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Abstract

Desert areas are characterized by extreme temperature changes, low humidity, and intense solar
radiation. Structures in these arcas arc cxposcd to thermal loads due to significant daily
temperature variations, ranging from scorching daytime heat to cold nighttime temperatures.
The thermal impacts t on the behavior of structural elements are of particular importance, as
such conditions requirc a comprchensive understanding of how these thermal changes impact
the performance, stability, and durability of structural elements.

The main aim objective of this work is to enhanced to the modeling of the static, vibration, and
stability behaviors of structures under thermal conditions, by developing of finite element
model that can precisely represent these behaviors. First, a finite element base on the Euler-
Bernoulli beam theory and taking into account the temperature rise has been adapted for
studying the static and vibration behavior of steel beams. Additionally, a new analytical
approach has been developed to study the static behavior of elastically supported steel beams
subjected to uniform temperature rise.The study revealed that temperature rise significantly
influences the static behavior of structural elements, notably affecting their stiffness and
strength, leading to a marked increase in deflections and bending moments. From the dynamic
behavior of steel beams under heating conditions, the natural frequency decrcases with
increasing temperature.

Secondly, the proposed finite element model is introduced to perform the buckling analysis of
functionally graded beams subjected to thermo-mechanical loading, based on the enhanced
Timoshenko beam theory using a simple high-order shear deformation theory (SHSDT), with
three degrees of freedom(DOFs) per node. The results show that the stability responses of
functionally graded (FG) beams are accurately predicted by the developed finite element
(SHSDT).

Keywords: Temperature, Static behavior, Buckling behavior, Dynamic behavior,
Structures, Finite element model
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Résumé

Les régions désertiques se caractérisent par des changements de température extrémes, une
faible humidité et un rayonnement solaire intense. Les structures de ces régions sont exposées
a des charges thermiques dues a des variations de température quotidiennes importantes, allant
de la chaleur torride de la journée aux températures froides de la nuit. Les effets thermiques sur
le comportement des éléments structuraux sont particuliérement importants, car ces conditions
exigent une compréhension globale de l'impact de ces changements thermiques sur la
performance, la stabilité et la durabilité des éléments structuraux.

L'objectif principal de ce travail est de contribuer a la modélisation du comportement statique,
vibratoire et de stabilité des structures sous conditions thermiques, en développant un modele
d'éléments finis capable de représenter précisément ces comportements. Tout d'abord, un
élément fini basé sur la théorie des poutres d'Euler-Bernoulli, prenant en compte I'élévation de
la température, a été adapté pour étudier le comportement statique et vibratoire des poutres en
acier. De plus, une nouvelle approche analytique a été développée pour étudier le comportement
statique des poutres en acier, supportées de maniére élastique et soumises a une élévation
uniforme de la température. L'étude a révélé que I'élévation de la température influence de
maniere significative le comportement statique des éléments structurels. notamment en
affectant leur rigidité et leur résistance, ce qui entraine une augmentation marquée des fleches
et des moments de flexion. A partir du comportement dynamique des poutres en acier sous
l'effet de la chaleur, la fréquence naturelle diminue avec l'augmentation de la
température.Ensuite, le modele d'élément fini proposé est introduit pour effectuer I'analyse
statique et le flambement des poutres a gradients fonctionnels soumises a des charges thermo-
mécaniques, en se basant sur une théorie améliorée des poutres de Timoshenko, a I'aide d'une
théorie de déformation par cisaillement d'ordre élevé simplifiée (SHSDT), avec trois degrés de
liberté (DDL) par nceud. Les résultats montrent que les réponses de stabilité des poutres a
gradient fonctionnel (FG) sont prédites avec précision par la méthode des éléments finis
développée (SHSDT).

Les mots clés: Temperature, Comportement statique, Comportement dynamique,
Comportement de flambement, Structures, modele des éléments finis .
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General introduction

The thermal impacts on the behavior of structural elements are of particular significance in
Saharan environments, characterized by severe temperature variations, low humidity, and
intensive solar radiation. Structures in these regions are subjected to thermal loads due to
substantial daily temperature changes, which can range from scorching daytime heat to cool
nighttime temperatures[1][2]. Such conditions necessitate a good understanding of how these
heat changes affect the performance, stability, and durability of structural elements.

The high ambient temperatures in Saharan environments can lead to significant thermal
expansion of materials[3]. This expansion, combined with the possibility of rapid nighttime
cooling, can induce stresses within structural components and potentially leading to cracking,
warping, or other forms of structural distress. Moreover, the use of building materials that do
not adequately accommodate thermal movement can exacerbate these issues, resulting in a need
for careful material selection and design considerations[4][5].

The high temperatures can significantly affect the behavior of these structures. One of the key
impacts of high temperatures on a structure can be categorized as follows[6]:

- Degradation of the material's mechanical properties.
- Thermal stresses resulting from temperature gradients, which may cause thermal buckling.
- Changes in the stiffness and vibration characteristics of structural elements.

It is necessary to use powerful numerical methods for studying the behavior of structures
subjected to the thermal conditions. One of the most popular methods employed today is the
finite element method, which has become an essential tool for numerical analysis of structural
behavior, thanks to its versatility and broad applicability.

The motivation behind this work is the investigation of the impact of elevated temperature on
the behavior of structures, which are determined through their structural elements like beams,
columns, etc. in a heated environment.

Thesis objectives:

The objective of this work is to modeling the static, vibration, and stability behaviors of
structures in a thermal environment by developing a finite element model able to describe
precisely the behaviors of this type of structure.



Thesis organization:

This research is organized into three sections:

®,

%+ The first part, titled *’Literature Review’ includes chapters 1 and 2.
Chapter I:

This chapter presents general information about temperature, fire, fire damage, and some
notable fire incidents that have occurred n recent years.

On the other side, this chapter presents an overview of functionally graded materials, their
manufacturing method, and application fields.

In chapter 2, a review of several studies from the literature on the static, buckling, and vibration
behavior of structural elements in a heated environment has been carried out.

s Part two entitled ‘ 'Numerical and analytical study of static and vibration of steel beams

subjected to temperature conditions™ contains chapter 3 and 4.

In chapter 3, a novel finite element, based on the Euler-Bernoulli beam theory and accounting
for temperature rise, has been developed to examine the static and vibration behavior of steel
beams. This approach incorporates the second-order term in the deformation-displacement
relationship by considering the nonlinear Von Karman strain. The total potential energy
principal has been utilized to drive the stiffness and geometric matrices.

Furthermore, a new analytical procedure has been established to examine the static behavior of
steel beams under uniformly distributed loads and uniform temperature rise.

Chapter 4 is focused on validating the formulated finite element model in the analysis of static
and vibration behavior of steel beams subjected to thermos-mechanical loading. Both uniform
and linear temperature distributions across the depth of the beam are taken into account. The
results in terms of deflection, bending moment, and natural frequencies were compared with
those found in the literature.

In addition, a parametric study was carried out to investigate the influence of various boundary
conditions on the beam's thermo-elastic bending behavior, using both finite element and
analytical approaches.

s Part three entitled ** Numerical study of thermal and mechanical buckling of functionally

graded beams *’ contains chapter 5 and 6.

In chapter 5, a novel simple high-order shear deformation theory (SHSDT) has been developed
using the enhanced Timoshenko beam theory. The proposed finite element model is utilized to
conduct the buckling analysis of functionally graded beams under thermo-mechanical loading.
This model features only three unknowns, with zero shear stress conditions at the top and
bottom surfaces of the beam. The beam's material properties are assumed to vary across its
thickness according to a power law distribution based on the volume fractions of the constituent
materials. The stiffness, geometric, and mass matrices are derived using the total potential
energy and the Hamilton principles. No shear correction factor for the calculation of shear
deformation is required.



Chapter 6:

Presents the results of thermal and mechanical buckling analysis of FG beams obtained with
the finite element model (SHSDT) introduced in Chapter 5. A comparison of the results with
existing literature demonstrates the effectiveness and accuracy of the suggested formulation.

The influence of various parameters, notably length/thickness ratio, power law index and
boundary conditions, on the critical thermal buckling temperature and critical buckling load of
functionally graded beams (FG) has been also studied.

At the final, the study concludes with a brief summary of the problem, describing the objectives
and highlighting the main results. It also offers some perspectives for further research or
development.



Part 1

Literature Review
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Chapter 1: Thermal effects in materials — Generalities

1.1 introduction

Structures in Saharan regions often operate under very harsh environmental conditions, such as
high temperature, which can significantly influence the behavior of these structures.
Consequently, the thermal effect of the materials presented in this study has been meticulously
investigated to provide a solid foundation for understanding key aspects of nonlinear analysis.
This approach aims to equip engineering students with the knowledge needed to tackle the
complex nonlinear challenges they will face now and in the future.

It is therefore essential to understand the mechanical behavior of structures and their
components under thermal loads.

This chapter presents the generalities of temperature, fire, damages caused by fire, and some
notable fire incidents from recent years.

This chapter also deals with functionally graded materials (FGMs), a new class of advanced
composites that are increasingly used in various fields of engineering, particularly in high-
temperature applications such as thermomechanical load-bearing structures.

1.2 Temperature fields

1.2.1 Uniform Temperature

A uniform temperature indicates that the temperature is the same throughout a given space
or medium. There are no temperature variations; every point in the defined area has the
same temperature value. This condition often simplifies analysis in thermal studies, as it
implies steady-state conditions.

T(z) =Ty + AT(2) (1.1)
Where
AT (z) represents the change in temperature, while T, denotes the ambient temperature.

1.2.2 Linear Temperature

Linear temperature refers to a temperature distribution that varies uniformly in a
straight line. This means that as one moves along a certain direction in a medium.
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The relationship can be represented mathematically as a linear function, often depicted
graphically as a straight line.

T(z) =T, + AT (2 +2) (1.2)

1.2.3 Fire

A fire is a form of combustion. It occurs in controlled environments like furnaces and boilers.
However, in the context of fire incidents, it can turn into uncontrolled combustion, leading to
a fire outbreak

1.2.3.1 The course of a fire

For a fire (combustion) to start, three conditions must be simultaneously present, as illustrated
in Figure 1.1:

Fuel: This includes flammable materials such as solids (wood, coal, paper), liquids (gasoline,
alcohol), or gases (butane, propane).

Oxidizer: A chemical substance that supports the combustion process, such as oxygen, air, or
peroxide.

Heat Source: An energy source needed to initiate combustion, which can be a flame, spark, or
electrical discharge.

The presence of these three elements together forms what is known as the fire triangle, as
shown in Figure 1.1. If any one of these elements is missing, combustion cannot occur

OXvGENE

COMBUSTIBLE CHALEUR

Figure 1. 1 Fire Triangle [7]
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1.2.3.2 Development of a fire

Generally, the duration of a fire consists of the following stages: the development phase (ranging
from ignition to flashover), the fully developed phase, and the decay phase. These stages are
depicted in Figure 1.2, illustrating how temperature evolves in a compartment over time.

lemperalure
A embrasement géneralisé (flashover’)
1100°C
:
:
ST ) i . 1
contrié par le ' E conirdlé par la ventilation i contrélé par le combustible
combustible il i
| ] )
| |
% : i > femps
developpement | ! pleineintensité | décroissance
(ignition + propagation) | ! (extinction)
< > >
REACTION AU FEU RESISTANCE AU FEU

Figure 1. 2 Fire development phases [8]

During the evolution of a fire, a rapid transition between the first two stages, known as
flashover, can occur. This typically happens at temperatures between 500 °C and 600 °C,
depending on factors such as the availability of fuel, ventilation, and the fire's ability to spread.
If these conditions are not met, the fire in the compartment may not generate enough heat for
the flashover to take place, and it will remain weak near the ignition point (see Figure 3, left
side, below the curve).

» First phase "Fire development"
A smoldering phase occurs, where the temperature remains localized at the ignition point.
During this phase, the first signs of gas and smoke appear, and the fire smolders at a very
low temperature, making its duration difficult to predict.

Next is the ignition phase, where the fire becomes more active but is still confined to a
localized area. The heat radiation or direct contact from the flames starts affecting nearby
materials, releasing hot gases that gradually fill the space.
Flashover:
As the hot gases accumulate, they heat nearby combustibles to the point of ignition. This
results in a sudden and rapid spread of fire within a short period.

» Second phase "Fully Developed"
The temperature reaches its peak and then gradually decreases, as noted in[9] , until it drops
to 80% of the maximum value (Figure 1.3, right).
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» Third phase "Decay"
The fire's intensity diminishes as the available fuel is progressively exhausted.
The intensity of the fire and the duration of each phase are influenced by several factors:

- the amount and distribution of combustible materials (fuel load);

- the combustion rate of these materials

- ventilation conditions (openings);

- compartment geometry;

- thermal properties of the compartment walls;

- active fire suppression measures.

Among these factors, fuel load and ventilation are the most critical. A fire is fuel-controlled
when sufficient oxygen is available for combustion, while it becomes ventilation-controlled
when oxygen is limited.

Figure 1. 3 The temperature-time phases of a well-ventilated fire compartment (with the
ideal fire curve on the left; the curve on the right represents a typical temperature history of
gases within a fire compartment.

1.3 Literature review on structural, deaths, and financial damages
caused by fire :

Fire risk re- remains the main challenge, every year around 3.8 million fires are recorded
worldwide, causing the death of some 44,300 people. Between 1993 and 2015, over 86.4
million fire incidents were recorded, resulting in more than one million deaths related to fires
and causing an estimated financial loss of approximately USD 858 billion. Developed countries
report an average of 5,000 fire-related deaths annually, while developing countries experience
around 15,000 fire fatalities each year [9]. In Spain, 77% of fatal fires are reported to occur in
residential buildings.[10].

Between 2005 and 2015, Canada recorded approximately 460,000 fire incidents, resulting in
15,327 deaths and causing financial losses estimated at CAD 7.3 billion.[11]. Approximately
1.2 million Canadians were directly impacted by fires [12].

In 2017, the United States experienced over 1.3 million fires, which led to 3,400 deaths, 14,670
injuries, and an estimated $23 billion in property damage. The fire and burn death rates were
0.38 per 100,000 individuals in Spain, 1.16 in the USA, and 0.88 in Canada. British Columbia,
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Canada, reported approximately 24,000 fires across eight major cities, with 67% of these
incidents linked to residential buildings. Additionally, 55% of the fires were associated with
multi-unit residential buildings (MURBs), resulting in significant consequences [9].

In the United Kingdom, approximately 450 individuals lose their lives to fires, while Sweden
sees around 100 fatalities each year, and the United States experiences over 3,000 fire-related
deaths. In many Western countries, the annual fire death rate ranges from 0.5 to 1.5 per
100,000 people[13]. The probability of fire incidents occurring in certain social environments
such as facilities handling hazardous chemicals, historic buildings, and educational campuses
can be illustrated in Figure 1.4[14].

Hunan tourist bus Haerbin hotel fire Beijing Jiaotong Xiangshui chemical
fire accident accident University enterprise explosion
More than 22.9 million|| More than 25.84 million (|laboratory explosion ||More than 19.86 million
yuan economic loss yuan economic loss More than 7.33 million yuan economic loss

yuan economic loss

2015.8.12

2018.7.12 2018.11.28

2019.2.8 2019.4.15

-O-QD-@-@-@-@-@-@-Ow
2016.6.26 2018.8.25 | 2018.12.26 I 2019.3.21
Tianjin port Sichuan Hebei chemical | [Rio de Janeiro Notre Dame de
explosion industrial estate enterprise football club fire | |Paris fire accident
More than 10 billion explosion explosion accident More than 177
yuan economic loss | |More than 41.42 More than 41.48 42 million yuan million yuan
million yuan economic | [million yuan economic loss economic loss
loss economic loss

Figure 1. 4 Some of the biggest fires in recent years[8]

Here are some notable fire incidents from recent years that had significant impacts:

Notre Dame Cathedral Fire (2019, Paris, France): A catastrophic fire broke out on
April 15, causing extensive damage to the historic structure, particularly its roof and
spire. Approximately 400 firefighters worked for two days to contain the blaze,
successfully saving much of the cathedral's structure. Thankfully, no lives were lost
during this incident.

Camp Fire (2018, Paradise, California, USA): This devastating wildfire, ignited by
a damaged electrical transmission line, burned over 153,000 acres and destroyed nearly
14,000 structures. It resulted in 85 fatalities, marking it as the deadliest fire in
California's history.

Grenfell Tower Fire (2017, London, England): A small refrigerator fire escalated into
a major incident, claiming 71 lives and making it one of the deadliest fires in British
history. The fire highlighted serious safety issues in high-rise residential buildings.
Ghost Ship Warehouse Fire (2016, Oakland, California, USA): A fire in a converted
warehouse during a party led to the deaths of 36 people. The building lacked proper
safety measures and was considered an illegal residence, prompting discussions about
fire safety regulations.
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¢ Yarnell Hill Fire (2013, Yarnell, Arizona, USA): Triggered by a lightning strike, this
fire tragically claimed the lives of 19 firefighters, marking it as one of the deadliest days
for U.S. firefighters in recent history.

Various researchers have explored fire risk factors in specific types of buildings, including
residential structures [15], hotels[16], high-rise buildings [17], older buildings[18], and
wooden constructions[19].

1.4 Functionally Graded Materials:

The rise of industries and the growing need for advanced structural expertise in multiple
engineering disciplines have led to the development of new composite materials called
Functionally Graded Materials (FGMs) Chen and Goto [20]

1.4.1 Definition of FGM:

The concept of FGMs was first introduced in Japan in 1984, during a space plane project, where
they were utilized for thermal barrier applications[21]. The idea behind FGMs was developed
to address thermal stress issues in conventional laminated composite materials used in reusable
rocket engines[22]. In summary, the FGM concept consists of replacing the abrupt composition
change at the interface between various materials with a gradual composition change transition
with a graduated composition. This approach helps reduce stress concentrations within the
structure.

In general, an FG porous material is composed of a mixture of isotropic components like
ceramic and metal, Thermo-mechanical properties vary continuously from one surface to
another. Metal-ceramic FGMs are generally used in high-temperature applications, when the
ceramic component gives superior thermal resistance. While the metal component enhances
mechanical strength and lowers the risk of catastrophic fracture.

ceramic

Figure 1.5 Coordinate system and geometry of functionally graded beam
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1.4.1 advantages of functionally graded materials

A number of advantages of functionally graded materials may be identified , which we would
like to briefly highlight [23]

- Thanks to their gradient interfaces, FGMs can effectively reduce thermal and
mechanical stress concentrations, which helps prevent relamination in crack-prone
areas and enhances the durability of load-bearing structures.

- Metal-ceramic FGMs smooth out the transition between differing thermal expansion
rates, offer protection against thermal and corrosion damage, and enhance load-bearing
performance.

- - FGMs can be used as an interface layer between two different incompatible materials.
improving bond strength and reducing crack-driving forces within the material. They
offer multifunctionality, such as controlling deformation, wear, corrosion, and
vibration. Additionally, FGM coatings help reduce internal residual stresses.

- - FGMs with calibrated porosity effectively absorb shocks from side to the other,
provide thermal insulation, improve the catalytic efficiency, and help reduce electrical
and thermal stress.

1.4.2 Applications of FGM

Figure 1.8 illustrates the different applications of functionally graded materials (FGMs). They
were originally designed for aerospace structures and fusion reactors because of their ability to
endure extreme thermal stresses. Over time, their application has broadened to numerous fields,
thanks to their impressive performance under very harsh conditions. Due to its resistance to
thermal fatigue and long lifespan, ceramics are commonly utilized as thermal barriers in
engines, gas turbines, optical applications, probes, triggers, metal/ceramic armor, photoelectric
detectors, and dental implants. Nowadays, the materials produced are lighter and more
efficient, exhibiting exceptional strength and durability. Their applications have broadened to
include numerous fields such as civil engineering, public works, nuclear energy, electronics,
and optics[24].

1.4.3 Civil engineering applications

Functionally graded materials have received a great deal of attention and found applications in
a wide range of fields. which includes mechanical and civil engineering, aerospace, and
electronics, among others[25][26].

The functional gradation of concrete elements makes it possible to adapt the internal
composition of structural components to meet specific structural and thermal performance
requirements. This alignment is achieved by continuously varying the material's properties, like
porosity, strength or rigidity, up to three spatial dimensions. This approach can be employed to
reduce the mass of the element while introducing multifunctional properties. Reducing porosity
improves concrete's structural strength, while increasing porosity enhances its thermal
insulation properties. Figure 1.9 shows the relationship between the properties of hardened
concrete and a progressive increase in porosity[27].
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Il Density, Compression Strength, E-modulus
0 Porosity, 1/Thermal Conductivity

Figure 1.6 curve of the characteristics of hardened concrete change with a progressive
increase in porosity [27]
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1.5 conclusion

The generalities of temperature, fire, damages caused by fire, and some notable fire incidents
from recent years are given in this chapter.

Other hand, this chapter includes the generalities of Functionally Graded Materials, advantages
of functionally graded materials, and Applications. In view of the wide applicability of FGMs,
it is essential to study their behavior. Precise prediction of the behavior of FG structures.
Numerous theoretical, analytical, and numerical approaches have been documented in the
literature.

The next chapter reviews the differing theories used to analyze the thermal effect on structural
behavior and gives an overview of investigations into the static, buckling, and vibration
behavior of certain material structures such as steel, concrete and FGM.
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Chapter 2 : Previous works on the behavior of structural
elements in a heated environment

2.1 Introduction

In this section, we aim to review the work carried out to date to study the behavior of structural
clements in a heating environment. The review is focused primarily on statics, buckling, and
dynamic analysis of structural elements. The objective here is to highlight the breadth of
research in the field of the behavior of structural elements in a heated environment while
emphasizing that there remains significant work to be done in this area.

The analysis of static, buckling, or dynamic behavior of structures subjected to high
temperatures represents a major challenge due to the nonlinearity of the phenomenon. A
number of studies have been carried out over the last few decades to assess this phenomenon
using numerical, analytical, or experimental methods.

2.2 Static_and buckling behavior of structural elements in a heated
environment :

2.2.1Effect of high temperature on static behavior of steel structural elements

The study of steel structures exposed to different extreme loads, like fire and impact, has
received particular attention[3][28]. The effect of high temperatures is one of the most
important factors in efficient structural design. Therefore, it is important to understand the
mechanical behavior of structural steel components when subjected to thermal loads. It 1s well
known that a significant increase in temperature can have an impact on the steel's mechanical
properties, such as modulus of elasticity and elastic limit, causing them to decline rapidly[4][5].

One of the first experimental studies on this subject was carried out by Rubert and Schaumann
(1986)[29]. A series of mechanical tests were carried out on steel beams and frames exposed
to the fire.

Saab and Nethercot (1991) [30] proposed a finite element formulation to examine the non-
linear behavior of two-dimensional steel frames under fire conditions.

Najjar and Burgess (1996)[3 1] developed an analytical method to study the non-linear behavior
of 3D steel frames in fire conditions. Pchelintsev et al(1997)[32] introduces experimental heat
transfer and temperature correlations to examine the behavior of steel beams under localized
fires. Additionally, the authors developed a finite volume code, CV-FEM, and utilized the finite
element software ANSYS for numerical simulations.
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The impact of connected heated steel beams on column behavior when subjected to fire in a
multi-story braced steel frame was examined by Bailey et al (1999) [33].

In 2000, the authors presented an analytical study of the structural behavior of columns in
different structural and fire scenarios[34]. Also, Rodrigues [35]carried out an experimental
study of the critical temperature of compressed restrained steel elements. In addition, a simple
numerical method was suggested by Song et al[36] to integrate adaptive nonlinear analysis of
the static behavior of steel structures under the effect of fire and explosion.

Theoretical models suggested by Usmani et al (2001) [37] for studying the behavior of framed
structures under the effects of temperature. Liu et al (2002)[38] studied the effect of
connections and axial stress in a steel beam tested under fire conditions. Test results indicated
that the catenary action was more pronounced at lower load levels and greater axial stress, but
only became apparent at high deflections. Tan et al (2002)[39] introduced a new finite element
model for analyzing steel frames at elevated temperatures. Z Huang et al (2004)[40] created a
three-dimensional nonlinear finite element model to investigate steel-reinforced concrete and
composite structures exposed to fire conditions. The element is modelled on Bathe's general
formulations and is suitable for a variety of cross-sections. Ali et al. (2004)[41] presented a
non-linear finite element model for studying the fire performance of steel structures. An
analytical study to assess the impact of support conditions on the performance of steel beams
and steel-concrete composite beams in the fire was presented by Moss et al (2004)[42]. The
analysis was conducted under conditions of temperatures that increased linearly over time. Yin
and Wang (2004)[43] also carried out a numerical study of the behavior of axially restrained
steel beams subjected to fire conditions. The authors have taken into account the influence of
non-uniform temperature distribution. Wald et al (2006)[44] implemented an experimental
program within a collaborative research project to study the behavior of structures exposed to
natural fire.

In 2007, The behavior of axially restrained steel beams subjected to fire conditions was studied
by Li et al[45] with a numerical approach. Gardner [46] employed the finite element software
ABAQUS for analyzing the buckling behavior of stainless steel structural elements. The author
discovered that the interaction between strength and stiffness at elevated temperatures has a
major influence on the buckling performance of stainless steel columns and beams.

Liand Guo (2007)[47] studied the behavior of constrained steel beams exposed to natural fire
and uniform fire. Bradford et al(2008)[48] conducted a generic nonlinear analysis of a steel
beam with restrained ends in the elastic domain of structural response, utilizing the principle
virtual work principle. Qian et al (2009)[49] carried out a series of numerical and analytical
studies to analyze the behavior of steel-beam-column joints exposed to high temperatures. In
the same year, Heidarpour and Bradford [50]conducted a generic nonlinear study of an
insulated steel beam whose ends are restrained at elevated temperatures. Heidarpour et al
(2010)[51] introduced a non-linear thermoelastic investigation of steel arches exposed to
uniformly distributed loading at elevated temperatures, using a formulation that takes into
account the degradation of steel arc stiffness before failure at elevated temperatures. The steel
bow is retained at two ends by translational springs in the horizontal and vertical directions and
by the corresponding rotational springs. The impact of transverse thermal gradients on the
behavior of steel beam-columns under fire conditions was examined by[52]et al (2010). These
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studies used different heating techniques and tested specimens using and not using fireproof
materials, resulting in significant transverse temperature gradients in some cases. Lien et al
(2010) [53]examined the nonlinear behavior of steel structures in fire conditions by applying
the vector-form intrinsic finite element method. A new numerical approach was developed by
Dwaikat and Kodur(2011)[54] assess fire-affected forces and deflections in the retained steel
beams. Lopes et al (2012) [55] created of innovative design proposals for stainless steel
structural elements exposed to axial compression and bending in the case of fire. A novel
method was proposed by Xu and Zhoo (2012)[56] for analyzing simply supported beams with
varying thicknesses under thermo-mechanical load. Jeffers and Sotelino (2012)[57] used a
computationally efficient fiber element model to represent the thermo-mechanical behavior of
a simple-supported steel beam subject to localized fire.

Jiang and Usmani (2013)[58] introduced a numerical model applying Opensees software to
analyze the fire behavior of beams, frames and plates. An experimental approach and numerical
simulation of a steel beam to investigate a localized fire scenario under real and controlled fire
loading conditions conducted by Zhang et al (2013)[59].

Sharma and Kaur (2015)[60] applied a meshless method using Euler-Bernoulli theory to study
the bending vibration behavior of homogeneous, simply supported structures. The numerical
analysis of the flexural and compressive strength of numerous steel sections at elevated
temperatures was carried out using SAFIR finite element analysis software. was carried out by
Couto et al.(2015)[61]. Prachar et al (2015)[62] performed a number of tests to investigate the
local and lateral-torsional buckling of Class 4 beam sections under fire conditions in steady-
state conditions. The large deflections of retained corrugated steel beams under non-uniform
temperature distribution across the section exposed to fire conditions are calculated using a
finite element model (Wang et al. 2016)[63].

A study was carried out to analyze the behavior of a steel I-beam under constant and variable
temperature conditions. Based on the results, a formula was proposed to calculate the capacity
of the beam, taking into account the temperature gradient, the shape of the section and the type
of steel used. However, the expertise is limited to the study of local failure under uniform
bending load conditions Ragheb (2017) [64]. Li and Zhang (2017)[65]explored the integrated
fire-structure simulation approach for performance-based fire safety design. Varol and Cashell
(2017)[66]examined the lateral-torsional buckling performance of beams that are not laterally
restrained. A finite element model was built to analyze this behavior at ambient and high
temperatures.

Zhang et al(2018)[67] studied the thermal response of the elements of a steel structure using
finite element software. A numerical investigation was studied by Pournaghshband et al. (2019)
[68]for analyzing the behavior of axially restrained steel beams under fire conditions.

In 2020. Ramesh et al [69]carried out an experimental study of the behavior of steel columns
and simply supported steel beams exposed to fire. A novel multidimensional material model
was developed by Zhou et al [70]to investigate combined isotropic and kinematic plasticity in
the thermomechanical study of stainless steel structures at high temperatures. In the same year,
the analysis of lateral-torsional buckling of steel beams at elevated temperatures with a finite
element model was investigated by Kucukler[71]. Zhong Zhang et al[5] also examined the
thermo-elastic behavior of steel beams subjected to thermomechanical loads, utilizing the exact
17
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2D thermoelasticity theory. The beams are simply supported and the material is temperature
dependent. Tests to evaluate the fire resistance and loading capacity of box columns was carried
out by Yang et al (2020)[72]. Laim et al (2020)[73]examined the behavior of cold-formed,
intermediate and edge-stiffened steel exposed to fire.

A numerical method for studying the behavior of stainless steel frames at high temperatures
was used by Segura et al.( 2021)[74]. A numerical study on steel H-beams under pure bending
was presented by Nguyen and Park (2021)[75]. They found that the lateral-torsional buckling
(LTB) resistance of a beam exposed to a localized fire decrcases more slowly than when
exposed to an ISO-834 compliant fire. It was shown that the position of the fire source and the
beam's length-to-height ratio significantly affect its resistance to lateral-torsional buckling
(LTB).

Suman and Samanta [76][77][78]studied the response of monosymmetrical beams to fire and
different load conditions, and found that beams presenting a greater degree of monosymmetry
performed better than beams presenting a lesser degree of monosymmetry.

Kucukler (2022)[79]examined a finite element model to investigate the response and design of
steel I-beam columns under fire conditions. Suman et al. (2022)[80] carried out tests in an open
environment to investigate the localized propagation of fire on hot-rolled and cold-formed steel
beams, in both longitudinal and transverse directions, using a gas burner as the source of fire.
Gurupatham et al (2022)[81] investigated both open and closed channels columns through
experimental and numerical studies to assess the applicability and the accuracy of the Direct
Strength Method (DSM) in predicting axial capacity and post-buckling behavior. A
parametrical analysis of cold-formed, back-to-back steel sections subjected to axial
compressive loads at high temperatures, with the temperature varying between 20 and 700 °C.
was carried out by Fang et al (2022).[82]

Suman and Samanta (2023)[83] examined experimentally the behavior of laterally
unrestrained beams in the event of localized fire, using a series of ten full-scale tests on simply
supported beams of short to medium length. The tests involved applying a single point load at
mid-span ofthe [-beam. X. Guo et al (2023)[84] studied the failure modes and impact resistance
of three common joint types in restrained beams exposed to impact after a localized fire, using
experiments and numerical simulations.

Recently,in 2024, Suman et al[85] examined the behavior of monosymmetrical steel I-beams
under uniform fire conditions and gradually increasing loads . Habashneh et al[86]proposed a
topology optimization for steel beams exposed to elevated temperatures, taking into account
the geometrically nonlinear analysis of imperfect structures.

2.2.2Effect of high temperature on static behavior of concrete structural elements

Concrete is a versatile construction material valued for its strength, durability, and fire
resistance. However, when subjected to elevated temperatures, its properties can change
significantly, potentially leading to structural failure[87].

In 1988,Schneider [88]conducted study on the mechanical properties of concrete at elevated
temperature. This includes changes in flexural strength, compressive strength, and stress-strain
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behavior. Terro(1998)[89]developed finite element thermal and structural computer models for
predict the behavior of three-dimensional reinforced concrete structures exposed to fire.

The failure temperature of a system consisting of a restrained column subjected to fire
conditions was investigated by Franssen (2000)[90].Lim et al (2002)[91] performed the fire
tests on three reinforced concrete slabs. The test results indicate that corner restraints
significantly affect the deformation of concrete slabs.In 2004,Lim et al[92] also utilized the
Von Mises plasticity theory to simulate the biaxial behavior of concrete under high-temperature
conditions. The model results aligned with the fire tests and indicated that the associated
plasticity model for concrete under biaxial compression could provide a suitable
approximation. Bailey and Toh (2007)[93] examined the concrete slabs under both ambient and
elevated temperatures. Two failure modes were observed at ambient temperature:
reinforcement fracture and concrete crushing at the corners of the slab. At elevated
temperatures, all tests resulted in failure due to reinforcement fracture. The behavior of
concrete in fire is not well understood and further research is needed in nearly every aspect of
this field. The response of concrete materials to heating is fundamentally complex and its
properties can change dramatically when exposed to high temperatures (Fletcher et al)
2007[94]. A numerical model to simulate the behavior of reinforced concrete (RC) beams
subjected to fire was introduced by Kodur and Dwaikat(2008)[95]. An efficient nonlinear 3-D
finite element model was presented by Young and Ellobody(2011)[96] for analyzing axially
restrained, pin-ended concrete-encased steel composite columns at elevated temperatures. The
behavior of self-compacting reinforced concrete slabs when exposed to fire was investigated
by Ammar et al (2012)[97]. The study revealed that the slabs' ultimate load-carrying capacity
decreased and their deflections increased when subjected to fire. Wang et al(2013)[98]
introduced a transient strain model for concrete that includes a transient modulus under biaxial
stress conditions. Along with a failure criterion to evaluate the fire resistance of two-way
reinforced concrete slabs. Bikhiet et al (2014)[99] examined an experimental investigation of
reinforced concrete short columns exposed to fire under axial load to evaluate the reduction in
column compressive capacity after the fire. Liao & Huang (2015)[100]developed a model with
advanced numerical techniques to evaluate both the structural stability (global behavior) and
integrity (localized fractures) of reinforced concrete members under fire conditions.
Experimental studics have been carried out on the fire behavior of composite columns made
up of hollow sections filled with concrete under various structural conditions Rodrigues and
Laim(2017)[101]. A numerical analysis of the mechanism of tensile membrane action in
reinforced concrete slabs subjected to large displacements and high temperatures was presented
by Jiang and Li(2018)[102]. Waleed et al (2019)[103] examined the impact of fire on
reinforced-concrete slabs. They observed that the load capacity of the slabs diminishes with
longer exposure times and higher temperatures. Additionally, they found that spalling reduced
as the thickness of the concrete cover increased. A design method for structural fire safety of
square and rectangular textile-reinforced concrete (TRC) columns was developed by Yang et
al (2021)[104], using fire resistance tests and numerical studies.

Balamurali et al (2023)[105] presented the behavior of self-compacting concrete (SCC) with
the incorporation of fly ash (FA), silica fume (SF), and metakaolin (MK) following exposure
to high temperatures. The results indicated that specimens with metakaolin (MK) exhibited
lower strength compared to those with silica fume (SF) and fly ash (FA) mixes. The structural
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performance of reinforced truss concrete composite slabs during and after the fire through an
experimental study was discussed by Bing Li et al (2023)[106]. Salihu et al
(2023)[107]presented a fire resistance behavior of two-way reinforced concrete (RC) slabs.
The study examines how specific parameters such as concrete cover thickness, span, and
support conditions affect the fire resistance of the slabs.

Aldarfet al (2024)[87] studied the impact of increased temperatures and larger flame areas on
the resistance of reinforced concrete slabs. The results revealed that higher temperatures and
larger flame areas significantly decrease the resistance of the slabs.

2.2.3Effect of high temperature on static behavior of functionally graded materials in
structural elements

Numerous authors have applied different theories to analyze the thermomechanical behavior
of functionally graded beams.

In 1998, Praveen and Reddy[108]investigated the nonlincar transient thermoclastic
dcformations of an FGM plate. Khdeir (2001)[109]examined the buckling of cross-ply
laminated composite beams using various beam theories and different edge conditions. He
found that the results from the third-order and first-order beam theories showed good
agrecment. Mossavarali and Eslami (2002)[110] utilized the higher-order displacement
formulation for shear-deformable plates to determine the critical buckling temperature of
imperfect orthotropic plates. The buckling of functionally graded material curved beams under
linear thermal loading, examining both in-plane and out-of-plane buckling was explored by
Rastgo et al. (2005)[111]. A numerical thermal post-buckling of clamped FGM TBs was studied
by Liet al(2006) [112]with the shooting method using the non-linear first-order shear
deformation beam theory(FSDT).

Song and Li [113] and Li and Batra (2007)[114] presented an analysis of thermal buckling and
post-buckling deformations of Euler-Bernoulli beams (EBBs) resting on two-parameter non-
linear elastic foundations under various boundary conditions. The static behavior of FGM
beams under a uniformly distributed load and ambient temperature using the Higher-Order
Shear Deformation Theory (HSDT) was studied by Kadoli et al (2007)[115]Vaz et
al(2007)[116] employed the perturbation analysis to derive an analytical method for the initial
post-buckling behavior of a slender rod supported by a linear elastic foundation and exposed
to a uniform temperature gradient.

The uniaxial and uniform temperature rise buckling of functionally graded plates with circular
or square holes, using the first-order shear deformation plate theory. The study considered fully
clamped and fully simply supported edge conditions and employed the Element-free Kp-Ritz
formulation was examined by Zhao et al. (2009)[117].Kiani and Eslami(2010)[118] presented
the thermal buckling analysis of FGM beams using the Euler-Bernoulli beam theory. A
numerical study on the non-linear first-order shear deformation beam theory(FSDT), utilizing
the shooting method of S-SFGM beams exposed to uniform in-plane thermal loads was
introduced by Ma and Lee (2011)[119].

Esfahani et al(2013)[120]examined the thermal buckling and post-buckling deformations of
FGM Timoshenko beams (TBs) based on three-parameter nonlinear elastic foundations under
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five possible boundary conditions, considering two types of thermal loads. Shen et
al(2014)[121]discussed the thermal post-buckling of FGM beams with simply supported ends
resting on an elastic foundation, using Reddy's higher-order shear deformation beam theory.
The nonlinear thermal buckling and post-buckling behavior of functionally graded beams
resting on a nonlinear elastic foundation, using the first-order shear deformation beam theory
was studied by Sun et al (2016)[122]. She et al (2017)[123] introduced research on the thermal
buckling and post-buckling behavior of FGM beams with or without piezoelectric layers under
clamped end conditions.

In 2018, The nonlinear thermal behavior of geometrically imperfect functionally graded
material (FGM) beams under heat conduction was investigated by Dehrouyeh-Semnani [124].
Mojahedin et al[125] developed an analytical method for FG porous beams thermoelastic
behavior analysis.

In the following year, Babaei et al[126][127]conducted a study on the buckling and post-
buckling behavior of geometrically imperfect functionally graded material (FGM) tubes with
immovable clamped and pinned boundary conditions, subjected to both mechanical and
thermal loads.

A study on the buckling and post-buckling behavior of beams on an elastic foundation
subjected to thermal loading was introduced by Wen et al (2020)[128]. The virtual work
principle is used to derive the governing equation for buckling and the differential equilibrium
equation for post-buckling.

Penna (2021)[129] utilized the elasticity theory to examine the impact of moisture,
temperature, and mechanical loading on the bending behavior of porous functionally graded
(FG) nano-beams. The buckling behavior of functionally graded rectangular plates subjected
to mechanical and thermal loads was analyzed by Tati (2021)[130], utilizing a four-node finite
element approach for simple high-order shear deformation theory. The bending sensitivity of
functionally graded plates on two-parameter elastic foundations under hygro-
thermomechanical loading was investigated by Rachedi et al (2023)[131]. This analysis using
a quasi-3D high-shear deformation theory, which involves only five unknowns.

2.3 Dynamic behavior of structural elements in a heated environment:

In general, temperature has an impact on the vibratory properties of a structure: by modifying
the modulus of elasticity, by altering structural damping, and affecting the size of'the structure.

A small change in temperature can lead to a significant variation in beam vibration
behavior[132].

In this context, various analytical, numerical, and experimental methods have been employed
to obtain exact solutions.
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2.3.1 Effect of high temperature on the dynamic behavior of Steel structural elements

Numerous studies was focused on the dynamic behavior of steel exposed to elevated
temperatures, both during and after exposure to high temperatures.

Rodrigo and Daniel (2002)[133] presented an analytical study on the vibration behavior of a
clamped beam under the effect of a uniform temperature, using an analytical model, based on
Euler-Bernoulli’s beam theory incorporating the appropriate boundary conditions.

The mathematical model was developed by Avsec and Oblak(2007)[132] for analyzing the
thermal impact on the dynamical behavior of clamped and simply supported beams.

Nayeri et al(2008)[134] developed a novel approach for monitoring A 17-story steel frame
building, revealing a strong correlation between structural frequencies and air temperature.
However, changes in frequency lagged a few hours behind temperature variations. Sun et
al(2012)[135]developed a new model for studying the dynamic and static behavior of steel
buildings during the local and global progressive collapse of the structures subjected to fire
conditions, using the Vulcan sofiware.

The thermal impact on the steel beam was examined by Zhang et al (2014)[136] utilizing the
energy flow method. This study highlighted that thermal vibrations intensify as temperature
rises, primarily due to thermal loads and alterations in material properties. In the same way,
Cui and Hu (2014)[137] studied the thermal buckling and vibration of a simply supported steel
beam, It was noted that temperature-dependent material properties have minimal impact on the
natural frequency at low temperatures. However, a significant impact was observed as the
temperature increased.

Lai and Zhang (2018)[138]analyzed the thermal effects of vibration and buckling behavior of
cracked thin plates. Their findings showed that thermal effects have a substantial impact on the
dynamic behavior of structural elements. A modal analysis of a heated rectangular plate with a
non-uniform temperature distribution was conducted by Silva et al(2019)[139] using digital
image correlation. They discovered that the resonant frequencies of the plate were higher with
transverse heating compared to longitudinal heating. Hossain and Lellep (2020)[140]
investigated the impact of temperature on the dynamic behavior of cracked metallic and
composite beams was investigated utilizing the Euler-Bernoulli beam model.

The effects of heating rates on the vibrational behavior of a cantilever beam, both with and
without cracks was presented by Kamei et al (2021)[141]. The results indicated that the modal
parameters of the cantilever beam are influenced by changes in temperature and heating rate.
The buckling and vibration characteristics of cold-formed steel sections subjected to a
temperature field was examined by Wu et al(2022) [142] utilizing the finite strip method.

Recently, Theoretical analysis and experimental validation of vibration in interconnected
composite steel beams with fixed ends operating under thermal conditions was carried out by
Zang et al(2024)[143].
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2.3.2 Effect of high temperature on the dynamic behavior of concrete structural elements

Mainly research has concentrated on the dynamic behavior of concrete at room temperature
and its degradation under fire conditions. However, studies combining the effects of strain rate
and strain-rate hardening remain relatively limited.

For nearly two years, Xia et al(2006)[144] introduced experiments that were carried out on a
continuous concrete slab. It was obtained that the frequencies exhibited a strong negative
correlation with both temperature and humidity, while the damping ratios showed a positive
correlation, but no distinct correlation was observed between mode shapes and variations in
temperature or humidity. A long-term vibration test on two reinforced concrete buildings was
performed by Clinton et al(2006)[145], one with three stories and the other with nine stories.
Liu and DeWolf(2007) [146] also presented the study of the thermal vibration on a curved post-
tensioned concrete bridge.

Tao and Li (2009)[147] conducted an experimental investigation on the dynamic behavior of
concrete at elevated temperatures, reaching up to 600°C, using a split-Hopkinson pressure bar
(SHPB) test apparatus. The test results revealed a significant reduction in dynamic strength
with increasing temperature, while the ductility of the concrete showed a noticeable
improvement.

Yuen and Kuok (2010)[148] studied the modal frequencies of a 22-story reinforced concrete
building extracted over a one-year period. They observed that the first three frequencies
increased as ambient temperature rose, which contradicted their analytical predictions. Huo
and Xiao (2011) [149]conducted preliminary impact tests to examine the dynamic behavior of
concrete at elevated temperatures. The test results indicated that concrete at elevated
temperatures generally became more strain-rate sensitive as the temperature increased. in the
same year, the non-uniform temperature distribution across an RC slab was measured, and
Young’s modulus of each component was determined by Xia et al[150] based on the
relationship between temperature and Young’s modulus. The natural frequencies of the
structure were then calculated and demonstrated good agreement with the measured values. It
was observed that the natural frequencies of structures decrease as the temperature increases.

Xu, and Bai (2012)[151]performed a series of SHPB tests on concrete during and after high-
temperature exposure. The results demonstrate that high temperatures have a substantial impact
on the mechanical properties under impact conditions. Huo and Xiao (2013)[152] carried out
an experimental analysis on the dynamic behavior of concrete after exposure to elevated
temperatures up to 700 °C. It was observed that fire-damaged concrete still exhibited a
significant strain rate effect. Wang et al(2014)[153] conducted a series of tests on concrete. It
was shown that high temperatures resulted m a more pronounced strengthening eftect of stran
rate on the dynamic behavior of conercte. Li(2016)[ 154] carried out laboratory experiments to
analyze the impact of ambient temperature on the natural vibration characteristics of concrete
bcams. Zhai ct al (2017)[155] examined an experimental investigation into the cffects of strain
ratc on normal-wecight concrete exposed to high temperatures up to 1000°C, utilizing a
microwave oven and a split-Hopkinson pressurc bar (SHPB).

Research on the relationship between temperature, humidity, and bridge modal frequency using
a concrete contmuous beam bridge model in the laboratory was performed by Sun Limin et
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al(2018)[156]. Liu et al (2020)[157]studied the dynamic behavior of concrete following
exposure to height temperatures, utilizing a split-Hopkinson pressure bar (SHPB) test setup.
Cai et al (2021)[158]investigated the natural vibration characteristics of the simply supported
reinforced concrete beam under the impact of temperature.

Concrete beams reinforced with glass fiber-reinforced polymer (GFRP) bars have been
experimentally investigated by Zima and Krajewski (2022)[159] under elevated temperature
conditions. Liu et al(2022)[160] evaluated the static and dynamic performance of T-beams
under fire exposure, three T-beams were designed and cast in this study. Static and dynamic
tests were conducted both before and after fire exposure.

2.3.3Effect of high temperature on dynamic behavior of functionally graded materials in
structural elements

Sundararajan et al(2005)[161] analyzed the nonlinear dynamic behavior of functionally graded
(FG) rectangular and skew plates in a thermal environment using von Karman nonlinearity.
Wattanasakulpong et al (2011)[162] studied the buckling and vibration issues in functionally
graded (FG) beams subjected to uniform, linear, and nonlinear temperature rises employing the
Ritz method

of the nonlinear eigenfrequency and dynamic analysis of simply supported FGM plates in the
thermal environment was examined by Alijani et al(2011)[163] based on first-order shear
deformation theory (FSDT) and von-Karman nonlinearity. Zhang (2014)[164]investigated the
nonlinear thermal buckling and vibration responses of functionally graded (FG) beams
subjected to a nonlinear temperature rise, using the Ritz method.

In 2015, The nonlinear dynamic analysis of functionally graded (FG) thick plates exposed to
thermal and mechanical loads was studied in[165],[166] utilizing the First-Order Shear
Deformation Theory (FSDT). Akbag[167] also presented free vibration analysis and wave
propagation of FG beams under temperature-dependent. Zahedinejad [168]examined the
thermal vibration of functionally graded (FG) beams resting on an elastic foundation under
thermal conditions utilizing third-order shear deformation beam theory. Wattanasakulpong and
Ungbhakorn[169] conducted a linear and nonlinear vibration analysis of porous functionally
graded (FG) beams resting on different types of elastic supports. They found that increasing
the power-law exponent decreases the frequencies in the linear vibration problem. On the other
hand, for nonlinear vibration analysis, a higher power-law exponent leads to an increase in
nonlinear frequency ratios.

Trinh et al (2016)[ 170]addressed buckling and vibration behavior on functionally graded (FG)
beams under uniform, linear, and nonlinear temperature rises, using the state-space approach.
Dinh Duc et al (2017)[171] presented the nonlinear responses of FG shells in a thermal
environment utilizing Airy stress functions and classical shell theory.

Chen et al (2018)[172]applied the Rayleigh-Ritz method combined with an improved Fourier
series to study the thermal vibration of functionally graded (FG) beams, incorporating various
higher-order shear deformation theories thermo-elastic vibration behavior of a functionally
graded (FG) curved beam with porosity was presented by Amir and Talha(2018)[173] utilizing
the finite element method (FEM) based on Higher-Order Shear Deformation Theory (HSDT).
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The authors in 2019 also studied the nonlinear dynamic responses of a functionally graded
(FG) panel under temperature effects [174]. Singh and Harsha(2019)[175] reported an analysis
of the nonlinear dynamic behavior of a functionally graded (FG) sandwich flat panel under a
thermal environment using a Hamiltonian formulation and Galerkin’s method.

Liet al(2020)[176]developed a unified dynamic model to predict the free and forced thermal
vibration characteristics of stepped functionally graded porous composite structures (FGPCS),
using characteristic orthogonal polynomials and the First-Order Shear Deformation Theory
(FSDT). The study on the nonlinear dynamic behavior and free vibration characteristics of
piezoelectric functionally graded material (FGP) truncated conical panels under thermal
environmental conditions was explored by Thanh et al(2020)[177]. Liu et al (2021)[178]
presented the dynamic responses of piezoeclectric functionally graded (FG) plates under
temperature cffects using 1s a geometric analysis based on First-Order Shear Deformation
Theory (FSDT). Binh et al(2021)[179]studied the nonlinear vibration of functionally graded
material (FGP) toroidal shells with variable thickness in a thermal environment, employing the
Galerkin method and an improved Double Superposition Technique (DST).

The numerical study of the nonlinear frequency prediction of porous functionally graded shell
pancls in a thermal environment was examined by Ramteke et al (2022)[180], based on the
finite element method (FEM). Eiadtrong (2023) [181]investigated the modified Fourier method
for studying the vibration responses of functionally graded porous beams in thermal
environments using the third-order shear deformation theory. Mamen et al (2023)[182]
developed a novel three-dimensional approach to examine the impact of various thermal
loadings on the free vibrational behavior of porous functionally graded (FG) beams.

2.4 Conclusion

In this chapter, a number of studies from the present literature on the static and buckling
vibration analysis of structural elements in a thermal environment has been reviewed.

Various theories, as well as numerical, analytical and experimental methods, have been used to
define the behavior of structural elements made of steel, concrete and functionally graded
materials under temperature conditions.

Following this review, it can be observed that the behavior of structures is determined by the
behavior of their elements like beams, columns, and so on. The motivation of this work is to
first study the static and vibratory behavior of steel beams in a heated environment, using
analytical and numerical methods developed by the finite element method. In addition, the
buckling behavior of functionally graded beams is based on the finite element method.
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Numerical and analytical study of static
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Chapter 3: Finite element formulation and analytical
analysis

3.1 introduction

In this chapter, A novel finite element frame model based on Euler-Bernoulli beam theory and
considering temperature rise has been developed to evaluate the static and vibration behavior
of steel beams. The second-order term in the strain -displacement relationship is included by
considering the nonlinear von Karman strain. The total potential energy principle was
employed to determine the stiffness and geometry matrices.

A novel analytical procedure has also been formulated for analyzing the static behavior of a
steel beam subjected to a uniformly distributed load and a uniform temperature rise.

3.2 Numerical model used finite element:
3.2.1 Displacement field

A novel finite element model for beams is created from Bernoulli's beam theory. This element
combines a Lagrange-type bar element with a Hermite-type beam element, featuring two nodes
and three degrees of freedom per node. To account for high-temperature effects, the Von
Karman nonlinear strain formulation is applied. Figure 1 illustrates the geometry and nominal
variables. The displacement components at any point along the beam are expressed as follows:

du,(x,)

u (x),x,) =u(x,)—x, dr, (3.1)

Uy (X1,X,) =tz0(x,)
where:

U109 and u,q represent the axial and the transverse displacement components, respectively. at
points M(x;,0) located on the neutral axis in the beam.
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Figure 3. 1 Geometry and nodal variables of the beam finite element

Using Von Karman's theory, the deformation is described by the following expressions:

2 2
¢ = du, (x,,X,) +£ du,(x,) _ du, (x,) X, d 2u2(2xl) +1 du,(x,) (3.2)
dx, 2\ dx, dx, dx; 2\ dx,
The eq.2 can be reformulated as follows:
g =g +&" +yk, (3.3)
where:
2 2
gl():dulo(xl); gnl :1 du2(xl) : kl=—d uz(le) (3'4)
dx, 2\ dx, dx;

Hooke’s law, considering the effect of temperature rise, is expressed as follows:
0, =E; (& +&" —aT (x,) )+ Er x K, (3.5)
where:

ar is the of thermal expansion coefficient
Er is the temperature-dependent Young's modulus according to Eurocode 3 Figure 7 [183].
The temperature rise T (x,) varies linearly with the beam thickness and is expressed as follows:

T (x,)=AT (%+);—ZJ+ATb (3.6)

where

AT Represents the temperature difference between the upper surface temperature ATt and the
lower surface temperature AT, of the beam and h is the depth of the beam cross-section.
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3.2.2 the resultant force and the moment:

The axial force and bending moment in the beam are described by the following expressions:

For0 < T <100°C

N =[odA=A"s) -NT 3.7)
A

The moment M is given by:
M =[ox,dA =Dk, ~MT (3.8)
A

where A*and D™ represent the extensional and bending rigidities of the beam cross-section,
respectively, and are defined as follows:

A"=E,A; D =E,|

(3.9)
E, is Young’s modulus at room temperature.

Aand [ are the beam's cross-section and moment of inertia, respectively.

NT and MT represent the axial force and moment due to temperature rise. They are defined as:

Il
O
—— N | T

NT E, o T (x,)dx,
h
: (3.10)
2
MT =b [ EqarT (x,)x,0x,
h
2
ForT = 100°C
h
E *
N =b [ E;&fdx,-NT =A"¢) -N”
h
j (3.11)
2
M =b [ E;kxZdx,~MT =Dk, =N

N[

where A*and D* are the extensional and bending rigidities of the beam cross-section
respectively. They are defined as follows:
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h h
2 N 2
A"=b [Edx,; D= [E;xdx, (3.12)
h h
2 2

h
2
NT =b [ E;orT (x,)dx,

(3.13)

h
2
h
2
X, )X ,0X
MT =b [ E,eT LA,
h

3.2.3 The total potential energy:

The governing equations are derived from the total potential energy, which is represented as
follows:

Inm=u -v (3.14)
Where:

U and V represent the deformation energy and work of external forces respectively, given by :

L

u =%Vjalgdv =%!({gf}T A*{gf}+{k1}D*{kl})dxl

o ) (3.15)
J(fef N il M7 o+ [ e,
0 0
The external forces work of a distributed force g, is defined as:
L
v :quuz(xl)dxl (3.16)
0

3.2.4 The displacement vector and the functions of interpolation
The displacement components at any point within the element are expressed as follows:
ulO(Xl) =S, (X )u; +S,(x)u,

(3.17)
U, (Xy) =S (X W, +S, (X))@ +S5(X ) W, +Sg (X))o,

where:

Si(x1) (i = 1.2) represent the interpolation functions of Lagrange. They are given by:

_1- X X4 3.18
S;(xy)=1 o S,(xy) 1 (3.18)

and

S;(x1) (i = 3.4.5.6) are the Hermite shape functions, which are given by:
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3x2 2x2
33(X1)=1— Lzl + le
2 3
SAX):X1—2£L+§%
L L
NP (3.19)
X X
SS(X): Lzl - L3l
x2 2x3
S,(6)=—""2+—}
6( ) L L2

3.2.5 The strain displacement relationship

The strain displacement relationship is given by:

& =[By ]{0}

k,=[B; |{6} (3.20)

o -le1o)

where:

[B,,] is (1 X 6) stretching matrix given by:
[Bm]:|:d81(xl) 0 0 dS,(x,) 0 0} 3.21)
dx, dx,

[Bf] is (1 x 6) bending strain smatrix defined as follows:

[Bf]{o d’Sy(x)) d°S,(x)) , d°Ss(xy) dZSe(xl)} (3.22)

dx; dx; dx; dx;

[G]is a (1 X 6) matrix that relates the first derivative of the transverse displacement component
to the displacement vector. It is defined as follows:

[G]=|0 %) d5.(x) 4 dSs(x,) dS,(x,) (3.23)
dx, dx, dx, dx,
and
{6} is the nodal displacement vector given by:
T
{Q} ={U1 Wy ¢ U W, (02} (3.24)
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3.2.6  The static analysis

Substituting Eqs (20).(21).(22) and (23) into Eq(14). The total potential energy can be defined
as:

II =

N |-
O S

0} (BT A"[B.]+[B, ] D"[B, ]){a}ox, -

Ly e N [eHajox, -

0

{a}’ [s )] a,dx, (3.25)

0} ([B, ] NT+[B, ] M7 )dx, +

O e T O e [

Eq (25) can be reformulated as follows:

m=2{a)” ([KaJ+[K, 14K, ])fa)—{af" ({Fe}+{F"}) (3.26)

Utilizing the total potential energy principle oIT = 0. we can arrive at the following equilibrium
equation:

(K J+[K, J)a}={Fe}+{F"} (3.27)

where [K, ] represent the stiffness matrix expressed as:

[Ke1=[Km]+[Kf] (3.28)

[K,,] represent the extension stiffness matrix given by:

[K,]= [ T A[B, T, 629)

[Kf]is the bending stiffness matrix expressed as:

[K, ]=E[Bf ] D*[B, Jdx, (3.30)

[Kg] is the geometrical matrix expressed as:
L

(K, ]=[[cT N [Ghx, (3.31)

0
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{F¢} and {FT} represent the mechanical force vector and the thermal vector force, respectively.
They are expressed as follows:

(F)-
')

[S(x1)]is the shape functions matrix given by:

[SXD]=[S:(x1) Sy(x)) Sy(x) S,(x;) Sslx,) Se(xy)] (334)

[s (x)] q,dx, (3.32)

(B, NT +[B, M7 )dx, (3.33)

O e ™ O ey ™

3.2.7 Buckling analysis

It is widely recognized that a compressive force in a beam reduces its flexural rigidity. When
this force reaches the critical buckling value, the stiffness approaches zero. Consequently, the
bending moments and deflections increase dramatically, theoretically approaching infinity.
Thus, determining the critical buckling load or the critical buckling temperature is crucial in a
thermo-elastic analysis.

The stability of a beam under thermo-mechanical loading is governed by thr flowing
eigenvalue problem:

([K.J+[ K, ]){s} =0 (3.35)
by setting

(K, ]=2[K;]

The Eq. (35) can be rewritten as follows:

([K ]+ A[K¢]){s}=0 (3.36)
Where:

A is the loading factor

[Ke]=[[G] N,[G]dx (3.37)

N, represents the compressive force induced by a specified thermo-mechanical load.
The critical buckling temperature AT, or the critical buckling load N, can be expressed as:
AT, =A,AT,; N, =4,N, (3.38)

cr cr

ATy is the given temperature rise.

3.2.8 The resolution procedure:

A Fortran code was developed, following the flowchart in Figure 2, to solve the equations and
calculate the displacements and bending moments of the beams.
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DATA :E, I, a, h, bTy, T,

AP,

F 3

Initialization
N! =0 (i=1, elements number)

.

™

h A

Calculation of global stiffness and
geometric matrices [K] and [K |

Resolution of : .
(K + K,){al) = (o)

l

Calculation of the normal efforts in the
elements N/ (i=1, elements number)

No Nelem

N - N <
(N =N,
i=1

yes

A 4

k = Number of increments No

yes l
A= Zak

Figure 3.2 The flow chart for the iterative solution method
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3.2.9 the vibration analysis:

The system equations of motion are obtained by writing the Lagrangian, L=T-U and first-order
stationary conditions in the form of Hamilton's equation

d (oL aL

a aat) ~ (i) = P (339

The general equation of motion to find the vibrational characteristics of any structure is:
[M]{0} + [KI{U} = 0O (3.40)
U(x) = Uycos(wt + 06) (3.41)

The generalized eigenvalue problem for the vibration analysis including thermal effects can
be written as:

{[K] + [Kg]}a} — w* {[M]}{A} = O (3.42)

It is noted that [K] and [K,] are stiffness and geometrical matrices respectively and the vector
A 1s the eigenvector.

and The mass matrix is defined by the following relation:

[M] = [,IN]" p[N]dv (3.43)
When
p : is a mass density
The natural frequency is related with the circular natural frequency as:
3
f= - (3.44)

3.3 Analytical model:

This section outlines an analytical procedure for the thermo-clastic analysis of the bending of
a steel beam subjected to high temperatures. The material propertics of the beam are assumed
to vary with temperature. The beam is considered to be part of a braced frame structure. Figure
3.3 and Figure 3.4 illustrate a becam with length L under bending subjected to a uniformly
distributed load g,, and to a uniform temperature rise 44. The transverse displacements of the
ends of the beam are equal to 0 (w(x = 0) = w(x = L) = 0). The bcam’s left and right ends
are supported by elastic rotational springs with stiffnesses R, and R, respectively. The
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translation supports at the left and right ends are elastic and are represented by springs of
stiffness K; and K, respectively.

NNNNN N
K; \_|_ / » K > XU
i v 'R’ &R 7. ’
N S A s
N l: L/Z \ 4 d L/Z N

Ma=RL0a szRROb

V.
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Ly, L/,

Amid
LIA

|
g »”|
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Figure 3. 4 The static diagram of the beam
3.3.1 the bending moment

The bending moment at any cross-section of the beam considering large displacements, is
expressed as:

2
M(x):—qV;( +MA+FaTW(x)+(qV2L+MBIjMAJx (3.45)

where

qy 1s the uniformly distributed load

M, and My represents the moment at the left and right ends of the beam respectively.
ET is the axial force due to temperature rise AT
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3.3.2 The axial force in the beam

The total elongation of the beam, resulting from temperature changes and the effects of
translational springs, is given by:

FIL

U, +u, =Lop AT — (3.46)
T

Where u; and u, represents the left and right springs elongations respectively and are
expressed as follows:

o ., _K (3.47)
) KL’ T Ky .

Substituting Eqs (3.47 ) into Eq(3.47 ). we can derive the expression for the axial force, which
is given by:

KLKR
(K +Kg)+K Kq

S

a ET A ET AaT AT (3-48)

According to Bernoulli beam theory, the differential equation governing the deformation of a
beam can be given as follows:

AW | By )= B M X (QVHMB‘MAJ (3.49)

ax?  El 2E.1 E.I E. I\ 2 L
T

F
by Setting K* = ﬁ . and integrating Eq. (3.49 ) according to x the transversal displacement
T

at any cross-section of the beam can be described as follows :

2 —_—
w (x)=C,cosKx +C,sinKx + 4 - — MAZ— X > QL M =M, (3.50)
2E. IK? E,IK? E,IK*( 2 L

C; and C, are integration constants determined utilizing the mentioned boundary conditions.
we can then have:
M C M
A andC,=——=—+ —
E;IK tanKL E; IK“sinKL

1

by setting % = v. The deflection at the midpoint of a beam (x=L/2) can be formulated as
(3.51)
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2 (sin’y 2 M 4 12(2secy —2-v?
o ML (siy ) MBLQ[I cosv }L sq,L* 12( 4 ) s
8E, v~ cosv 8E.Iv-\ cosv 384E.1 v
M, :Qm:ﬁ“—al
A -aa,
M, =930'—3—2"
B -aa,

where 6,4, and 8, represents the rotation angles of the ends of the beam due to distributed load
and are defined by:

3

q,L

= tany —v
- 85,.11;2( )
(3.53)
qu3 ; t )
=—2——(—tanv —v
" 8E. v’ (
where the moments of the ends M, and Mp are given by[3.52]:
3 ( 1 1 J L 1
a=—|—- +—
v\ tanv J3E.I R,
: =L[L_ ' ) L 1 (3.54)
© 2v\2v tanv J3E,] R,
3( 1 1 L
p-3 -
visinv v J6E.[
The bending moment at mid-span (x = %) is expressed as:
q,L2 3 4ETIv2
Mg == M t— Wy, 3.55
d g 4 IE d (3.55)

3.4 Conclusion

To analyze the static and vibration behavior of steel beams in temperature conditions. A novel
finite element model using Bernoulli beam theory and nonlinear von Karman deformation has
been developed in this chapter. The total potential energy principle is used to derive elemental
stiffness and geometric matrices. In addition, an analytical approach has been introduced to
study the static behavior of elastically supported steel beams exposed to a uniform temperature
rise. The supports are modeled by translational and rotational springs, representing the
influence of the columns in finite element simulations.
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Chapter 4: Application of numerical and analytical models
- Results and discussions

4.1 introduction

This work focuses on the analysis of the static and vibration behavior of steel beams exposed
to thermomechanical loads. Uniform and linear temperature distributions over the depth of the
beam are taken into account. The performance and accuracy of the finite element developed
were confirmed by comparing the results with those reported in the literature.

In addition, a parametric study was carried out to examine the impact of various boundary
conditions on the thermo-elastic bending behavior of the beam, using both finite element and
analytical methods.

4.2 the validation of the finite element model:

Validation of the finite element model proposed to study the static and dynamic behavior of
beams in steel structures under heated conditions.

Example 4.1

The first example, analyzed previously by Jiang and Usmani [58] involves a clamped steel
beam where the left half] as shown in Figure 4.1, is submitted to a uniform temperature increase
from 0°C to 800°C. The right half remains unheated, acting as an elastic support, restricting the
displacement of the left half.

AT * 0 x" AT =0

N
NN

\\\§
10 cm

100 cm U 100 cm

e i i > I10cm

Figure 4. 1 Restrained beam subjected to a uniform temperature rise on the left half,

The beam is constructed from Steel 37, with temperature-dependent mechanical properties as
specified by Eurocode 3 [183] Figure 4.2. The coefficient of thermal expansion is sct at @y =
12 x 107%/°C. A mesh consisting of 8 clements was used for the analysis.
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Modulus of elasticity (MPa)
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Figure 4. 1 The modulus of elasticity versus temperature rise Eurocode 3 [183].

Table 4.1 shows the axial displacement at the beam's midpoint as a function of temperature
increase. The results show good agreement with the results reported by Jiang and Usmani[58]
The curve in Fig. 4.3 shows that displacement increases with temperature up to 500°C. After
500°C, displacement begins to decrease progressively. After 500°C, the displacement begins
to decrease progressively. This reduction is due to the fact that the right-hand part retains its
extensional stiffness, while the extensional stiffness of the left-hand part decreases due to the

drop in Young's modulus.

Table 4.1 Horizontal displacement u2 ( mm) of beam center as a function of temperature rise

Temperature (°C)

Jiang and Usmani [58]

Present finite element

0
20
50

100
150
200
250
300
350
400
450
500
550
600
700
750
800

0.000
0.100
0.305
0.603
0.866
1.130
1.367
1.557
1.784
1.970
2.110
2.240
2.064
1.707
0.960
0.883
0.773

0.000
0.120
0.300
0.600
0.874
1.136
1.378
1.600
1.800
1.976
2,127
2.250
2.094
1.703
0.990
0.891
0.796
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Figure 4. 3 The horizontal displacement of the middle of the beam versus temperature rise.

Example 4.2

Examine the bending behavior of a steel circular arch with elastic restraints at both ends when
exposed to high temperatures (as shown in Figures 4.4 and 4.5. The arch with a length of L =
10 m and a subtended angle of 8=60° is exposed to a uniformly distributed load of

q» = 30 kN /m and a linearly varying temperature rise across the depth of its 610UB125 cross-
section. At ambient temperature, the Young's modulus and the coefficient of thermal expansion
for the steel are E, = 200 GPaand a; = 11 x 107%/°C. Respectively. The reference
temperature at the centroid of the cross-section is T,y = 150°C.

9
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Figure 4. 4 The steel arch under a uniformly distributed gravity load [48]
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Figure 4. 5 The arch structural model for finite element analysis

Multiple meshes were utilized in the finite element analysis to model the arch shown in Figure
4.5, until convergence was reached.

The elastic supports of the arch are modeled using translational and rotational springs (Figure
4.4), with their rigidities are calculated as follows:

e The stiffness of the translational springs in Figure 4.4 is determined based on the axial
rigidities of the columns and the tie rod shown in Figure 4.5 using the following

equations:
E. 4,
KR\' :KL\' :—(——(
he
E A 4.1)
K, =K, =——~
RE LH L
Where:

E;, A. and h_ represent the column's Young modulus, area cross-section, and height,
respectively.

and E;, A, and L; represent Young modulus, the cross-sectional area, and the length of the tie
rod, respectively

The rotation spring rigidities in Figure. 4.4 are calculated using the bending rigidities of the
columns at the column-arch connections in Figures. 4.5, based on the following equation:
4E 1.
h.
Where I, is the inertia moment of the columns, respectively.

R =R, = (4.2)
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Figures 4.6, 4.7 and 4.8 illustrate the deflection, the horizontal displacement and the angle of
rotation along the steel arch. The results obtained with the developed finite element method
closely match those derived from the analytical method of Heidarpour et al[51]. The
comparison validates the current finite element method's accuracy. The figures also show that
maximum deflection occurs at mid-span, while maximum horizontal displacement and rotation
are observed a quarter of the length of the arc from each end. These findings have been
corroborated by Heidarpour et al[51].

e w:present work
—@— w:haiderpour et al

Fl
)
ES
-6000 -4000 -2000 0 2000 4000 6000
Coordinate along arch beam (mm)
Figure 4. 6 The vertical deflection along the arch
2
= u:present work
1.5—
—@=— u:haiderpour et al
E
£

U
w

3000 5000

Coordinate along arch beam {mm)

Figure 4. 7 The horizontal displacement along the arch
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—ir— ¢:present work
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Figure 4. 8 The rotation angle along the arch

Example 4.3

For this example, the beam previously analyzed by Bradford et al [184]. Using the analytical
method (Figures. 4.9 and 4.10) is re-evaluated using the current finite element approach.

The beam is elastically supported at the ends by both translational and rotational springs and is
exposed to a uniformly distributed load of qv=10 N/mm, it experiences a linear temperature
gradient, with temperatures rising between 50°C at the top and 100°C at the bottom. The
ambient temperature is considered to be 20°C.

The young’s modulus varies with temperature and is taken as E;, = 200 x 10°N/mm? at
ambient temperature. The steel beam has a rectangular cross-section with dimensions of d =
400 mmand b = 200 mm. Its length is 21, = 4000 mm.

Eorstond Rotational
‘sprlng B
Sl 4 Stifness.Re
k Lt ¥ ¥ v ¥ v ¥ 3
N
O
AR L L
" b |
Translational v Tl'ﬁlflslatlunal
Spring.;stiffoess y Spring
tiffness :Kg

K,

Figure 4. 9 The generic flexural element [45].
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q‘ll
vy v v v v v ¥

P -

Figure 4. 10 The beam structural model for finite element analysis

The translation spring stiffness of Figurc 4.9 is determined utilizing the bar axial stiffness in
Figure 4.10 it is expressed as:

E, A
K, =Kg=——~ 43)

b
Ey, Ap,and L, represent the bar's elastic modulus, cross-sectional area, and length, respectively

The rotation spring rigidities in Figure. 4.9 are derived from the bending rigidity of the
columns at the beam-column connections of the frame shown in Figure. 4.10. They are
calculated as follows:

_4E 1,
h(..‘

The steel beam is divided into several mesh segments until convergence is reached, for finite
element analysis.

R, =R, (4.4)

The vertical displacements at mid-span, under a linearly distributed temperature rise and a
uniformly distributed load qv, are illustrated in Figure 4.11. It can be seen that the present
results are in good agreement with those obtained by Bradford et al [184]. However, it is clear
to see that the deflections obtained using the present finite element method are slightly lower
than those reported by Bradford et al. This discrepancy is probably due to the shortening of the
column shown in figure (4.10). Overall, the results demonstrate the effectiveness of the finite
element approach formulated.
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Figure 4. 11 The vertical deflection of the beam

Example 4.4

In this example, cantilever beams with a uniform thickness of 0.5 mm were used in two
different lengths: 15 cm and 17 cm. Each beam of'the same length was studied at four different
temperatures: non-heating, 100, 200, and 300 °C. Table 4.2 presents the fundamental frequency
values of the beam at various lengths and different temperatures. It can be observed that the
current results are in excellent agreement with the references mentioned.

Table 4.2 Fundamental beam frequency (Hz) under temperature conditions:

Temperature Young's Length of Present Analytical[185]  Experimental[185]

(°C) modulus  beam (Cm) finite
(Pa) clement
0 6.9 x 10" 15 20.88 21 22
17 16.25 16.3 16.8
100 6.62x 15 20.45 20.6 215
10" 17 15.91 16.1 16.2
200 6.09 15 19.61 19.7 21
x10' 17 15.27 15.3 16.5
300 5.69 15 18.95 18.5 21
x10'0 17 14.76 14.4 15.8
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To provide a clearer illustration, the data from Table 4.2 are represented in Figures 4.12 and
4.13, respectively. Figure 4.12 and 4.13 depicts the effect various lengths with different
temperatures in natural frequency of the beam. It can be seen from the figures that natural
frequency decreases with increase of temperature. Also, as the length decreases while keeping
the thickness constant, the natural frequency increases.
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Figure 4.12Fundamental frequency of beam with length 15 cm

Present finite element

— Anialytical [8]

Experimental([8]

cy Hz
&
w

-
A

Fundamental frequen
,. &
w v

145

14

Temperarture °C

Figure 4. 12 Fundamental frequency of beam with length 17 cm.
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Example 4.5

In order to valid the development of finite element in the evaluation of natural frequency of
beams under difference of temperature, an isotropic cantilever beam exposed to a large
temperature difference by Kamei et al [141]. The results for natural frequencies are presented
in Table 4.3. A comparison between the analytical results from Kamei et al and the present
study is provided, focusing on the natural frequencies of beams under various temperature.

Table 4. 3 Natural frequency of beam (Hz) under difference of temperature

Temperature (°C) Young’s modulus Thermal Analytical[141]  Present work
(Gpa) Expansion (o)
pm/°C
25 73,4 0.1066 58,19 57,2
50 72,7 0.1078 57,96 56,93
100 69,3 0.1091 57,37 55,58
150 68,5 0.1266 57,02 55,26
200 65,2 0.1359 56,77 53.91

It may be noted that the present results are in excellent agreement with those obtained by Kamei
et al. The natural frequency decreases with increasing temperature.

4.3 Parametric Study

In the last section, The reliability of the proposed finite element model has been confirmed by
comparison with the available literature. In this part, a parametric study has been carried out
using both the present finite element model and the proposed new analytical model.

4.3.1 The effect of temperature on the natural frequency of a steel beam
Example 4.6

In this example, a steel beam (IPE 80) with various boundary conditions (a simply supported
and clamped beam) subjected to a high difference of temperature, with width b =0.046 m and
thickness h = 0.08 m, respectively. Table 4.4 presents the material properties of steel IPE 80.

Table 4. 4 The material properties of steel IPE 80.

Parameters T —
Young modulus (GPa) 200
Thermal expansion coefficient (1/°C) 1.17%107
Density (kg/m3) 7850
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In this study, we aim to investigate the natural frequencies of a steel beam in extreme thermal
conditions, using a finite element program based on the theory of Bernoulli. The stiffness and
geometric matrices are obtained using the principle of total potential energy.

Figures 4.14 and 4.15 depicts the effect of temperature, slenderness ratio and boundary
conditions on the natural frequency of a beam.

70
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Figure 4. 14 The effect of temperature on the natural frequency of simply supported beam
with different slenderness ratio
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Figure 4. 15 The effect of temperature on the natural frequency of clamped beam with
different slenderness ratio)

49



Chapter 4: Application of numerical and analytical models - Results and discussions

The figures show that the increase in critical buckling temperature in all cases for the clamped
beam is greater than for the simply supported beam. In addition, the natural frequency
decreases as the slenderness ratio increases.

This figure also shows that the natural frequency decreases as the temperature increases.

For simply supported beam case: It can be observed that for a length-to-height ratio (L/h) of
50, the critical temperature is 55.6°C; for L/h = 35, the critical temperature is 113°C; and for
L/h =25, it is 221°C. Moreover, for clamped beam case it can be noted that if length to height
ratio L/h =50 the critical temperature 223 ° C, if that L/h= 35 the critical temperature 454 °© C
and if that L/h =25 the critical temperature 892 ° C.

4.3.2 Effect of slenderness and boundary conditions on steel beams under thermal
conditions

Example 4.7

The study aims to examine the effects of parameters such as slenderness and boundary
conditions on the static behavior of steel beams under thermal conditions.

Figures 4.16 - 4.19 present four case studies of steel beams with varying elastic support
conditions at their ends. In each case, the beams are exposed to a uniformly distributed load qy
= 10 N/mm and a uniform temperature rise. The beams have a length of L=8000 mm and have
a rectangular cross-section with dimensions (d=400 mm and b=200 mm). The elastic modulus,
which is temperature-dependent is Ep; = 2 X 10°5N/mm? at 20°C. The thermal expansion
coefficient is ay = 1 X 1075 /°C.
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Figure 4. 16 Beam with pinned end.
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Figure 4. 17 Beam with fixed end.
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Figure 4.18 Beam with rotational elastic supports at the ends.
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Figure 4.19 Beam with elastic translational and rotational supports.
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The stiffness factors R, and Ry of rotational springs at the beam ends correspond to the bending
stiffness of the columns at the beam-column connections in the associated frame, are given by:
R, = Ry = 5.333 x10° (N.mm)

The stiffness factors K and Kpof the translational springs correspond to the extensional
stiffnesses of the bars, are given by: K,= Kg= 8x10°(N.mm).

For the finite element computation, multiple meshes were employed to model the beams until
the desired convergence was achieved.

For comparison purposes, the impact of temperature variation on the vertical displacement and
bending moment at the mid-span of the beams was calculated using both the new analytical
model and the current finite element model.

Figures 4.20 to 4.27 illustrate the mid-span deflection and bending moment of beams subjected
to a uniform distributed load and a uniform temperature rise. In all cases, the results from the
analytical procedure are in good agreement with those obtained from the finite element
analysis.

It can be seen that in all cases. As the temperature rises and approaches the critical buckling
temperature, the mid-span deflection and bending moment of beams tend to increase
significantly approaching infinite values. This occurs because the thermal loads induce
compressive stresses within the beam, leading to a reduction in its overall bending stiffness.

It is observed that the critical buckling temperature is lowest for pinned beams and highest for
fixed beams. Moreover, the critical buckling temperature is higher for beams with elastic
rotational supports compared to those with clastic translational and rotational supports.

In the case of pinned beams. The critical buckling temperature is around 206°C. While a
temperature rise of 100°C leads to a deflection of about 4.87 mm. However, for beams with
fixed ends, the critical buckling temperature exceeds the elastic limit. At 100°C. The deflection
1s approximately 0.56 mm.

The impact of elastic supports, represented by translational and rotational springs, is illustrated
in Figures 4.24 and 4.26. It can be observed that the critical buckling temperature is
approximately 223°C in case 3 and 283°C in case 4. While it is about 206°C in the case of the
beam with pinned ends. In addition. The deflections are 4.25 mm and 3.44 mm for a
temperature rise of 100°C in cases 3 and 4, respectively.
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Figure 4. 20 The deflection of a beam pinned at both ends

Figure 4. 21 The bending moment at the mid-span of a beam pinned at both ends|
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Figure 4. 22 The deflection of a beam fixed at both ends

Figure 4. 23 The bending moment at the mid-span of a beam fixed at both ends

53



Chapter 4: Application of numerical and analytical models - Results and discussions

500 8,606+08
50
= —— Numerical T TR
£ 40 £ ~dr—Numerical
E =8~ Analytical = 6,60E408 -
W € ~&—Anahytical
& -
# 3 ‘ § SO
b d
€23 5 4506408 1
% E
< 20 = 3606408 4
8 o
% 150 g 2606408
o0 o
ol S 1606408 1
50
6,006¢07 T y- - T
O f— 0 50 100 150 m 2%
0 50 100 15 ) 0 R
emperature
Temperature(’() ™
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Figure 4. 25 The bending moment at the mid-span of a beam with rotational elastic supports
at both ends
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Figure 4. 26 The deflection of a beam with elastic translational and rotational supports

Figure 4. 27 The bending moment at mid-span of a beam with elastic translational and
rotational supports

54



Chapter 4: Application of numerical and analytical models - Results and discussions

4.4 conclusion

In this chapter, the validation of the performance of the finite element developed by comparing
its results against those available in the literature. All comparisons show that results obtained
with the proposed element agree perfectly with those of the references, confirming the
performance and precision of the formulation.

- From dynamic behavior of steel beams under heating conditions:
The natural frequency decreases with increasing temperature.

As the length of the steel beam is reduced, while the thickness remains constant, the natural
frequency increases.

The critical temperature rise for a clamped beam is greater than for a simply supported beam
The natural frequency decreases as the slenderness ratio increases.
When the slenderness ratio decreases so the critical temperature increases.

- From static behavior of steel beams under temperature conditions: In all cases , it is
observed that as the temperature increases and nears the critical buckling point, the
deflection and bending moment at the beam's mid-span increase significantly,
approaching infinity.

Additionally, a parametric study was conducted using both the analytical and finite element
models to examine the impact of various support conditions on the thermoelastic behavior of
the steel beams. The study revealed that temperature rise significantly influences the static
behavior of structural elements, notably affecting their stiffness and strength, leading to a
marked increase in deflections and bending moments.
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beams
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Chapter 5: Formulation of a finite beam element based on
enhanced Timoshenko beam theory:

5.1 introduction

In this chapter, a novel simple high-order shear deformation theory (SHSDT), using the
enhanced Timoshenko beam theory, has been introduced. The suggested model previously used
to study static, dynamic, and buckling behavior of FGM plates by Sadgui and Tati[186] has
been adapted here and used to conduct static and buckling analyses of functionally graded
beams submitted to thermomechanical loads. The present model has only three unknowns
taking into account the zero-shear stress condition at the top and bottom surfaces of the beam.

The material properties of the beam are supposed to vary across its thickness according to a
power law distribution based on the volume fractions of the component materials. The
geometric and stiffness matrices are derived using total potential energy principles. In addition,
the utilization of a shear correction factor is not necessary.

5.2 Numerical model based on finite element:
5.2.1 The displacement field

The component of the displacement field of a point on the beam is proposed as follows: [186]

u(x,z)=ug(x)+z¢x (x)

w(x,2)=f (2)wo (X)+(f (2)-1)G (x) (5.1)

The functionf (z) represents the shear function, which governs the distribution of transverse
shear strains and stresses in the beam's thickness. This is chosen so that the transverse shear
stress is zero on the top and bottom surfaces of the beam.

The sinusoidal shear function employed is given by:

Ft = 23—‘/5(1 - (sin% )2) 5.2

The function G (x) is defined as:

9G(x)

0 (x) = - (5.3)
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5.2.2 Kinematics

The components of the von Karman strain associated with the displacement field in equation
(1) are as follows:

ex=e+e 2k,

Yez=F @V =
Where:
gy =22 (5.5)
el = %(g—‘:)z (5.6)
ey = 22 (5.7)
Ve, = @ + 22 (5.8)

5.2.3 Constitutive equations

Consider a functionally graded beam (FG) with a cross-section S, length L, depth h and width
b, as shown in figure 5.1. Material properties are considered to change progressively through
the thickness of the beam following a power law. Specifically, the relationship for Young
modulus and thermal expansion coefficient is expressed as follows:

E(z) = E, + (E, — E,;,)V.(2) (5.9)
alz) = ty + (@, — 2y )V (2) (5.10)

The subscripts c and m denote the ceramic and metal components of the FG beam, respectively.
V.(z)represents the volume fraction of the ceramic, defined by:

P
@ =(+3)  5.10)
For—h/ZSzSh/zand 0sp<sw

E. and E,,represent Young’s modulus of the ceramic and the metal, respectively.

a. and a, represent the thermal expansion coefficient of the ceramic and the metal,
respectively.

p is the volume fraction exponent which determines the gradation of the volume fraction Figure
52

When p is zero, the beam is entirely ceramic, while when p approaches infinity, the beam
becomes entirely metallic.
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Figure 5.1 Functionally graded beam coordinate system and geometry.
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Figure 5. 2 Variation of Young’s modulus through the thickness of functionally graded
beams[16].

The strain-stress relationships for a functionally graded elastic beam are expressed as follows:

Ox=E(z)ex—oT 511
Txz=QVxz (5.1
Where
or = E(2)a(z)AT (5.12)

AT 1is the temperature rise

For the case of shear deformation that varies with respect to depth, the shear stress can be
expressed as:

Tz = Qf (Vs (5.13)
Where

_ _E®
Q= 2(1+v) (5.14)

Q represents the elastic coefficient.
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5.2.4 Position of the physical neutral axis

The asymmetry of the material properties in the FG beams in relation to the median surface
leads to a membrane-bending effect in the beams. Therefore, to simplify the complexities
arising due to this effect, the resultants of forces and moments are calculated with respect to
the neutral axis, which is not aligned with the beams' median surface, as shown in figure 5.3.
[136][192] In order to determine the position of the neutral physical axis, it is essential to
calculate a value e where the axial force resulting from bending is zero. It is determined by the
following equation:

Ins =Z— e (5.15)
h
féE(z)zdz

e = Zﬁ— (5.16)
fiE(z)dz

2

e represents the distance from the physical neutral axis to the centroid of the FG beam.

___.ZN,___{ Neutral axis

Mid-axis

Figure 5.3 The position of the neutral axis of the FG beam [22].
5.3 the total potential energy
The total potential energy of the FG beam can be represented as follows:
N=U-W;+W, (5.17)

U, W, and W, represent the strain potential energy, the work performed by external loads and the work
of distributed loads in relation to the physical neutral axis, respectively.

U =3[,({e}"0x + s} Ts) AV (5.18)

U= [,({e} E@)eo} + (z — e)*{kx}TE(@){ky} + f(2)* {123 Qv D) dV (5.19)
Where Vdenotes the volume of the beam.

By integrating Eq. (5.18) to the cross-sectional area S, we obtain the following expression:
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U =3 [, {eo} Afeo} + kY Dby} + {e"IN + (rQ}TH{yS,Y) dx — [ ({eo}" NT +
{k,YTMT)dx (5.20)

A, H, and D are the elastic coefficients, defined as follows:

{ADH}=[E@x{1(z-e)* f(2)Q}ds (5.21)
NT =b fi E(z) — a(z)ATdz (5.22)
MT =b fi E(z) — a(2)AT (z — e)dz (5.23)

NT and MT represent the axial force and moment due to temperature rise.

The external work caused by the distributed load F(x) and the axial compressive force P is
given by Egs. (5.24) and (5.25), respectively:

1 (L (dwg)?
W, =3[ P(22) dx (5.24)
L
Wy = — [ F(x)wo dx (5.25)

5.4 Finite element formulation

A two-node component with three degrees of freedom (DOFs) per node, derived from enhanced
Timoshenko beam theory, 1s used to investigate FG beams' static behavior and buckling.

The component displacement vectors of the element are interpolated as follows:

Vo(x)=Y2, NV, d=1,23 (5.26)
Where
Vi=ub,wi el  i=12 (5.27)

V4 (x) represents displacement and rotation of the element at a given point. V; andN; represent
displacement components and Lagrange shape functions associated with the node 7,
respectively. Lagrange shape functions are defined as follows:

L (5.28)
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By using shape functions, deformation-displacement relationships in Egs. (5.5)—(5.7) can be
expressed as:

{e2} = [B.l{q} (5.29)
{kx} = [Bpl{q} (5.30)
{rxz} = [Bsl{q} (5.31)
%—f = [G]{q} (5.32)

[B,l, [Bp], [Bs] and [G] are (1x6) matrices, where the subscripts a,b, and s represent axial,
bending, and shear strain, respectively. {q} refers to the element's displacement vector.

Where

Ba=[52 00 22 00 | (5.33)
Bo]=[0 0 22 00 2% (5.34)
[Bs]=[0 A %Nz] (5.35)
[G]=[0 0 2% 00 %] (5.36)
{a}" = (ww101 Uw,0,} (5.37)

The principle of total potential energy is applied to derive the elementary matrices of the
element. By applying Eqgs. (5.29)—(5.32). the total potential energy is expressed as follows:

U =3 [ (@} ([B]" AlBa] + [B,]"DIB,] + [G1"N[G] + [B]"H[BJ]){q}) dx —
[{aY" ([BLI™NT + [B,]"MT)dx (5.38)

5.4.1 Static analysis
W, = — [ F(x)w dx (5.39)
Substitution of Egs. (5.38) and (5.39) into Eq. (5.17) leads to the following expression

I =~ [({q}" ([B]"A[B,] + [B,)"DIB,] + [B]TH[B1){q}) dx — [[{q}" ([BoI"NT +
[B,]TMT)dx — [ F (x)w, dx (5.40)

Eq (5.37) can be reformulated as follows:

I = ~{q)" ([Ka] + [Kp] + [K:D{q} — {g}" ({Fe} + (FT) (5.41)
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Eliminating the initial variation in total potential energy as a function of nodal values {q}, we
obtain the equilibrium equation:

([KD{q} = {Fe} + {F"} (5.42)
With

[K.] = fOL ([Bo]"A[Ba] + [By]" D[By] + +[Bs]" H[Bs]) dx (5.43)
[Ke] = [Ka] + [Kp] + [K] (5.44)
{Fe} = [[N]F(x) dx (5.45)
{FT} = [[([B.I"NT + [B,]"M")dx (5.46)
[N|=[0 0 N,N, 0 0] (5.47)

where [Ke],[l(g]and [N] are respectively the elementary stiffness matrix, the geometric matrix
and the shape function matrix.

{F¢} is the mechanical force vector, while{F } represents the thermal force vector.
5.4.2 Mechanical buckling

The external work resulting from the compressive axial load can be expressed as follows:

W, = [ (@} [G17P[G){q} dx (5.48)

By substituting Eqgs. (5.38) and (5.48) into Eq. (5.17), we obtain

=2 [*({q)"([B,I"A[B.] + [B,]™D[B,] + [B,]TH[B;]){a}) dx + J,{a}" [G]"P[G]{q} dx
(5.49)

Eliminating the second variation from the total potential energy with regard to the nodal
values{q} leads to the next eigenvalue:

([Ke]H[KgD{q}=0 (5.50)
[K,] = [, [G1"P[G] dx (5.51)

[Kg] is the elementary geometrical matrix, using the loading factorA, the load can be
rewritten as:

P = AP, (5.52)
5.4.3 Thermal buckling
The stability of a beam subjected to thermo-mechanical loading is determined by the

following eigenvalue problem.
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([K] + [Kg]){a} =0 (5.53)

[Ky] = 2[K7] (5.54)

The Eq. (5.53) can be rewritten as follows:

([Ke] + A[KS]) g} =0 (5.55)
L

[Ky] = [, [G]"NT[G] dx (5.56)

The critical buckling temperature AT,,.can be expressed as:

AT, = A, AT (5.57)

AT, represents the specified temperature rise.

5.5 conclusion

A two-node element, using simple high-order shear deformation theory(SHSDT), for three
degrees of freedom (DOFs) per node, has been adapted to analyze the statics and buckling of
FG beams. Material properties are assumed to vary across the thickness of the beam as a
function of a power-law distribution fraction of the constituents and no correction factor is
needed. Total potential energy, the principle of Hamilton, and Lagrange's equation were all
used to formulate the geometric stiffness and mass matrices.

The results presented in the next chapter provide a clear assessment of the current finite element
model's (SHSDT) contribution, by comparing it with the results in the literature.
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Chapter 6: Application of finite element model (SHSDT) —
Results and discussion:

6.1 introduction

This chapter presents and discusses several numerical examples to assess the performance of
current finite elements. Precision, convergence and stability are assessed by examining the
thermal and mechanical buckling behaviour of FG beams. For the purposes of validation, the
results obtained are compared with results available in the literature. The impact of various
parameters like length to thickness ratio, power law index and boundary conditions on the
critical thermal buckling temperature and critical buckling load of FG beams are examined.

6.2 Numerical results and discussions

The results of the thermal and mechanical buckling analysis of FG beams are presented in the
following to confirm the validity of the finite element model formulated.

6.2.1 Mechanical buckling analysis
Example 6.1

In this section, we examine FG beam buckling behavior subjected to axial compressive loads.
The effects of the power law index, length/depth ratio, and boundary conditions on the critical
buckling load are analyzed.

Tables 6.1 to 6.3 show the convergence of critical buckling load under three different boundary
conditions for various values of the power law index and for L/h=5 and 10. the beam has been
divided into 50, 100, 150,200, and 250 elements.

The properties of the materials are as follows:
Aluminium : Ene = 70 GPa, vine=0.3
Alumina: E; =380 GPa, v, =0.3

Three boundary conditions are considered:
Clamped-clamped (C-C);

Simply supported (S-S) ;

Free of clamped (C-F).

The results obtained are presented in terms of dimensionless values:
— L2
Pcr =12 WPCT(61)
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The results obtained are compared with those previously achieved by Benzidand Tati [22]

using enhanced Timoshenko beam theory. Li and Batra [187] using Tmoshenko beam theory
(TB), and Nguyen et al[188] using HSDT. In all the cases studied, the comparison showed a
significant concordance between the results obtained from the proposed element and those
from the sources referenced. Tables 6.1-6.3 indicate indicate a decrease in the critical buckling
load as the exponent p of the volume fraction increases. Additionally, the length-to-depth ratio
has a substantial effect on the buckling behavior of the beam.It is evident that the critical
buckling load increases as the length-to-thickness ratio increases.

Table 6.1 The critical buckling load P, of a C-C FG beam subjected to axial compressive
loading with different power law indices and L/h.

N °element

L/h P 50 100 150 200 250 SHSDT[22] TB[187] HSDT[188]

5 0 152.05714 152.0890 152.0017 151.9711 151.9529 151.9500 154.35 154.5610
1 79.7622 79.4770  79.4242  79.4058  79.3972  79.3929 80.498 80.5940
2 60.0150 59.8232  59.7877  59.7753  59.7695  60.3060 62.614 61.7666
5 44.7095 44.6058  44.5867 44.5801 44.5770  45.9138 50.384 47.7174
10 39.2152 39.1315  39.1160  39.1106  39.1081 39.9214 44.267 41.7885

10 0 197.0875 195.0418 194.6633 194.5310 194.4696 194.4000 195.34 195.3623
1 99.9435 98.7293  98.5048  98.4262  98.38972 98.3829 98.749 98.7885
2 76.9699 76.1419 759889 759352 759103 76.1218 76.980 76.6538
5 62.1723 61.7009 61.6136 61.5832 61.5690  62.1955 64.096 62.9580
10 55.8474 554568  55.3851 55.3599  55.3482  55.7505 57.708 56.5926
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Table 6.2 The critical buckling load P.; of a S-S FG beam subjected to axial compressive

loading with different power law indices and L/h.

N °element

L/h P 50 100 150 200 250 SHSDT[22] TB[187] HSDIT[188]

5 0 487591 48.6314 48.6079 48.5995 48.5957 48.6000 48.835 48.8406
1 246817 24.6059 24.5919 24.5870 24.5847 24.5786 24.687 24.6894
2 19.0349 18.6833 18.9738 18.9704 18.9689 19.0286 19.245 19.1577
5 15.4248 153954 15.3899 15.3880 15.3871 15.5437 16.024 15.7355
10 13.8638 13.8396 13.8351 13.8336 13.8328 13.9335 14.227 14.1448

J0 0 529232 524087 52.3134 522801 52.2646 52.2857 52.309 52.3083
1 265476 26.2421 26.1858 26.1660 26.1568 26.1569 26.171 26.1707
2 20.6145 20.4062 20.3676 20.3541 20.3478 20.3633 20.416 20.3909
5 17.1640 17.0445 17.0222 17.0146 17.0110 17.0589 17.192 17.1091
10 15.5639 154653 15.4470 15.4406 15.4377 15.4690 15.612 15.5278
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Table 6.3 The critical buckling load P of a C-F FG beam subjected to axial compressive
loading with different power law indices and L/h.

N ° element

Lh P 50 100 150 200 250 SHSDT[22] TB[187] HSDT[188]

5 0 13.1017 13.0697 13.0637 13.0616 13.0607 13.0714 13.213 13.0771
1 6.5603 6.5413 6.5378 6.5365 6.5360 6.5357 6.6002 6.5427
2 51014 5.0884 5.0860 5.0851 5.0847 5.0786 5.1495 5.0977
5 42609 42535 4.2521 42516 42514 4.2634 4.3445 4.2772
10 3.8662 3.8600 3.8589 3.8585 3.8583 3.8662 3.9502 3.8820

10 O 13.4807 13.3520 13.3280 13.3197 13.3158 13.3714 13.349 13.3741
1 6.7420 6.6658  6.6517 6.6467 6.6445  6.6446 6.6571 6.6678
2 52470 5.1949 5.1853 5.1808 5.1803 5.1816 5.1945 5.2025
5 44058 43758 43703 4.3684 43674 4.3709 4.3902 4.3974
10 4.0059 39812 39766 3.9750 3.9743 3.9765 3.9969 4.0045

6.2.2 Thermal buckling analysis

In this section, the current finite element formulation has been applied to examine the thermal
buckling behavior of FG beams.

The properties of the materials used are as follows from[189]:
Si3N4: E(Pa)=322.27¢+t9 o (1/K)=7.4746¢-6
SUS304: E(Pa)=207.79¢+9 a (1/K)=15.32¢-6
The Poisson's ratio v of FG beam is considered constant and equal to 0.3.
Example 6.2

This example is performed for the critical thermal buckling temperature A T ¢ of clamped-
clamped supported Si3N4/SUS304 beams under temperature independent (TID) material
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properties based on Timoshenko beam theory(L/h=25). The beam has been divided into 450
elements.

The results are presented in table 6.4 and compared with
Timoshenko1[189],Timoshenko2[189], and Timoshenko[120]. In general, there is excellent
agreement between the results.

Table 6.4 Critical thermal buckling temperature 4 T ¢ r comparisons of Si3N4/SUS304
beams with two clamped ends according to Timoshenko beam theory (L/h=25).

Theory P=1 P=2 P=5 P=10
Present 459.267 423.842 394.484 376.305
(N °element 450)
Timoshenkol[189] 458.780 423.624 394.488 376.223
Timoshenko2[189] 458.780 423.624 394.488 376.223
Timoshenko[120] 458.68 423.53 394.39 376.14
Example 6.3

In the second example. A clamped- clamped Si3N4/SUS304 beams based on temperature-
independent material properties (TID) is examined. Table 6.5 show that the critical buckling
temperature A T ¢r calculated by Timoshenko beam theory for power-law index P= (1,2,5,10)
and compared with Eulerl (Euler-Bernoulli model) ,Timoshenkol (Timoshenko model),
Reddyl (from Reddy[190]) ,ASDBT (from Aydogdu[191]), HBTM1 (from Mantari et
al.[192]), HBTM2(from Mantari et al[193], HBTAT1(from Akavci et al[194], HBTAT2(from
Akavci et al.[194]),HBTV1 (from Viola et al.[195]) and HBTV2 (from Meiche et al.[196]).

It can be noted that the present results are in good agreement with the references mentioned.

Table 6.5 Critical thermal buckling temperature 4 T ¢ r of Si3N4/SUS304 beams with
temperature independent (TID) material under various beam theory.
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L/h Theory P=1 P=2 P=5 P=10
20 100 719.998 663.927 616.927 588.628
g 200 712.885 657.469 611.495 583.390
Q 711.568 656.322 610.489 582.420
2 300
= 711.107 655.920 610.137 582.081
400
Euler! 728.433 672.924 627.009 567.989
Timoshenko! 710.485 655.876 610.569 582.294
Reddy'[190] 710.491 655.616 610.86 581.957
ASDBT[191] 710.597 655.696 610.150 582.054
HBTM1[192] 710.609 655.706 610.160 582.065
HBTM2[193] 711.090 656.149 610.584 582.508
HBTAT1[194] 710.504 655.620 610.084 581.968
HBTAT[194] 710.645 655.797 610.282 582.097
HBTV1[195] 716.672 661.877 616.470 587.905
HBTV2[196] 725.715 670.387 624.603 595.673
30 100 329.656 303.842 282.450 269.491
§ 200 322.538 297.640 277.015 264.250
% 300 321.221 296.492 276.009 263.279
< 400 320.760 296.091 275.657 262.940
Eulerl 323.748 299.076 278.671 265.722
Timoshenkol 320.153 295.622 275.375 262.626
Reddy1[190] 320.154 295.608 275.276 262.557
ASDBT[191] 320.176 295.624 275.289 262.577
HBTM1[192] 295.626 275.291 262.579
320.178
HBTM2[193] 320.275 295.716 275.377 262.669
HBTAT1[194] 320.157 295.609 275.276 262.560
HBTAT2[194] 320.186 295.646 275.316 662.586
HBTV1[195] 321.404 296.875 276.569 263.762
HBTV2[196] 323.210 298.575 278.194 265.314
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40 100 190.463 | 175.389 162.900 155.449
. 200 183.345 | 169.197 157.465 150.208
E, 300 182.027 | 168.039 156.458 149.237

o
z 400 181.567 | 167.637 156.106 148.900
Euler! 182.108 | 168.23 156.752 149.497
Timoshenko' 180.965 | 167.145 155.704 148.496
Reddy'[190] 180.966 | 167.128 155.672 148.474
ASDBT[191] 180.972 | 167.133 155.676 148.480
HBTM1[192] 180.973 167.133 155.677 148.481
HBTM2[193] 181.004 | 167.162 155.704 148.510
HBTAT1[194] 180.966 167.128 155.672 148.475
HBTAT2[194] 180.976 | 167.140 155.685 148.483
HBTV1[195] 181.364 167.532 156.085 148.859
HBTV2[196] 181.938 | 168.072 156.601 149.352

Example 6.4

In this example, table 6.6 gives thethermal critical buckling temperature results. A T ¢+ of
Si3N4/SUS304 beams under different boundary conditions (clamped-clamped and simply
supported), respectively. For different L/h length to depth ratio and power law index P= (0,
1,2,5,10).

The aim of the example is to study the effect of boundary conditions on thermal buckling of
S13N4/SUS304 beams. For a better illustration, the data in Table 6.6 are plotted in figures 6.1
and 6.2 respectively .Figures 6.1 and 6.2 depict the impact of length to depth ratio L/h on
critical thermal buckling temperature of Si3N4/SUS304 beams with different boundary
conditions. The figures show that for a given power index P, the critical buckling temperature
AT cr decreases as length-to-depth ratio L/h increases.
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Table 6.6 Critical thermal buckling temperature 4 T ¢ r of Si3N4/SUS304 beams with
different boundary conditions.

Clamped-clamped (C-C) Simply supported (S-S)

L/h P=0 P=1 P=2 P=5 P=10 P=0 P=1 P=2  P=5 P=10

20 10737  711.107 65592  610.137 582.081 273.555 181.121 167.25 155.766 157.57

30 484.412 320.76  296.091 275.657 26294  122.135 80.862  74.681 69.565  66.349

40 284.216 181.567 167.637 156.106 148.9 68.883  45.606 42.119 39.234 3742

50 176.218 116.678 107.731 100.325 95.691  44.19 29258  27.019 25.167  24.003

60 122.796 81.307  75.068 69905 66.677 30.765 20.369 18809 17.517 16.708

70 90519  59.937 55332  51.522  49.143  22.666  15.008 13.856 12903  12.307

80 69.544  46.05 42506  39.574  37.748 17.407 11526  10.64  9.907 9.449

90 55.152  36.522  33.705  31.375  29.928 13.801  9.139 8435 7.82 7.49

100 44.851  29.702  27.406  25.506  24.331 11.22 7.431 6.857  6.382 6.088
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0 20 40 60 80 100 120

Figure 6. 1 The effect of length-to-depth ratio L/h on critical thermal buckling temperature of
S13N4/SUS304 beams with two clamped ends.

P=2

120

L/h

Figure 6. 2 The effect of length-to-depth ratio L/h critical thermal buckling temperature of
Si3N4/SUS304 beams with simply supported ends.

6.3 Conclusion

This chapter examines the mechanical and thermal buckling behaviors of FG beams using the
current finite element method (SHSDT), which is based on the enhanced Timoshenko beam
theory. Critical buckling load numerical findings are shown and contrasted with those found in
the body of available literature. The effectiveness and accuracy of the current finite element
formulation are validated by the comparisons, which show that the results achieved with the
current element closely match those from the references. The effects of some parameters like
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length-to-thickness ratio, the power law index, and boundary conditions, on behavior of the FG
beams has been also examined.

The primary findings of this research can be summed up as follows:

The results show that the stability responses of functionally graded (FG) beams are accurately
predicted by the developed finite element SHSDT.

With an increase in the volume fraction exponent p, the critical buckling load reduces.
The greater the length-to-thickness ratio, the higher the critical buckling load.

The various boundary conditions have a major impact on the beam's buckling
characteristics.

As the length-to-thickness ratio increases, the dimensionless thermal critical buckling
temperature drops.
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General Conclusion

The impact of thermal conditions on the behavior of structural elements is particularly
critical in Saharan environments. Structures in these regions experience thermal loads resulting
from significant daily temperature fluctuations, ranging from intense daytime heat to cooler
nighttime temperatures. The behavior of structures is influenced by the behavior of their
individual elements. such as beams and columns. In this study, we chose Functionally Graded
Materials FGM because a new class of advanced composites that are increasingly being used
in various fields of engineering, particularly in high-temperature applications such as
thermomechanical load-bearing structures.

Contributing to the modeling of the static, vibrational, and stability behavior of structures under
heat conditions is the main objective of this work, by developing of finite elements model that
can precisely represent these behaviors. First, a finite element model has been adapted to
examine the static and vibration behavior of steel beams while accounting for temperature rise
using the Euler-Bernoulli beam theory. Furthermore. an innovative analytical method for
examining the static behavior of steel beams with elastic support under uniform temperature
rise has been created. Secondly, the buckling analysis of functionally graded beams under
thermo-mechanical loading is carried out using the proposed finite element model. based on
the simply high-order shear deformation theory (SHSDT) with three degrees of freedom
(DOFs) per node and the enhanced Timoshenko beam theory.

In the first part of the thesis, the generalities of temperature, fire, damages caused by fire, and
some notable fire incidents of the last years have been presented. Furthermore, Other side, an
overview on functionally graded materials and their application areas has been presented. An
overview of previous research from the body of literature on the buckling, vibration, and static
analysis of concrete, steel, and FGMs beams has been briefly outlined in chapter two.

In the second part, A novel finite element model using Bernoulli beam theory and nonlinear
von Karman deformation has been adapted to analyze the static and vibration behavior of steel
bcams i temperature conditions. The total potential energy principle 18 used to derive
elemental stiffness and geometric matrices. In addition, an analytical approach has been
introduced to study the static behavior of elastically supported steel beams exposed to a
uniform temperature rise. The supports are modeled by translational and rotational springs,
representing the influence of the columns in finite element simulations. the validation of the
performance of the finite element developed by comparing its results against those available in
the literature. All comparisons show that results obtained with the proposed element agree
perfectly with those of the references, confirming the performance and precision of the
formulation. Additionally, a parametric study was conducted using both the analytical and finite
element models to examine the impact of various support conditions on the thermoelastic
behavior of the steel beams. The study revealed that temperature rise significantly influences
the static behavior of structural elements, notably affecting their stiffness and strength, leading
to a marked increase in deflections and bending moments.
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General Conclusion:

The following points highlight some of the study's important observations:
- From dynamic behavior of steel beams under heating conditions:

The natural frequency decreases with increasing temperature.

As the length of the steel beam is reduced, while the thickness remains constant, the natural
frequency increases.

The critical temperature rise for a clamped beam is greater than for a simply supported beam
The natural frequency decreases as the slenderness ratio increases.
When the slenderness ratio decreases so the critical temperature increases.

- From static behavior of steel beams under temperature conditions:

In all cases , it is observed that as the temperature increases and nears the critical

buckling point, the deflection and bending moment at the beam's mid-span increase

significantly, approaching infinity.
In the third part, A two-node element, using simple high-order shear deformation
theory(SHSDT), for three degrees of freedom (DOFs) per node. The finite element model has
been adapted to analyze the statics and buckling of FG beams. Material properties are assumed
to vary across the thickness of the beam as a function of a power-law distribution fraction of
the constituents and no correction factor is needed. Total potential energy, the principle of
Hamilton, and Lagrange's equation were all used to formulate the geometric stiffness and mass
matrices. The effectiveness and accuracy of the current finite element formulation are validated
by the comparisons, which show that the results achieved with the current element closely
match those from the references. The effects of some parameters like length-to-thickness ratio,
the power law index, and boundary conditions, on behavior of the FG beams has been also
examined.

The following points highlight several of important observations:

e The results show that the stability responses of functionally graded (FG) beams are
accurately predicted by the developed finite element (SHSDT).

e With an increase in the volume fraction exponent p, the critical buckling load reduces.
The greater the length-to-thickness ratio, the higher the critical buckling load.

e The various boundary conditions have a major impact on the beam's buckling
characteristics.

e As the length-to-thickness ratio increases, the dimensionless thermal critical buckling
temperature drops.
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General Conclusion:

Perspectives:

From a perspective, the SHSDT element will be used to analyze the vibration response of FG
beams in thermal setting. This model will also be used to analyze dynamic, buckling, and static
behaviors on different types of FG structures.

Finally, this doctoral work contributes to the development of novel theories and finite elements
for the analysis of FG structure behavior by the LGEM and EVRANZA laboratories.
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