection. However, it also appears that the resistances
calculated using individual eigenmodes as imperfections were in some cases (especially
at ambient and uniform 500 °C) significantly higher compared to results calculated
using the imperfection defined in Figure 4.8. The smallest values for the ratio Vsens /
Vappliea at ambient, uniform 500 °C and linear 100-900 °C temperatures were 0.94, 0.98
and 1.02, respectively. The ambient temperature result (0.94) is close to the 6.9 %
reduction in the study of Pavlovcic et al [Pavlovcic et al, 2007]. It can be concluded
that, especially at elevated temperatures, the imperfection applied in the calculation of
the final results of this study (Fig. 4.8) gives results that are close to the minimum
possible value for the resistance when using a rather arbitrary eigenmode as the
imperfection.

However, it should be noted that in some cases shear resistance may increase
significantly due to the applied imperfection. That happens especially when using
negative eigenmodes, but such behaviour may occur also with positive eigenmodes.
Figures 4.21 and 4.22 illustrate the behaviour of the considered plate at ambient and
elevated temperatures when using different eigenmodes as an imperfection. Figure 4.21
considers the three lowest positive eigemodes and Figure 4.22 the positive eigenmodes
5, 6 and the negative eigenmode 2, which increase the shear resistance of the plate
significantly compared to the basic case. In the imperfection graphs, red colour indicates
the greatest out-of-plane displacement, in the tension field graphs at ambient and 500 °C
the greatest von Mises stress, and at 100-900 °C the yielded regions. Figure 4.21
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reveals that at a 100-900 °C temperature distribution the post-buckling behaviour of the
considered plate is rather limited. The tension field graphs and yielded regions are
plotted at the stage where maximum resistance is reached.

IMPERFECTION TENSION FIELD, AMBIENT TENSION FIELD, 500 °C YIELDED REGIONS, 100-500 °C
(V appiea = 17.20 kN) (V 2ppica = 9.04 kN) {V 2ppica = 1.92 kN}

Eigenmode 1 (V= 5.82 kN}) V4= 17.08 kN V= 1.96 kN

Eigenmode 2 (V= 7.21 kN) Vo= 9.07 kN Vo= 2.00 kN

Eigenmode 3 (V, = 15.57 kN) V= 16.24 kN Vo= 8.92 kN V= 2.04 kN

Figure 4.21. Tension fields and yielded regions with eigenmodes 1-3 as imperfections.

Figure 4.21 shows that the shape of the tension field and the yielded regions clearly
depend on the applied imperfection. However, in the case of the three lowest positive
eigenmodes, the resistances were nearly the same at ambient as well as elevated
temperatures.
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TENSION FIELD, AMBIENT
{V ppiied = 17.20 kN)

TENSION FIELD, 500 °C
(V oppiied = 9.04 kN)

YIELDED REGIONS, 100-900 °C
(V 2pped = 1.92 kN)

Eigenmode 5 (V. =19.27 kN)

V= 16.99 kN

V= 2.04 kN

Eigenmode 6 (V.= 20.31 kN)

V5= 2.03 kN

Eigenmode -2 (V' =-7.21 kN)

V= 3217 kN

V e = 17.60 kN

V= 1.98 kN

Figure 4.22. Tension fields and yielded regions with eigenmodes 5, 6 and -2 as
imperfections.

Figure 4.22 (especially the ambient temperature tension field graphs) reveals that
eigenmodes 5, 6 and -2 act like stiffeners and, therefore, increase shear resistance. The
same observation can also be drawn from Figure 4.23 which shows all the imperfections
which yielded to significantly higher resistances than in the other cases. The “stiffeners”
formed by the imperfection are marked with red lines.
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Figure 4.23. Imperfections that yielded significantly higher resistances.
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It appears from Figure 4.23 that all the considered imperfections that yielded
significantly higher resistances were antisymmetric with respect to the diagonal in the
direction where the principal compressive stresses occur (red line in Fig. 4.23). Thus, it
can be concluded that when calculating shear resistance, the applied imperfection(s)
should be symmetric with respect to this direction when a/h = 1. Moreover, if the
loading conditions are changed during the analysis, the validity of the applied
imperfections should be reassessed.

4.4 Results

4.4.1 Results at ambient temperature

Tables 4.5 and 4.6 present the maximum shear loads for all considered plates at ambient
temperature based on EN 1993-1-5 [EN 1993-1-5, 2005], EN 1993-1-4 [EN 1993-1-4,
2006], EN 1999-1-1 [EN 1999-1-1, 2007] and FEM calculations. FEM calculations
were performed for plates PL1-PL8 using two different initial imperfections (h/100 and
h/100 000).

Table 4.5. Shear resistances of plates PL1-PL8 at ambient temperature [KN].
PLL  PL2 PL3  PL4 PL5  PL6 PL7  PL8

FEM (h/100) 1718 3550 64.17 1370 2929 19.00 3852 1481
FEM (h/100 000) 1754 3518 66.31 14.00 3050 20.01 4130 15.98
EN 1993-1-5 1582 3359 6327 1287 2896 19.76 4197 16.08
FEM (h/100)/EN 1.09 1.06 1.01 1.06 1.01 0.96 0.92 0.92

Table 4.6. Shear resistances of plates PL9-PL12, PLal, PLa2, PLsl and PLs2 at

ambient temperature [KN].
PL9  PL10 PL11 PL12 PLal PLa2 PLsl PLs2

FEM (h/100) 7465 1761 1052 8.88 13.75 2350 10.15 21.85
EN 72.02 2121 1060 10.13 1094 1945 11.77 23.42
FEM (h/100)/EN 1.04 0.83 0.99 0.88 1.26 121 0.86 0.93

Based on Table 4.5, FEM results at ambient temperature were not very sensitive to
changes in the magnitude of the initial imperfection as shown also in Chapter 4.3.
Compared to EN 1993-1-5 [EN 1993-1-5, 2005] resistances, the resistances of carbon
steel plates were slightly higher in the case of simply supported plates and slightly lower
in the case of clamped plates. The FEM resistances of carbon steel plates PL10 (a/h =
0.5) and PL12 (a/h = 3) were clearly lower than EN 1993-1-5 resistances.

FEM resistances of aluminium plates PLal and PLa2 were clearly higher than those
calculated according to EN 1999-1-1 [EN 1999-1-1, 2007] while FEM resistances for
stainless steel plates (PLs1 and PLs2) were lower than the resistances according to EN
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1993-1-4 [EN 1993-1-4, 2006]. It should be noted that in the case of aluminium, the
applied values for 0.2 % proof strengths f, were 150 N/mm? in FEM analysis (from test
results [Maljaars, 2008]) and 125 N/mm?® (EN 1999-1-1, Table 3.2a) in the calculation
of EN 1999-1-1 resistance, which explains the differences in the resistances in the case
of aluminium plates.

4.4.2 Benchmark case

Test results for a beam web loaded primarily in shear at ambient (20 °C) and uniform
elevated temperatures (400 °C, 550 °C and 700 °C) [Vimonsatit, Tan, Qian, 2007] were
used as benchmark cases in FEM simulations. The results of the test series are shown in
more detail in Chapter 3.3. The properties of the tested web girders were the same as
those of plates PL2 and PL7 (see Table 4.1). The only difference between PL2 and PL7
was that PL2 was simply supported and PL7 was clamped. The reference [Salminen,
2010] shows that almost all test results of reference [Vimonsatit, Tan, Qian] were on the
safe side compared to EN 1993-1-2 [EN 1993-1-2, 2005] except for one test specimen,
which they reported having had some problems with during the execution of the tests
[Vimonsatit, Tan, Qian, 2007]. The tested web girder (PL2 and PL7) was selected as a
benchmark case because it was the most slender one (h/t = 203).

Maximum shear loads from the tests and according to Eurocodes [EN 1993-1-5, 2005],
[EN 1993-1-2, 2005] and FEM calculations [Salminen, Heinisuo, 2011(a)] are shown in
Table 4.7. The EN 1993-1-5 resistances were calculated for the plate alone in the case
of PL2 and PL7. The effect of flanges and end-posts was taken into account in the case
of PL7,fl,ep when calculating the EN 1993-1-5 resistances. In FEM calculation the
effect of flanges and end-posts was neglected. Figure 4.24 compares the calculated
resistances (Vi) to test values (Viest).

Table 4.7. Comparison of shear resistances [KN].

Temperature Test Eurocodes Eurocodes Eurocodes FEM FEM
[°C] result (PL2) (PLT7) (PL7,fl,ep) (PL2) (PLT7)
20 59.6 33.59 41.97 55.69 35.50 40.46
400 46.4 21.83 27.28 36.20 22.42 26.30
550 28.6 13.94 17.42 23.11 14.26 16.59

700 10.16 4.37 5.46 7.24 4.68 5.60
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Figure 4.24. Comparison of shear resistances.

Table 4.7 and Figure 4.24 show that Eurocode resistances for the plate alone correlate
quite well with the resistances from FEM analysis. Yet, all calculated resistances were
clearly smaller than those from the tests. The Eurocode resistances were on average 19
% smaller than those from the tests assuming a clamped-plate web and considering the
effect of the flanges according to EN 1993-1-5 [EN 1993-1-5, 2005]. The calculated
resistances for clamped plates (PL7) were on average 25 % higher according to EN
1993-1-5 [EN 1993-1-5, 2005] and 17 % higher according to FEM calculations
compared to simply supported plates (PL2). Moreover, when including the contribution
of the flanges to the calculation according to EN 1993-1-5 (PL7,fl,ep), the resistances
increased on average 33 %. Supporting structures seem to have a significant effect on
shear resistance at ambient and elevated temperatures. That has been observed also in
other recent studies [Vimonsatit, Tan, Ting, 2007], [Salminen, 2010]. Nevertheless,
based on the benchmark case it can be concluded that the FEM model is reliable in
analysing the behaviour of an isolated plate at elevated temperatures.

4.4.3 Other results at uniform elevated temperatures

The behaviour of plates PL1, PL3, PLal, PLa2, PLs1 and PLs2 was studied at uniform
elevated temperatures (at 100-700 °C for PL1, PL3, PLs1, PLs2 and 200-350 °C in the
case of PLal and PLa2) in order to observe how plate behaviour changes at elevated
temperatures. In the cases considered next, an initial imperfection of h/100 000 is
applied in order to observe the contributions of shear buckling and tension field
resistances separately. The calculated resistances at uniform elevated temperatures are
presented in Tables 4.8-4.10. The shear force corresponding to the first increment
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where maximum out-of-plane displacement of the plate was more than 0.1 mm (see also
Figs. 4.28-4.30) was taken as the critical shear force V.

Table 4.8. Calculated shear buckling and ultimate shear resistances of carbon steel
plates PL1 and PL3 at uniform elevated temperatures.

PL1 PL3
Temperature Vi [KN] Vi [KN] Ve [KN] Vi [kN]
[°C]
20-100 5.73 17.62 47.58 66.76
200 5.40 15.63 41.41 58.01
300 457 13.47 38.07 49.31
400 3.99 11.47 33.31 40.97
500 3.42 9.37 28.55 33.58
600 1.85 5.24 14.31 18.62
700 0.77 2.43 6.18 8.60

Table 4.9. Calculated shear buckling and ultimate shear resistances of aluminium plates
PLal and PLa2 at uniform elevated temperatures.

PLal PLa2
Temperature V¢ [KN] Vi [KN] Ve [KN] Ve [KN]
[°C]
20 6.40 13.83 15.27 23.97
200 5.52 9.49 13.32 16.12
250 5.03 7.12 12.22 13.52
300 3.49 4.49 7.30 7.97
350 2.25 2.39 4.24 4,75

Table 4.10. Calculated shear buckling and ultimate shear resistances of stainless steel
plates PLs1 and PLs2 at uniform elevated temperatures.

PLs1 PLs2

Temperature Vi [KN] Vi [KN] Ve [KN] Vi [kN]
[°C]

20 5.36 10.45 14.89 22.41
100 5.22 9.31 14.46 20.03
200 5.04 8.29 13.48 17.91
300 4.82 7.83 13.14 16.92
400 455 7.37 12.88 15.97
500 4.35 6.71 11.58 14.52
600 4,15 6.15 10.85 13.32
700 3.86 5.16 9.56 11.26

The calculated shear buckling resistances V. of the considered plates at ambient
temperature agreed well with the theoretical values (Egs. (2.5)-(2.8)) if the plate was
slender enough. The values Ve rem / Vertheoreticat TOr plates PL1, PL3, PLal, PLa2, PLs1
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and PLs2 were 0.99, 1.02, 0.98, 0.99, 0.97 and 0.80, respectively. In the case of
stainless steel plate PLs2, theoretical shear buckling resistance was clearly higher than
the critical shear buckling resistance from FEM because the material model of stainless
steel is highly non-linear also at ambient temperature. Moreover, plate PLs2 was thicker
than PLs1 leading to higher stresses and yielding of the material before theoretical V,
was reached which means that the classical formulas (Egs. (2.5)-(2.8)) do not apply.

The calculated ultimate shear resistances of carbon steel plates PL1 and PL3 at 20-100
°C might be slightly different than the ambient temperature results presented in Table
4.5 because the sizes of the increments were changed for each case separately and were
not exactly the same in all analyses. However, the differences between the results were
0.7 % at the most. Figures 4.25-4.27 present the calculated reduction factors of shear
buckling and ultimate shear resistances, Ve fi / Verambient and Vuiesi / Vuitambient aS @
function of temperature. Moreover, the reduction factors of elastic modulus and design
yield strength for class 4 members (0.2 % proof strengths) according to EN 1993-1-2
[EN 1993-1-2, 2005] and EN 1999-1-2 [EN 1999-1-2, 2007] are plotted.
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Figure 4.25. Reduction factors for shear buckling (left) and ultimate shear resistance
(right) for plates PL1 and PL3 (carbon steel).
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Figure 4.26. Reduction factors for shear buckling (left) and ultimate shear resistance
(right) for plates PLal and PLa2 (aluminium).
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Figure 4.27. Reduction factors for shear buckling (left) and ultimate shear resistance
(right) for plates PLs1 and PLs2 (stainless steel).

Figures 4.25-4.27 reveal that at uniform elevated temperatures the reduction factors for
critical shear force V. obtained by FEM are close to the reduction factors for elastic
modulus according to EN 1993-1-2 [EN 1993-1-2, 2005] in the case of carbon and
stainless steel. The calculated reduction factors for V. in the case of aluminium plates
were clearly lower than the reductions of elastic modulus according to EN 1999-1-2
[EN 1999-1-2, 2007] at temperatures 300 and 350 °C. The reason is that in the applied
material model (Fig. 4.10) the proportional limit at those temperatures is very low, even
compared to stainless steel. The reduction factors of ultimate shear resistance from FEM
analysis correlated well with the design strength of class 4 members in the case of
carbon steel. The calculated reduction factors for V,; in the case of aluminium were
close to the reduction factors for 0.2 % proof stress defined in EN 1999-1-2 [EN 1999-
1-2, 2007] for alloy 5083-0, but clearly higher than those of the lower limit. In the case
of stainless steel, the reduction factors from FEM analysis were clearly higher than the
reduction factors for design strength according to EN 1993-1-2 [EN 1993-1-2, 2005].
However, it should be noted that the calculated ambient temperature resistances of
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stainless steel plates PLs1 and PLs2 were smaller than those according to EN 1993-1-4
[EN 1993-1-4, 2006].

Figures 4.28-4.30 illustrate the behaviour of plates PL1, PLal and PLs1 at uniform
elevated temperatures.
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Figure 4.28. Behaviour of plate PL1 at different uniform temperatures.
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Figure 4.29. Behaviour of plate PLal at different uniform temperatures.
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Figure 4.30. Behaviour of plate PLs1 at different uniform temperatures.

Figure 4.30 reveals that the maximum out-of-plane displacements of plate PLs1 when
maximum shear force is applied are clearly smaller at elevated temperatures than at 20
°C (see e.g. curves at ambient and at 100 °C).

Figure 4.31 presents the yielded regions of plate PL1 when maximum shear force is
reached. It should be noted that at elevated temperatures yielding starts at relatively low

stresses due to increased material non-linearity (see Fig. 4.7).

20-100 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C

Figure 4.31. Yielded regions of plate PL1 at different uniform temperatures.

Tables 4.8-4.10 and Figures 4.28-4.30 clearly show that the tension field effect occurs
also at elevated temperatures. However, the relative contribution of the post-buckling
resistance Vpp (= Vur - Ver) to ultimate shear resistance V. decreases in most of the
cases. Figure 4.32 shows the ratios Vp, / Vi for all considered cases.
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Figure 4.32. Ratios Vjy, / Vi at ambient and uniform elevated temperatures.

Figure 4.32 reveals that the relative contributions of shear buckling and post buckling
resistances at uniform elevated temperatures are close to ambient temperature values in
the case of carbon steel. The relative contribution of post-buckling resistance decreases
at uniform elevated temperatures in the case of stainless steel, and especially in the case
of aluminium. This effect can be explained by the difference in the reduction factors of
the material properties of the considered materials. The reduction factors for 0.2 %
proof strengths and elastic modulus are quite close to each other at the same temperature
in the case of carbon steel (see Fig. 3.1), but in the case of aluminium (Fig. 3.3) and
stainless steel (Fig 3.4), the reduction factors for 0.2 % proof strengths are clearly
smaller than those of elastic modulus at the same temperature. The reduction of elastic
modulus is related to shear buckling resistance (Eqg. (2.6)) and the reduction of 0.2 %
proof strength is related to ultimate shear resistance (Egs. (3.3)). Figure 4.33 shows the
ratios kooq / kegq (dashed lines) as a function of a temperature for all considered
materials according to EN 1993-1-2 [EN 1993-1-2, 2005] and EN 1999-1-2 [EN 1999-
1-2, 2007]. Moreover, the calculated contributions of post-buckling resistance Vpy, / Vuit
at elevated temperatures are compared to the corresponding value at ambient
temperature Vpb,ambient / Vult,ambient-
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Figure 4.33 shows that the relative contribution of post-buckling resistance at uniform
elevated temperatures depends clearly on the ratio ko4 / keq. It can be concluded that if
the reduction factor for 0.2 % proof strength is smaller than the reduction factor for
elastic modulus at the same temperature, then the relative contribution of post-buckling
resistance is smaller at the considered temperature than at ambient temperature.

The material model for aluminium was taken from the dissertation of Maljaars
[Maljaars, 2008] where the design curves were derived up to strain e = 0.015. For larger
strains, in FEM modelling, the stress was assumed to remain the same as at e = 0.015
before decreasing to zero at e = 0.3. Table 4.11 shows the maximum principal strains of
aluminium plates PLal and PLa2 when the ultimate shear resistance of the plate is
reached.

Table 4.11. Maximum principal strains of plates PLal and PLa2 when the ultimate
shear resistance is reached.

20°C 200°C 250 °C 300°C 350 °C
PLal 0.0113 0.0126 0.0079 0.0088 0.0007
PLa2 0.0076 0.0104 0.0024 0.0014 0.0014

Table 4.11 shows that in the case of each considered aluminium plate the maximum
principal strains at the ultimate shear resistance were smaller than 0.015. Thus, it can be
concluded that the material model applied to aluminium was reliable in this case.
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4.4.4 Results at non-uniform elevated temperatures

Tables 4.12-4.14 present the calculated reduction factors kegm defined in Equation
4.5).

Vf' R,FEM
kFEM =t (4-5)
Vamb,R,FEM
where 1 Vi rFem IS shear resistance at elevated temperature and

1 Vamb,r,FEMm 1S Shear resistance at ambient temperature.

Table 4.12 presents the results for carbon steel plates PL1-PL8, Table 4.13 for carbon
steel plates PL9-PL12 and Table 4.14 for aluminium plates PLal and PLa2 as well as
stainless steel plates PLs1 and PLs2. The properties of all considered plates are shown
in Chapter 4.1.1 and the non-uniform temperature distributions in Chapter 4.1.2. The
results of Table 4.12 were first presented in reference [Salminen, Heinisuo, 2011(b)].

Table 4.12. Calculated reduction factors keem = Viirrem / Vamor,rem for carbon steel
plates PL1-PL8.

Temperature PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8
distribution [°C]

100-300 linear 0.836 0.831 0.828 0.809 0.804 0.827 0.829 0.804
100-500 linear 0.657 0.657 0.662 0.620 0.623 0.656 0.666 0.627
100-700 linear 0.319 0.320 0.319 0.301 0.301 0.308 0.330 0.298
100-900 linear 0.112 0.113 0.111 0.106 0.105 0.113 0.117 0.110
200-500 linear 0.631 0.630 0.633 0.596 0.597 0.633 0.637 0.602
300-600 linear 0.443 0442 0.444 0418 0.416 0437 0450 0.419
400-700 linear 0.244 0.245 0.243 0.230 0.230 0.238 0.248 0.228
500-800 linear 0.124 0.123 0.122 0.116 0.115 0.120 0.124 0.115
600-900 linear 0.070 0.069 0.067 0.066 0.064 0.065 0.070 0.061

100-300 non-linear 0.881 0.877 0.877 0.859 0.855 0.872 0.879 0.856
100-500 non-linear 0.753 0.755 0.763 0.718 0.721 0.749 0.766 0.722
100-700 non-linear 0473 0481 0485 0452 0458 0472 0.514 0.460
100-900 non-linear 0231 0.222 0.195 0.213 0.180 0.216 0.226 0.214
200-500 non-linear 0.705 0.710 0.714 0.672 0.675 0.706 0.719 0.677
300-600 non-linear 0.540 0.538 0.545 0.509 0.509 0.536 0.560 0.517
400-700 non-linear 0.341 0.343 0.340 0.323 0.323 0.332 0.356 0.321
500-800 non-linear 0.181 0.185 0.185 0.172 0.174 0.177 0.189 0.172
600-900 non-linear 0.096 0.096 0.095 0.091 0.090 0.093 0.098 0.090
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Table 4.13. Calculated reduction factors krem = Vi rrem / Vambr,rem for carbon steel
plates PL9-PL12.

Temperature PL9 PL10 PL11 PL12
distribution [°C]

100-300 linear 0.852 0.839 0.838 0.823
100-500 linear 0.688 0.662 0.640 0.636
100-700 linear 0.334 0.286 0.310 0.312
100-900 linear 0.116 0.101 0.128 0.137
200-500 linear 0.660 0.641 0.613 0.611
300-600 linear 0.463 0.434 0.428 0.422
400-700 linear 0.255 0.228 0.232 0.233
500-800 linear 0.128 0.116 0.119 0.122
600-900 linear 0.071 0.066 0.068 0.070
100-300 non-linear 0.898 0.880 0.890 0.864
100-500 non-linear 0.785 0.754 0.737 0.720
100-700 non-linear 0.501 0.430 0.468 0.464
100-900 non-linear 0.206 0.191 0.258 0.269
200-500 non-linear 0.739 0.713 0.690 0.673
300-600 non-linear 0.567 0.523 0.523 0.507
400-700 non-linear 0.356 0.311 0.327 0.320
500-800 non-linear 0.191 0.164 0.182 0.182
600-900 non-linear 0.099 0.089 0.097 0.096

Table 4.14. Calculated reduction factors keem = Viigrrem / Vamor,rem fOr aluminium
plates PLal, PLa2 and stainless steel plates PLs1, PLs2.

Temperature PLal PLa2 Temperature PLsl  PLs2
distribution [°C] distribution [°C]

50-200 linear 0.783 0.783 100-400 linear 0.752 0.733
50-250 linear 0.667  0.668 100-600 linear 0.667 0.645
50-300 linear 0523 0519 100-800 linear 0.510 0.498
50-350 linear 0.370  0.366 100-1000 linear 0.252 0.258
100-250 linear 0641 0.641 200-600 linear 0.602 0.633
125-275 linear 0554 0551 300-700 linear 0.537 0.558
150-300 linear 0465 0.460 400-800 linear 0.459  0.437
175-325 linear 0378 0375 500-900 linear 0.314 0.303
200-350 linear 0293 0.290 600-1000 linear 0.180 0.184
50-200 non-linear ~ 0.836  0.838 100-400 non-linear ~ 0.781  0.763
50-250 non-linear ~ 0.762  0.768 100-600 non-linear ~ 0.718  0.694
50-300 non-linear ~ 0.660  0.655 100-800 non-linear ~ 0.614  0.603
50-350 non-linear ~ 0.525  0.526 100-1000 non-linear ~ 0.407  0.416
100-250 non-linear  0.721  0.725 200-600 non-linear ~ 0.624  0.671
125-275 non-linear  0.643  0.644 300-700 non-linear ~ 0.567  0.611
150-300 non-linear  0.564  0.560 400-800 non-linear ~ 0.535 0.515
175-325 non-linear  0.480  0.475 500-900 non-linear ~ 0.413  0.402

200-350 non-linear  0.391  0.387 600-1000 non-linear  0.260  0.263
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Figures 4.34 and 4.44 present the upper and lower limit as well as the average value for
the calculated reduction factor at the same temperature distribution. Carbon steel plates
PL1-PL12 were considered in this comparison. Figure 4.34 shows the linear and Figure
4.35 the non-linear temperature distributions. Table 4.14 shows that the reduction
factors of two aluminium and two stainless steel plates were close to each other in all

cases.

1,0

B Average value

II-IIIIL

100-300 100-500 100-700 100-900 200-500 300-600 400-700 500-800 600-900

Reduction factor

Linear temperature distribution [°C]

Figure 4.34. Average values, upper and lower limits of reduction factors (carbon steel
plates PL1-PL12, linear temperature distributions).
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Figure 4.35. Average values, upper and lower limits of reduction factors (carbon steel
plates PL1-PL12, non-linear temperature distributions).

Figures 4.34 and 4.35 reveal that the reduction factors kegm Of carbon steel plates
PL1-PL12 were close to each other at the same temperature distribution in most cases.
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Deviations in the reduction factors were slightly higher in the case of non-linear
temperature distributions. The effects of thickness, yield strength, boundary conditions
and aspect ratio are considered in detail later in this chapter.

Figures 4.36-4.40 present the behaviour of the most slender plate of each considered
material (PL1, PLal and PLs1) at four linear non-uniform elevated temperatures. The
final results of this study were calculated using an initial imperfection of h/100.
However, the following shear force—displacement graphs were plotted also for initial
imperfections of h/100 000 (dashed lines) in order to observe the contributions of the
shear buckling and tension field phases. Figures 4.37 and 4.38 show the yielded regions
of carbon steel plate PL1 at ambient and at four linear non-uniform elevated
temperatures when maximum shear force is applied. The yielded regions were not
plotted in the case of aluminium and stainless steel plates because yielding starts at
relatively low stresses with them compared to carbon steel.
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Figure 4.36. Behaviour of carbon steel plate PL1 at ambient and linear non-uniform
elevated temperatures.

Figure 4.37. Yielded regions of carbon steel plate PL1 at linear non-uniform elevated
temperatures (small imperfections).























































































































































































































































































