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Abstract

Reinforced concrete structure is the common structural system used in Ethiopia
and nearly all over the world. Fire represents one of the most severe envi-
ronmental conditions to which structures may be subjected, and hence, the
provision of appropriate fire safety measures for structural members is an
important aspect of design. Reinforced concrete (RC) structural systems are
quite frequently used in high-rise buildings due to the high structural perfor-
mance such as strength and durability that it can provide, compared to other
materials. Much of the current knowledge on fire behavior of RC members is
based on fire resistance tests under standard fire scenarios. There have been
no studies under realistic (design) fire scenarios. And thus, there is limitation
reliable experimental data, mathematical models or design specifications for
predicting the fire performance of RC beams under design fire scenarios.

The objective of this study was to analysis the behavior of RC beam
subjected to fire.in Ethiopia there is no sufficient experimental and laboratory
equipment because of this ,there is no enough and detailed explanation under
Ethiopian building code. Therefore, the fire resistance of RC members is an
important issue that needs to be considered in the design of RC buildings.

This thesis presents investigate the behavior of reinforced concrete beam
subjected to fire by using 3D finite element analysis. The first step was
Simulate the structural behaviour of the same beam subjected to mechanical
load and nodal temperature (as nodal temperature time history) calculated
from the first step. Then, the FE models are computed with existing test
data from literature to examine the accuracy of the simulations.

Values from the test and FE model are observed to be close to each other.
There are three parameters to analysis the effect of RC beam subjected
to fire in this paper which is concrete cover, temperature and duration of
time. Results from the analysis indicated that as fire exposure time increases
the material behavior degrades. Since the nodal temperature distribution
increases with an increase in exposure time. When the concrete cover is zero,
the stress along the center of the beam highly decrease and when the concrete
cover is thirty, the stress along the center of the beam highly increases. When
the temperature and duration of time increase, the vertical deflection at mid
span increase.

Key Words : finite element model, reinforced concrete beam, heat trans-
fer, fire
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Chapter 1

Introduction

1.1 Background of the study

Fire accident is one of the dangerous accidents that could happen to any ser-
vice structure in unexpected time. in our country, there were so many lives
taken and damaging fire accident caused on Taitu Hotel, Anwar mosque and
in recent time there is an accident in Bahirdar town and there was loss of hu-
man life and failure of structure .Reinforced concrete (RC) structural systems
are quite frequently used in high-rise building and other built infrastructure
due to a number of advantages they provide over other materials when used
in building .The provision of appropriate fire safety measures for structural
members is an important aspect of design. Since, fire represents one of the
most severe environmental condition to which structure may be subjected in
their life time. Fire is an accident which could occur in two ways, the first
one is by means of human beings faults and the second is through natural dis-
aster. Mostly fire occur in the daily activities of human being. In case of this
there is loss of human life and property is occurs in Ethiopia and in the world.
So the objective of fire safety is to protect human life and property. Fires
occur at any time in building. Because of this the safety of occupants and
maintaining the integrity of the structure are major importance, in the design
of structure Building codes . requirements for fire resistance are sometimes
overlooked and this may lead to costly mistake [18].code based structural fir
safety requirements refers to fire resistance which is defined as the ability of
structural element to maintain its load-bearing function under standard fire
condition [20]. The fire resistance rating of structural member is the elapsed
time it exhibits resistance with respect to structural integrity, stability, and
temperature transmission while exposed to standard fire condition [3]. The
measured fire resistance of a structural member or assembly is dependent on
the geometry of elements, materials used in construction, load intensity fire
exposure, and the characteristic of a given heater [15]. In general for safe
design fire consideration must be part of preliminary design stage.
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Figure 1.1: The Windsor Tower in Madrid after 26 hour in 2005[18|

1.2 Statement of the problem

Now a days many buildings around the world collapsed due to fire, Because
of this, a loss human life and money were occurring in each of the year .
But still there is no sufficient research on buildings subjected to fire. In
Ethiopia building code, the previous 1995 and new building code under no
detailed and enough provision existing about the performance of different
kinds of construction material for fire. But due to growth of infrastructure,
increasing interest of safety in this country, repetitive analysis and studies on
fire resistance property determination of different construction material and
structural member must be given high value. Sustainability of structures
is a vital issue in the construction industry. Exposure to fire or elevated
temperature is serious condition that leads to change in materials properties.
Consequently, change in overall behavior is expected. Hence, building should
be provided with sufficient structural fire resistance to with stands in such
circumstance, or at least give occupants to scape before strength and, or
stability failure occurred. In structural design of buildings in addition to
normal gravity and lateral loads it is necessary to design the structure to
safely resist exposure to fire. However, it is usually necessary to guard against
structural collapse for a given period of fire exposure. This paper tried to
consider the effect of different concrete cover with different temperature and
exposure time using finite element analysis.

Page 2
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1.3 Objectives of the research

1.3.1 General Objective

The main objective of this research was to analyze reinforced concrete beam
subjected to fire using Finite Element Analysis.

1.3.2 Specific objective

The specific objectives of this research are:
e Validate the experimental result by using finite element.
e To evaluate temperature effects at critical nodes of the beam.

e To evaluate the effect of concrete cover with different temperature and
duration of time.

e To identify the effect of fire on thermal properties of reinforced concrete
beam at different exposure time.

Page 3
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1.4 Significance of the Study

The study add knowledge on understanding the analysis of fire response of
concrete beams using finite element method and the result obtained from this
study is helpful for further study and coming researcher The old EBCS as
well as the new EBC does not discuss about fire design of concrete structure
deeply, but fire is the most severe environmental condition like earthquake
and wind load subjected to building structures in their lifetime. Exposure to
fire or elevated temperature is an extreme condition that leads to change in
materials properties; consequently, change in overall is expected. Therefore,
this study will add valuable information on the behavior of concrete beam
under fire to fill this gap. This study used to design reinforced concrete beam
for fire and model, to assess the capacity of the beam after fire, Generally
this paper helps practical guidelines for fire resistance design of reinforced
concrete beam under building code.

1.5 Scope of the thesis

This study shall cover the effect of concrete cover with different duration of

time and temperature to analysis the behaviour of RC beam subjected to
fire.

1.6 Organization of the Thesis

The research is organized in to five chapters. The first chapter is stated
about the general background, objectives, significant of the study and scope
of the study. The second chapter describes previous works done about the
effect of fire on the capacity of reinforced concrete beam. The third chapter
is the main body of the research, which consists of the methodology used,
and the procedures followed in conducting the research. The fourth chapter
consists of discussion and verification of the obtained result and finally the
fifth chapter provides conclusion and recommendations of the research.

Page 4



Chapter 2

Literature Review

2.1 Introduction

Reinforced concrete is one of most commonly used construction materials
due to its excellent properties including good fire resistance. However, con-
crete resistance to fire should not be taken for granted. The measure used to
assess the performance of building in structure on fire is started in the early
1918. Fire analysis applied in either in laboratory or finite element method,
But experimental approach is expensive for the country like Ethiopia. the
equipment to asses behavior of structural element is not available in devel-
oping country. That is why EBCS code also have not detailed explanation
regarding fire design. But finite element analysis more preferable than either
analytic or experimental approach analysis and finite element analysis also
consider some variables which is difficult to undertake in the laboratory.

2.2 Partition work

Researchers has been working on the performance of structural building ele-
ment on fire on different time. One of the paper [16] his doing in the labora-
tory by changing concrete cover and his research shows that spalling of failure
concrete started around 100 degree Celsius and he said that the contribution
of concrete cover to reinforcement in fire resistance of beam is not clearly
observed .concrete surface temperature rise to higher level reduces compres-
sive strength of concrete and residual shear strength of RCB [5]. Yet this
paper the beginning concrete cover is one the protection of fire, safe trans-
mission bond force and durability so he is not address the main objective
of the paper. In [20] also do the performance of RC beam in finite element,
and the model is to applied by five parametric study namely degree of axial
restraint, span to depth ratio, fire scenario, load level and failure criteria on
the fire response of restrained RC beam. this paper showed that the fire in-
duced restraint has negative effect on fire resistance of slender beams having
high span-to-depth ratio [16]. This paper presents a numerical procedure
for predicting the mechanical behavior of RC beam exposed to fire. Using a
two dimensional finite element analysis [18] also model the load-displacement
behavior of RC beam of different configuration and multidimensional data
analysis technique is used.
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In [13] this paper is address the effect of burning by fire flame on the
behavior and load carrying capacity of rectangular reinforced concrete beam.
And the paper take to dependent variable which are RC beam rectangular
are cast and cooled in two ways cooled in water and cooled in water and get
result which is reduced in (2-5%) cooled in water than cooled in air.

In [7], the paper states that complex behavior of structure in fire. In [3],
the paper also address the effect of fire induced restraint on the fire response
of RC beam in finite element.

In [19] the paper use non-linear analytic methods to determine the tem-
perature reached at a given depth of concrete and to determine the flexural
strength at such elevated temperatures. In [18], the paper clarify the impact
of fire on steel reinforcement in reinforced concrete structure at elevated tem-
perature and analyzed using three dimensional(3D) finite element method.

In [17], the paper explain multi-span RC beam exposed to fire in the-
ory and numerical form. The paper [15], study the mechanical behavior of
RC continuous members after exposure to fire including 5 RC continuous
slab after exposure to fire including 7 RC beams carried out content f test
including loading ,heating in ISO standard and post-fire loading. The re-
sult indicates that increasing of exposure time, the loss of bending rigidity is
proved larger than that of the bearing capacity because different in size the
slab were subjected to more severe damage than the beams under the same
heating condition.

The paper [14] shows the behavior of RC L-beam and T-beam under
fire study using finite element(ANSYS) method. result shows that type of
exposure and the number of sides exposed to fire is having a great effect in
the fire resistance of beams.

In [13], rehabilitation effect on fire damaged high concrete beams using
experimental and analytic methods. In the experiments, flexural specimens
with high strength concrete are exposed to high temperatures according to
ISO 834 standard time temperature curve. From four-point loading test,
results show that maximum loads of the rehabilitated beams are similar to
or higher than those of the non-fire damaged RC beam. In addition, struc-
tural analyses are performed using ABAQUS 6.10-3 with same conditions
as experiments to provide accurate predictions on structural and mechani-
cal behaviors of rehabilitated RC beams. The parameters are the fire cover
thickness and strengths of repairing mortar. Analytic results show good re-
habilitation effects, when the results predicted from the rehabilitated models
are compared to structural behaviors of the non-damaged RC beams. In
the paper [3] illustrated effect of loading and beam size on the structural
behavior of RC beam under and after fire. Load level, cross-sectional size,
temperature are parameter of the structural element and performed using
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experimental and analytic. The result shows that temperature. Stiffens, and
ductility of the fire-damaged beams are significantly influence by the load
level, cross-sectional size and time exposed under fire. The paper |2] presents
the effect of different face exposures: fully and partially on the behavior of
normal strength of RC beams when exposed to fire. The results shows that
cooling phase is critical in attaining maximum temperature in RC beams.
Different face exposure and concrete strength significant affect the load at
first cracking, serviceability deflection.

2.3 Review on the method of assessment of fire

Depending of the level of complexity and accuracy, method to assess fire
resistance is classified in to four experimental, perspective, analytical and
simplified [3].

2.3.1 Experimental analysis

Standard fire tests involve evaluating the structural performance of an ele-
ment using a furnace. The fire temperature is controlled to follow a specific
standard time temperature curve. The element is considered fire resistant
if it satisfies specific load capacity and/or deformation criteria. The major
disadvantages of standard fire tests are the cost and needed time. However,
standard fire tests are the only valid method to assess deficiencies in construc-
tion detailing and to assess fire performance of new materials [23]. Results
of fire tests are also essential to validate various numerical tools.

2.3.2 Perspective method

Prescriptive methods provide guidelines and tabulated data to specify min-
imum cross-section size and concrete cover to maintain the resistance of an
element for a predefined fire exposure duration. They are mainly developed
based on standard fire tests. Their main advantage is their cease of appli-
cation. On the other hand, they tend to be conservative, and do not give
engineers the flexibility to use irregular shapes and innovative solutions [23].

2.3.3 Analytical method

Advanced calculation method simply conducting a complete thermal and
mechanical analysis to evaluate the resistance of a structural element ex-
posed to fire. The thermal analysis is conducted using the principles of the

Page 7
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heat transfer, which involves considering the temperature-dependent thermal
properties of concrete [23|. The Finite Element Method (FEM) is considered
the most common tool to carry out advanced fire resistance analysis.

Advanced calculation methods account for the continuous alteration of
the thermal and mechanical characteristics of the materials, the boundary
conditions, and the non-homogeneous distribution of the temperatures within
the elements. Although advanced calculation methods provide a very realis-
tic modelling, they require thorough background knowledge and the use of
sophisticated computer programs.

2.3.4 Simplified methods

Simplified methods use the ambient-temperature design methods while tak-
ing into account the effects of fire [23]. They should provide structural engi-
neers with reliable performance-based fire design tools.

2.4 Code recommendation for fire design of con-
crete beams

This section gives and over reviews different standard code design for fire
resistance concerning on reinforced concrete beam.

2.4.1 Design of Rc beam according to ES and EN 1992:2015

Concrete cover is the distance between the surface of the reinforcement clos-
est to the nearest concrete surface (including links and stirrups and surface
reinforcement where relevant) and the nearest concrete surface. And it is
essentials for four primary reasons (slab or beam).

e To bond the reinforcement to the concrete so that the two elements act
together. The efficiency of the bond increases as the cover increases.

e To protect the reinforcement against corrosion.

e To protect the reinforcement from strength loss die to overheating in
the case of fire.

Additional cover sometimes is provided on the top of slabs, particularly

in garages and factories, so that abrasion and wear due to traffic will not
reduce the cover below that required for structural and other purposes.

Page 8
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Rather than giving the minimum cover, the tabular method is based on
nominal axis distance, see fig.5 this is the distance from the center of the
main reinforcing bar to the surface of the member. The designer should
ensure that,

Concrete cover according to EN 1992-1-1 and EN 1992-1-2 The nominal
cover is defined as a minimum cover C),;, plus an allowance in design for
deviation ACg,,

Cnom == Cmin + Acdev (21)
Where C,,;, should be set to satisfy the requirements below:
e Safe transmission of bond forces
e Durability

e Fire resistance

And AC,, is an allowance which should be made in the design for deriva-
tion from the minimum cover. It should be taken as 10 mm, unless fabrication
(construction) is subjected to a quality assurance system, in which case it is
permitted to reduce ACyg., to 5 mm.

2.4.2 Minimum cover for fire resistance

Rather than giving the minimum cover, the tabular method is based on
nominal axis distance. This is the distance from the center of the main
reinforcing bar to the surface of the member.

The designer should ensure that,

a Z Cnom + CA)link + C’\)/2 (22>

Table 2.1. Minimum dimensions and axis distances for simply supported
beams made with reinforced and pre- stressed concrete [12].

Page 9
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Standard fire
resistance Minimum dimensions (mm)
Possible combinations of @ and Dpn Web thickness b,,
where a is the average axis
distance and By, is the width of Class WA Class WB | Class WC
beam
1 2 3 4 5 6 7 8
R 30 Brmin= 80 120 160 200 80 80 80
a= 25 20 15* 15*
R 60 bmin=120 | 160 | 200 300 100 80 100
a= 40 35 30 25
R 90 bmin=150 | 200 | 300 400 110 100 100
a= 955 45 40 35
R 120 n=200 | 240 | 300 500 130 120 120
a= 65| 60 55 50
R 180 bmin=240 | 300 | 400 600 150 150 140
a= 80 70 65 60
R 240 Dmin=280 | 350 500 700 170 170 160
a= 90 80 75 70
dsg = a + 10mm (see note
below)

2.4.3 FEuro Code

Euro code 1 Part 1-2: "Actions on structures exposed to fire" [9] regulates
calculation models for the determination of load effects and temperature.
The fire scenario is treated as "exceptional action" and does not need to be
superimposed with other load, Independent exceptional actions. For the fire
design, different time-temperature curves are provided for the determination
of hot gas temperature.

Euro Code 2 Part 1-2: "Design of Concrete Structures — Structural Fire
Design" [10] deals with the design of concrete structures for the case of fire.
It states the design values for material properties and combination factors
for actions and treats methods of the passive and structural fire precautions;
active fire protection methods are not included. For the determination of a
sufficient fire rating, Euro code 2 gives three alternatives of design methods.

2.4.4 ACI 216.1-07/ TMS 0216-07

Code requirements for determining the fire resistance of concrete and ma-
sonry assemblies For concrete structures, fire resistance can be achieved by
providing the appropriate depth of structural element and thickness of con-
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crete cover depending on their function. ACI 216.1 and AC1 318 provide
tables with various assemblies of building materials and finishes providing
specific fire endurance.

Fire resistance rating is measured in terms of hours of exposure to the
standard fire defined by ASTM E119 (2012), e.g., the fire rating for siliceous
aggregate concrete with a minimum equivalent thickness of five inches (127
mm) is two hours. Formulas are provided to calculate the equivalent thickness
of non-uniform sections, such as ribbed or undulating panels, and sections
consisting of multiple layers. The code also gives minimum cover thickness to
protect pre-stressed or passive steel reinforcement against fire. Distinction is
made between restrained and non-restrained members. Most cast-in-place or
precast construction is restrained, whereas single spans and simply-supported
end spans of multiple bays are unrestrained [2].

2.4.5 Behavior of concrete at elevated temperature

Based on the compressive strength; concrete is normally classified as,

e normal strength concrete,
e Ultra-strength concrete.

e high strength concrete

Fire represents one of the most severe risks to buildings and structures.
While normal concrete is typically considered to be resistant against fire and
high temperatures, the low permeability of high performance fiber reinforced
concrete (HPFRC) may result in failure by explosive spalling at high tem-
peratures. Explosive spalling is the process of concrete explosively breaking
away as a result of elevated temperatures. Spalling reduces the cross section
area of critical sections and may expose conventional steel reinforcement to
high temperatures.

2.5 Heat and Temperature

All matter is made up of molecules and atoms which are always in different
types of motion. The motion can be translating, rotating or vibrating which
creates thermal energy. Therefore all matters have thermal energy and the
level of motion defines heat of a matter. The more motion the atoms or
molecules have the more heat they will have.
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All movement of atoms and molecules are not similar to each other, some
move faster than others. Temperature is a definition to cope with this variety
and unified it in theory. Temperature is an average value of energy for all the
atoms and molecules in a given system and it is independent of how much
matter there is in the system. It is simply an average of the energy in the
system.

2.6 Heat transfer

Heat transfer takes place in three ways: Conduction, Convection and Radi-
ation. Both conduction and convection require matter to transfer heat [17].

2.6.1 Conduction

Takes place in matter. Conduction is one way to transfer heat between
substances that are in direct contact with each other. It is transmission of
kinetic energy among the molecules without matter transport. It is possible
to classify matters according to the rate of heat transfer by conduction and
define matters to be a good conductor or less conductor. The better the
conductor, the faster heat will be transferred. For example metal is defined
as a good conductor because heat transfer faster. Conduction occurs when a
substance is heated, particles will gain more energy, and vibrate more. These
molecules then bump into nearby particles and transfer some of their energy
to them. This then continues and passes the energy from the hot end (more
energetic particles) down to the colder end (less energetic particles) of the
substance due to energy gradient. Conduction takes place in solids, liquids
and gases.

2.6.2 Convection

One other way for heat transmission is Convection. Thermal energy can be
transferred from hot places to cold places in fluids or gases due to bulk or
macroscopic motion. Convection occurs when warmer areas of a liquid or
gas rise to cooler areas in the liquid or gas. Cooler liquid or gas then takes
the place of the warmer areas which have risen higher. This results in a
continuous circulation pattern. Water boiling in a pan is a good example
of these convection currents. Another good example of convection is in the
atmosphere.
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2.6.3 Radiation

Radiation is a method of heat transfer that does not rely upon any contact
between the heat source and the heated object as is the case with conduction
and convection. Heat can be transmitted through empty space by thermal
radiation often called infrared radiation. Energy emitted by matter due
to changes in electron configuration that results in changes in energy via
electromagnetic waves or photons. No mass is exchanged and no medium
is required for its propagation. Radiation is propagation of electro-magnetic
waves in vacuum or in transparent matters. Examples of radiation is the
heat from the sun, or heat released from the filament of a light bul.

2.7 Fire modeling as temperature

The time-temperature curve used in fire resistance tests is called the stan-
dard fire. Several models of time-temperature relationships are available for
the simulation of fires for design purposes: The standard time-temperature
curves from ASTM E119 and ISO 834 are compared in the figure below.
They are seen to be rather similar. All other international fire resistance test
standards specify similar time-temperature curves.

1200 |-

1000 |=f
i__i‘ BOO 1
@
E
= Go0
@
=
g I1SO 834
400 —_—— e ASTM E179
-------- External fire
— e — Hydrocarbon fire
200
o 1 | 1 | 1 1
o 30 60 90 120 150 T8¢
Tirme (min)

Figure 2.1: standard time-temperature curves from ASTM E119 and ISO
834 are compared [14]
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Chapter 3

Research Methodology

3.1 Research design

The primary goal of this paper analysis the behavior of reinforced concrete
beam subjected to fire. It focused on modeling of material properties at
elevated temperature for both thermal and mechanical, for concrete, rebar
and geometrical modeling of beam and finite element modeling of material
in abacus.

3.2 Thermal Properties of Materials

Thermal properties of materials are those affect the temperature distribution
or define the rate of heat transfer. Specific heat, Conductivity and density
are the parameters required to determine diffusivity. These parameters also
vary with temperature and duration of time for both materials, steel and
concrete these parameters and its variation with respect to temperature are
presented.

3.2.1 Thermal Properties of Concrete

Specific heat: The specific heat of concrete measures the energy required
to raise one degree of temperature of one unit volume of concrete. According
to EN 1992 1-2 the variation of specific heat of dry concrete (u= 0%) as
function of temperature (valid for both siliceous and calcareous aggregates
concrete).

(8) =900 for20°C <6 <100°C
Cp(8) =900+ (6 — 100) for 100°C < 6 <200°C
Cp(8)=1000 + (6 — 200)/2 for 200°C <6 <400°C
Cp(8)=1100 for 400°C <6 < 1200°C

Peak values of specific heat for different moisture contents are: Cppear =
900

For moisture content of 0% of concrete weight

Cppear = 1470, for moisture content of 1.5% of concrete weight

Chpear = 2020, for moisture content of 3% of concrete weight
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Figure 3.1: Specific heat of concrete as function of temperature for three
different moisture contents [10]

3.2.2 Thermal conductivity

Thermal conductivity is the ability of a material to conduct heat. It is defined
as the ratio of the heat flux to temperature gradient. The EN 1992 1-2 defines
the concrete’s thermal conductivity (A\) between two boundary limits. The
upper limit as function of temperature is given by:

Ae = 2 — 0.2451 % (1000) + 0.0107 = (//100)*> for 20°C < 4 < 1200°C
(3.1)

Ae = 1.36 — 0.136 x (1006) + 0.0057 * (#/100)? for 20°C < 6 < 1200°C
(3.2)
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Figure 3.2: Thermal conductivity of concrete[10]

3.2.3 Thermal Elongation

The thermal strain of heated concrete (at temperature 6) is defined in rela-
tion to its initial length at ambient temperature (20°C') by equation 3.4 for
siliceous aggregates concrete:

() =—1.8+10—-4+9%10—60+23%10— 116> for 20°C <6 < 700°C
(3.3)

€(0) =14%10 -3 for 700°C <6 < 1200°C (3.4)

Equation 3.6 defines the thermal strain for calcareous aggregates,

€c(0) =—-1.2%x10—-4+610—60+1.4%10 — 116> for 20°C <0 < 805°C
(3.5)

€(0) =12x10 -3 for 805°C < < 1200°C (3.6)
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Figure 3.3: Thermal elongation of concrete with temperature [10]

3.3 Thermal Properties of reinforcing

3.3.1 Thermal elongation of reinforcing

Reinforcing steel:

€s(0) = —2.416%107* + 1.2x 107 °0 + 0.4+ 107%0> for 20°C < ¢ < 750°C
(3.7)

6(0) =11x107% for 750°C <6 < 860°C (3.8)

6(0) = —6.2%107% +2%x107°9 for 860°C <6 <1200°C  (3.9)

3.3.2 Specific heat

C,=425+7.73%x10710 —1.69%x10730%> +2.22%x10°%0® for 20°C <0 < 600°C
(3.10)

C. = 666 +13002(738 — 0) for 600°C <0 < 735°C (3.11)

C. =545+ 17820(—731+6) for 735°C <6 < 900°C (3.12)
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C. =650 for 900°C < 6 < 1200°C (3.13)
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0 200 400 600 800 1000 1200
temperature (°C)

Figure 3.4: Variation of the specific heat of steel with temperature [10]

3.3.3 Thermal conductivity

The thermal conductivity of steel depends mainly on the composition of the
material and decreases with increasing temperature. The thermal conduc-
tivity of steel is assumed to be high enough to allow the assumption that
normal size sections have a uniform temperature throughout [14].

Aa=54—-333x10"2%0 for 20°C <6 < 800°C (3.14)

Ao =273 for 800°C <6 <1200°C (3.15)

3.4 Mechanical properties of Concrete

At elevated temperatures, the mechanical behavior of concrete is complex,
involving strong non-linearity, different failure mechanisms under compres-
sion and tension (crushing or cracking), and other temperature-dependent
effects such as thermal expansion and . Concrete temperature-dependent
mechanical properties, including compressive and tensile strength, modulus
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Figure 3.5: thermal conductivity of steel with different temperature [10]

of elasticity, Poisson’s ratio and component of strain are discussed in this
section.

3.4.1 Compressive strength of concrete

Compressive strength of concrete decreases with increasing of temperature.
It can be seen that concrete with siliceous aggregates undergoes a rapid
loss in strength at a temperature around 450°C, where temperature around
700°C[17] The strength-temperature relationship defined in Euro code [16]
for concretes with siliceous and calcareous aggregates is plotted in figure
below.

3.4.2 Tensile strength of concrete

The tensile strength of concrete also decreases with increasing temperatures.
Compared to the compressive strength, the tensile strength shows a greater
relative decrease and thus, is more responsive to the effects of temperature.
The tensile strength is affected by the mix portions and significantly by the
type of aggregate.

3.4.3 Poisson’s ratio

Based on the test data, the Poisson’s ratio of concrete is taken as 0.20 at
20°C and to remain constant until 150°C. Beyond the latter temperature,
the Poisson’s ratio is assumed to decrease linearly to 0.1 at 400°C and to
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Figure 3.6: Ratio of compressive strength according to euro code2 [10]

further decrease linearly down to zero at 1200°C. In this paper constant
Poisson’s ratio 0.2 has been used.

3.4.4 Concrete density

The density of concrete is taken to have constant value of 2400 Kg/m? for
all temperature change.

3.4.5 Components of strain

e =¢en(T)+e€0(0,0,T) + €er(0, T, t) + € (0, T) (3.16)
Where € = total strain, €; = transient strain
€, = thermal strain, T = temperature
€0 = stress related strain, o = stress
€. = creep strain, & = Stress history

3.4.6 Modulus of elasticity

During heating the modulus of elasticity decreases. This is due to the break-
age of bonds in the microstructure of cement paste as well as to the increase
of short-time creep at increasing temperature.

E.r =1.0+E. for 20°C <6 <100°C (3.17)
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Figure 3.7: Reduction in tensile strength according to euro code [10]

Ecr = (1.015 — 0.001540 + 2 % 107 70% + 3 x 10 °6*)E, for

3.5 Mechanical properties of steel

E.r =0 for 6> 1000°C

3.5.1 Strain component

100°C < 4 < 1000°C
(3.18)

(3.19)

The total strain of steel can be calculated as the sum of three strain compo-
nents similar to the total strain of concrete according the following formula,

Where

€ = en(T) +e0(0,T) + €er(0, T, t)

(3.20)
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e =total strain, €. =Creep strain
€, —thermal strain, T =temperature
€0 = stress related strain, 0 = stress

3.5.2 Steel density

The density of steel is remaining essentially constant with temperature and
therefore is assumed to be 7850 kg/m?k.

3.5.3 Deformation properties of materials

Thermal expansion, creep strain are deformation properties of materials are
dependent on the chemical composition, aggregate type and chemical re-
actions during heating in the concrete and for steel the thermal expansion
depends on the molecule composition of the steel bars.

3.5.4 Thermal expansion of concrete

When concreted exposed to fire it goes under expansion. The thermal expan-
sion varies with temperature. The thermal expansion of concrete increases
from zero at room temperature to about 1.3% at 700°C and then gener-
ally remains constant through 1000°C. This increase is substantial in the 20
— 700°C temperature range and is mainly due to high thermal expansion
resulting from constituent aggregates and cement paste in concrete. Ther-
mal expansion of concrete is complicated by other contributing factors such
as additional volume changes caused by variation in moisture content, by
chemical reactions (dehydration, change of composition), and by creep and
micro-cracking resulting from non-uniform thermal stresses. In some cases,
thermal shrinkage can also result from loss of water due to heating, along
with thermal expansion, and this might lead to the overall volume change to
be negative, that is, shrinkage rather than expansion.

3.5.5 Thermal expansion of steel

Steel rebar show elongation behavior under elevated temperatures. If the
grades of rebar were higher it shows less elongation and it depends on ductile
behavior of the steel. At high temperatures the steel reinforcement show
ductile behavior and it causes increase in deflection of the structural mem-
bers. The elongation ratios were increased up to 300°C, while the material
becomes brittle with decrease of the elongation values.
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Figure 3.8: Thermal expansion of concrete [10]

3.6 Finite Element Modeling

3.6.1 Abacus software

The commercial finite element software Abaqus||is the most widely used soft-
ware in the academic research of material and geometric nonlinear analysis
due to the flexibility that it provides for the users with numerous options for
materials models, analysis and solutions techniques.

Material modeling in ABAQUS

The 3D BEAM reinforced concrete was modeling using ABAQUS 6.1
software version. The concrete beam modeled using solid element, for heat
transfer analyses. There are three type of modeling in abacus. The smeared
crack model, The brittle cracking model, The concrete damaged plasticity
model. concrete damage plasticity used for this study.

Concrete damage plasticity

The CDP model needs a complete stress-strain curve of concrete under
compression to define the compressive behaviour. The stress-strain curve
can be defined beyond the ultimate stress into the strain softening region.
Two parameters are required to be defined in the tabular format, namely
compressive stress o.(i.e., yield stress) and the inelastic strain €.,.
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Figure 3.9: Thermal elongation of steel [10]

Creating numerical model

The section was modeled in Abaqus CEA software in order to find the
temperature distribution over the cross section in different times of exposure.
The software program requires number of parameters and characteristics in-
puts to analyze the problem. The following steps have been used to produce
the model and read the results.

Part In Abaqus there is a section which called "Part". In this section
model can be drawn by knowing the geometry of the beam. The coordi-
nates of the points were determined in millimeter unit, therefore in all other
sections, if it is referred to length, the unit is considered to be in millimeter.

Property

In this part both steel and concrete property is fill based on euro code
and previous research. Density conductivity, specific heat, concrete damaged
plasticity, expansion coefficient, modulus of elasticity poisons ratio was based
on euro code, and geometrical model based on the previous experimental
research.

Reinforcement steel

Steel is a homogeneous material and the stress-strain behavior can be
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Figure 3.10: Concrete beam layer FEM model

assumed to be identical in tension and compression. Steel bars in reinforced
concrete members are normally long and relatively slender and, therefore,
they can be generally assumed to be capable of transmitting axial forces
only.in this study three different bar diameter are used to investigate the
effect of bar diameter on different temperature.

Assembly Modeling between Concrete and Reinforcing

The concrete plate and beams are constrained by the ’assembly’ module
‘create instance and translate instance’ command. The translate instance
command in abaqus is used to bind two types of element. this section, beam
(part 1) and Steel bars (part 2) are assembled together. In order to assemble
these two parts, firstly it is needed to extract holes corresponding to steel
bars from the beam. Then, by adding steel bars to part 1 in the positions
of holes the model become complete and new part will be created (Part 3).
At the end, it is better to make part 3 dependent in order to have better
meshing.
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Figure 3.11: Steel layer FEM model

Figure 3.12: Stirrup and steel layer FEM modell
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Figure 3.13: Reinforced concrete beam layer FEM model

Interaction
Interaction is the part that the property and characteristic of fire will be
defined. Surface radiation and surface film condition has been defined.

4+ Edit Interaction X |4+ Edit Interaction X

Name: Int-2 MName: Int-23

Type: Surface film condition Type: Surface film condition

Step:  heating (Coupled temp-displacement) Step:  loading (Coupled temp-displacement)

Surface: (Picked) [ . Surface: (Picked)

Diefinition: Embedded Coefficient | f(x) | Definition: Embedded Coefficient

Film coefficient: 15 Film coefficient: 1i

Film coefficient amplitude: | Amp-1 M P Film coefficient amplitude: | Amp-1 I P‘G‘

Sink definition: Uniform i a Sink definition: Uniform

Sink temperature: &0 Sink temperature: 25

Sink amplitude: Amp-1 i Pb Sink amolitude: Amo-1 I P‘G‘
oK Cancel OK Cancel

Figure 3.14: Interactions input to FEM model

Mesh size and Element type

As an initial step, the finite element analysis requires meshing of the
model. Hence, the model is divided into number of small elements. After the
application of the load, the stress and the strain are calculated at integration
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points of these elements. The approximate mesh size used in this study is
50. The element types used for thermal analysis were 3D eight-node con-
tinuum (DC3D8).The stress element used were C3D8R. This is defined as a
three-dimensional (3D), continuum (C), hexahedral and an eight-node brick
element with reduced integration (R).

Figure 3.15: Mesh of RC beam layer

Figure 3.16: Side view of RC beam
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Load, Boundary condition and predefined field

The heat transfer analysis was carried out by applying the ISO834 temper-
ature time curve into node of the bottom and two side of beam as amplitude
tabulated data and for unexposed side Heat transfer analysis is independent
of support boundary condition since no displacement is involved. Three load-
ing steps were used for structural analysis. The first step is initial loading,
25Cy magnitude were applied on beam.The second steps were the output of
thermal analysis which is applied as predefined load on beam. The third
steps were mechanical loading; mechanical load was applied on beams at
magnitude of 24.688 KN/mm? in the negative Y-direction. Boundary condi-
tion used were, U,=U,=U,=0 on left support and U, =0 for right support.
Rotation at both support and U,, U, at right support is non-zero.

Distributed load on beam=24.688 KN /mm? pressure = 24688 /0.2 = 123440/
0.2 is width of the beam.

o Edit Loac >

Name: Load-1

Type:  Pressure

Stepr loading (Coupled temp-displacement)
Region: (Picked) [z

Distribution: | Uniform | fix)
Magnitude: | 123440

Amplitude: | Amp-1 ™~ PU

Cancel

Figure 3.17: Loading and boundary condition RC beam

Steps of analysis in ABAQUS

In this part, the method of analyzing and its required parameters were
defined. Since the model is carrying load and also exposed to fire, the method
has been chosen is "coupled temp-displacement". Time period is 7200 sec-
onds and was used transient response. The outputs are "stresses", "stress
misses", "deflection","Nodal temperature (NT)", for every increments.

The tensile strength of concrete also decreases with increasing tempera-
tures. Compared to the compressive strength, the tensile strength shows a
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greater relative decrease and thus, is more responsive to the effects of temper-
ature. The tensile strength is affected by the mix portions and significantly
by the type of aggregate.

Thermal analysis: The Euro code temperature-dependent thermal prop-
erties (thermal conductivity, specific heat, density) of concrete and reinforc-
ing steel are built into the program.

Mechanical analysis: Mechanical analysis is the second step of analysis
conducted in this study to determine structural response of concrete beam
exposed to fire. Finite Element software Abaqus is used to predict the struc-
tural response to the temperature increase. The nodal temperatures from
the time varying nodal temperature data from the heat transfer analysis is
applied as a boundary condition on the structural response model analysis.
Nonlinear temperature-dependent material property (Poisson’s ratio, com-
pressive strength, tensile strength, Young’s modulus, and yield strength) in
accordance with Euro code 2 [15] and is constant along the length of the
beam element.

Geometrical modeling: The structural system modeled in this study
is simply supported beam. The dimensions were length 5 meter, depth 400
mm and width 200 mm.RC beam reinforced bar used were 16 .diameter and
top and bottom of beam respectively for validation. But for other analysis
12, 14 16 mm diameter was used in different temperature and duration of
time.

Beam geometry

Span, L:5.0m

Depth,  h: 400 mm

Width,  b: 200 mm

Concrete properties

Compressive strength (ambient temperatures): 30 N/mm?

Elastic modulus (ambient temperatures): 32000 N/mm?

Tensile strength: 3 N/mm?

Concrete model (thermal and mechanical): Siliceous aggregate

Axis distance of reinforcing bar to concrete surface:

Bottom, top and both side: 25 mm

Reinforcing steel properties

Yield strength (ambient temperatures): 347.826 N/mm

Elastic modulus (ambient temperatures): 210000 N /mm?

Steel model: cold worked steel Bar diameter: 16 mm for bottom and top.

Number of bars at the top: 2 Number of bars at the bottom: 3

Stirrups: 8mm diameter ¢/c 180 mm

Loads Total load: 24.688kN /mm?

Fire exposure: ISO 834 standard fire (30, 60, 90 and 120 minute)
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Chapter 4

Result and Discussion

4.1 Overview of the FEA result

In this chapter, the result and the model is displayed in the figure and di-
agram. From the mechanical analysis, the results focus on mid-span deflec-
tions, stress along x (s11) in concrete for RC beam. Each model was con-
sidered in a heat transfer analysis and mechanical analysis. All results that
represent temperature data origins from the heat transfer analyses, while all
other data is taken from the mechanical analyses. Finite element validations
are discussed to check the accuracy of present FE model.

4.2 Validation of the FE model

The dimensions and reinforcement details of the beam are in the shown
in the Figure below The reinforcing steel had 240 MPa and 380 MPa of
yield stress and tensile strength, respectively and 210000 MPa modulus of
elasticity. The concrete cube strength is 23.1 MPa and 29000 MPa modulus
elasticity of concrete. During the test slab with thickness 80 mm was placed
over the beam and distributed load of 300 kg/m? was applied on the top
slab. The total load acting on the beam consisted. The distributed load and
self-weight of the slab. During heat transfer the beam is subjected to ISO834
on two side and bottom of beam. And for unexposed surface and initial load
step 27°C was applied. All material input and models was done with the
procedure according to the present FE model. Temperature verses deflection
and temperature versus exposure time of the beam selected for validation.

T T Y Y Y Y Y Y O

|~ Insulation

Net span exposed to fire

5 os Y
L . .*h —_— 4000 mm—————— f‘——l J‘“ Furnace

5100 mm -
5400 mm
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AN —2D10

= 25mm cover

Figure 4.1: Detail of specimens (200 mm * 400 mm * 5400 mm): elevation
and cross section [23|
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Figure 4.2: Comparisons of the RC beams tested by Wu et al: The predicted
and measured deflection at mid-point of b
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Figure 4.3: Comparisons of the RC beams tested by Wu et al: temperature
Vs duration of time

4.3 Results of RC beam

Thermal analysis is used for the determination of nodal temperature distri-
bution along the cross section of the beam. The Geometrical modeling type
of beam with the same dimension is selected. and the same thermal analysis
was conducted for the beam. The value of nodal temperature is uniform
longitudinally and different along center of the beam. because of concrete
cover. The results from ABAQUS are presented in table 4.1 at different point
of the beam along cover and diameter of bar for fire exposure of 30, 60, 90,
120 minutes. However the concrete cover and bar diameter are used simulta-
neously for modeling of RC beam. Because euro code recommend concrete
cover for different diameter of bar, but not specify the effect of concrete cover
on different temperature and duration of time.
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Table 4.1: Summary of values of nodal tem-

peratures for different time of exposure

Node | Time in minute | Temperature
2717 30 830.127
60 930.801
90 994.857
120 1010.01
2730 30 218.954
60 376.205
90 499.681
120 569.682
3632 30 187.822
60 322.777
90 423.914
120 514.058
2627 30 86.055
60 159.276
90 206.76
120 287.124

Thermal analysis nodal temperature-time curves were obtained. As ex-
pected the result indicated that as time of fire exposure increased temper-
ature distribution value also increased. As shown on Table 4.1 above at
different node different temperature is obtained for different time of expo-

sure.
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Figure 4.4:
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From thermal analysis nodal as concrete cover increased the value of
nodal temperature decreased along the center of the beam, for different fire
exposure duration different values of nodal temperature obtained at the same
node. As can be seen, temperature is maximum at exposed surface of tem-
perature of beam and minimum at unexposed side. As time increased nodal
temperature also increased As the time of exposure increased nodal tem-
perature also increased and maximum temperature occurred at the surface
exposed to fire whereas minimum temperature at internal section of beam.
As shown in the Figure 4-3 concrete cover increased the value of stress in-
creased, When the concrete cover 30 the stress along the center of the beam
is highly increase and the concrete cover is 25 the stress along the center of
the beam is decrease half of 30 concrete cover.

1200 7

== 30 minute

=== 60 minute

=== 90 minute

Temperature distribution

—@=120 minute

0 20 25 30 35 40
Concrete cover from bottum in mm

Figure 4.5: Temperature variation along concrete cover

As concrete cover increased the value of nodal temperature decreased
along the center of beam. For different fire exposure duration, different values
of nodal temperature obtained at the same node. As its seen temperature is
maximum at exposed surfaces of beam and minimum at unexposed side. As
time increased nodal temperature also increased. Numerical value is set in
appendix D.
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Figure 4.7: Screen shot of thermal analysis result
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Vertical deflection of RC beam

The vertical deflection of the RC beam at mid span is increased as the
time of exposure to fire increased. At exposure of 60 minute vertical deflection
of beam increased highly by more than half of deflection at 30 minute. As
exposure time increased to 90 and 120 minute the value of deflection added,
but not increased with the rate at 30 and 60 minute. And as temperature
increase vertical deflection at mid span increased. See appendix D-2.
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Figure 4.8: Variation of vertical deflection with temperature and duration of
time

ODB: sequent-rc-120.0dbk  Abaqus/Standard 6.13-1

Figure 4.9: Variation of vertical deflection with temperature and duration of
time
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Stress Misses in RC beam

Along the concrete cover as exposure time increased at bottom of the
beam stress misses distribution decreased. At 120 minute stress misses in-
creased at 25 mm concrete cover and From bottom 30,60,90 minute stress
misses decreased at 25 mm concrete cover. see appendix D-4.
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Figure 4.10: Stress misses distribution variations along concrete cover
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Figure 4.11: Screen shot of Stress mises result from abaqus
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Chapter 5

Conclusions and Recommendation

5.1 Conclusion

Anon linear 3D FE model was developed in this study and validated the
experimental program conducted by [10] as can be seen from the previous
section. And it is good agreement between the measure experimental and
predicted FE model. ABAQUS different steps of modeling has been con-
ducted such as geometry, Material properties, mesh generation, and element
selection, creating boundary condition, and step of analysis.Both thermal
and mechanical properties of material are defined according to euro code
and previous researches based on this researches the following conclusion are
follow:

e When the concrete cover becomes 30, the stress along the center of the
beam increase; when it becomes 25 and 20, the stress along the center
of the beam will be much lower than that of the above cover.

e The result indicates that, as time of fire exposure increase nodal tem-
perature value of RC beam also increases.

e Thickness of Concrete cover is increase the stress at the middle of the
beam is increase. The diameter of the bar is direct relationship to
concrete cover if the diameter of the bar is increase the thickness of
concrete cover also increase.

e Deflection in RC beam at 60 minute increased by 1.49 times the deflec-
tion at 30 minute and slowly increased at 90 and 120 minute.

e 3D sequential fully coupled thermal stress analysis simulation is capable
of determine the response of concrete beam exposed to fire
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5.2 Recommendation

As seen from this research, Exposure to fire or elevated temperature of struc-
tural element is an extreme condition that leads to change of structural be-
havior so, The following recommendations are presented in order to develop
and improve current findings.

e The beams were tested under the effect of concrete cover and bar di-
ameter with different period of time with different nodal temperature.
More research is needed to determine the effect of boundary condition
and different loading.

e More variable should be considered to achieve more specified result.
such as boundary condition, type of loading.

e Fire resistance rating of structural elements and/or whole structure of
different type of structure should be consider such as RC, composite
structure and steel structures.
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Appendix

Appendix-A

Mechanical properties of material used as input

Table A-1: Concrete Damage Plasticity parameter

Dilation angle (%) 31
flow potential eccentricity e (V) 0.1
Ratio of initial equibiaxial 1 (°) 1.16
compressive yield stress to
initial uniaxial compressive yield stress
Ratio of the second stress invariant on the tensile meridian. K, | 0.667
viscosity parameter p 0

Table A-2: young’s modulus of concrete (MPa)

Young’s modulus elasticity | Poisson’s ratio | Temperature
E (MPa) (°C)
32000 0.2 20
32000 0.2 100
22956.8 0.2 200
18531.2 0.2 300
14406.4 0.2 400
10640 0.2 500
7289.6 0.2 600
4412.8 0.2 700
2067.2 0.2 800
310.4 0.2 900
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Table A-3: Expansion Coefficients of Concrete

Expansion Coefficient, «

Temperature °C

()¢
0 20
9.29%107° 100
107° 200
1.12*107° 300
1.29%107° 400
1.5%107° 500
1.76¥107° 600
2.06%¥107° 700
1.79%107° 800
1.59*%107° 900

Table A-4: compression hardening of concrete

Yield stress (MPa) Inelastic strain Temperature(°C)
8.964143 0 20
15.8307 0.0004 20
24.36823 0.001 20
30 0.002 20
20.68437 0.004 20
11.95341 0.006 20
7.408483 0.008 20
4.967932 0.01 20
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2.477064
1.400778
8.964143
11.16279
25.06527
30

26.90446
21.40127
16.49318
12.76596
6.166143
3.543307
2.812836
8.515936

15.18048
26.07561
28.5

24.49364
18.22155
10.46339
6.207735
4.051911
7.619522
15.77209
23.11036

0.0145
0.0195

0.0002
0.0017
0.0032
0.0047
0.0062
0.0077
0.0092
0.0142
0.0192
0.0217

0.0009
0.0029
0.0044
0.0069
0.0094
0.0139
0.0189%
0.0239

0.0016
0.0036

20

100
100
100
100
100
100
100
100
100
100
100
200
200

200
200
200
200
200
200
200
300
300
300
300
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25.5
23.84205
8.631131
4.798415
6.723108
13.0814
18.27617
21.49682
22.5
18.83721
9.574468
6.982759
5.732173
9.169002

12.28091
14.84721
18
13.57542
9.612781
4.033865
6.375543
7.848837
13.5
13.03648
11.95194

0.0056
0.0076
0.0186
0.0261

0.002
0.004
0.006
0.008
0.013
0.023
0.028

0.002

0.004
0.006
0.0118
0.0218
0.0293

0.0036
0.0056
0.0206
0.0256
0.0306

300
300
300
400
400
400
400
400
400
400
400
500
500
500

500
500
500
500
600
600
600
600
600
600
700
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2.689243
4.250362
5.232558
9
8.690987
7.534884
1.344622
2.125181
2.616279
4.5
3.98398
3.543307
0.717131
1.13343

1.395349
24

2.317597
1.770577

0.003
0.005
0.02
0.025
0.0325

0.008
0.01
0.025
0.035
0.04

0.003

0.005
0.02
0.025
0.0375

700
700
700
700
700
800
800
800
800
800
800
900
900
900

900
900
900
900
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Table A-5: Compression damage properties of concrete

Compression damage, dc | Inelastic strain Temperature(°C)
0 0 20
0.018888 0.0004 20
0.093863 0.001 20
0.330667 0.002 20
0.743616 0.004 20
0.897425 0.006 20
0.951385 0.008 20

0.97361 0.01 20
0.990789 0.0145 20
0.996093 0.0195 20

0 0 100
0.003783 0.0002 100
0.105225 0.0017 100
0.330668 0.0032 100
0.563441 0.0047 100
0.727151 0.0062 100
0.826832 0.0077 100
0.886071 0.0092 100
0.963313 0.0142 100
0.984189 0.0192 100
0.988843 0.0217 100

0 0 200
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0.019572
0.157956
0.330667
0.604521
0.775841
0.909897
0.959907
0
0.03402
0.150747
0.330667
0.513255
0.920706
0.96794
0
0.027132
0.093863
0.200637
0.330667

0.0029
0.0044
0.0069
0.0094
0.0139
0.0189
0.0239

0.0016
0.0036
0.0056
0.0076
0.0186
0.0261

0.002
0.004
0.006
0.008

200
200
200
200
200
200
200
300
300
300
300
300
300
300
400
400
400
400
400
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0.626419 0.013 400
0.886071 0.023 400
0.930759 0.028 400
0 0 500
0.01565 0.002 500
0.047798 0.004 500
0.089077 0.006 500
0.330097 0.0118 500
0.69686 0.0218 500
0.834881 0.0293 500
0 0 600
0.012184 0.0036 600
0.027132 0.0056 600
0.330667 0.0206 600
0.461373 0.0256 600
0.576728 0.0306 600
0 0 700
0.012184 0.003 700
0.027132 0.005 700
0.330667 0.02 700
0.461373 0.025 700
0.626419 0.0325 700
0 0 800
0.012184 0.008 800
0.027132 0.01 800
0.330667 0.025 800
0.576728 0.035 800
0.670604 0.04 800
0 0 900
0.012184 0.003 900
0.027132 0.005 900
0.330667 0.02 900
0.461373 0.025 900
0.709533 0.02 900
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Appendix-B

Thermal properties of material used as input (Euro

code)

Table B-1: Thermal conductivity of concrete

Thermal Temperature(°C)
Conductivity upper
bound (W/m k)

1.951408 20
1.7656 100
1.5526 200
1.361 300
1.1908 400
1.042 500
0.9146 600
0.8086 700
0.724 800
0.6608 900
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Table B-2: Specific heat of concrete

Specific heat capacity | Temperature(°C)
(J/kg k)

900 20
900 100
1000 200
1100 300
1100 400
1150 500
1200 600
1100 700
1100 800
1100 900
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Mechanical properties of steel
Table B-3: young’s modulus of reinforcing steel

Young’s modulus | Poisson’s ratio Temperature(°C)
of steel Es (MPa)

210000 0.3 20
210000 0.3 100
182700 0.3 200
151200 0.3 300
117600 0.3 400
84000 0.3 500
50400 0.3 600
16800 0.3 700
12600 0.3 800
10500 0.3 900
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Table B-4: Expansion Coefficients of Reinforcing Steel

Expansion Temperature(°C)
Coefficient, a (/°C)

0 0
1.25E-005 100
1.29E-005 200
1.33E-005 300
1.37E-005 400
1.41E-005 500
1.45E-005 600
1.51E-005 700
1.31E-005 800
1.34E-005 900

Table B-5: compression hardening of reinforced steel

Yield stress (MPa)

Plastic strain

Temperature(°C)

339.99
351.4209
362.2377
374.2805
378.5468
382.141
385.2202

0.0004
0.0014
0.0024
0.0034
0.0044
0.0054

20

20

20

20

20

20

20
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387.8819

390.1914
392.1945
393.9248
395.4075
396.6616
397.7019
398.5394
399.1828
399.6382
399.9098
400
326.34
341.407
354.1044
362.3139
368.6427
373.8269
378.2019
381.9542
385.2003
388.0184
390.4637
392.5767

0.0064
0.0074
0.0084
0.0094
0.0104
0.0114
0.0124
0.0134
0.0144
0.0154
0.0164
0.0174
0.0184

0.0005
0.0015
0.0025
0.0035
0.0045
0.0055
0.0065
0.0075
0.0085
0.0095
0.0105

20
20

20

20

20

20

20

20

20

20

20

20

100

100

100

100

100

100

100

100

100

100

100

100

Page 55



Finite Element Analysis of Reinforced Concrete Beam subjected to Fire

JIT

394.3878
395.92
397.1911
398.2147
399.0011
399.5577
399.8897
400
312.7824
3264106
343.5039
353.8446
361.6936
368.0772

373.4422
378.0313
381.994

385.4295
388.4076
390.979

393.1815
395.0441
396.5886
397.832

398.7871

0.0115
0.0125
0.0135
0.0145
0.0155
0.0165
0.0175
0.0185

0.0003
0.0013
0.0023
0.0033
0.0043

0.0053
0.0063
0.0073
0.0083
0.0093
0.0103
0.0113
0.0123
0.0133
0.0143
0.0153

100
100

100

100

100

100

100

100

200

200

200

200

200

200

200

200

200

200

200

200

200

200

200

200
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399.463
399.866
400
275.3877
287.1596
315.3745
331.1739
343.0011
352.5618
360.5693
367.404
373.2967
378.4
400
214.1496
228.2535
263.6338
284.3818
300.0349
312.7311
323.3851
332.4895
340.3458
347.1536
376

0.0163
0.0173
0.0183

0.0002
0.0012
0.0022
0.0032
0.0042
0.0052
0.0062
0.0072
0.0082
0.0182

0.0002
0.0012
0.0022
0.0032
0.0042
0.0052
0.0062
0.0072
0.0082
0.0182

200
200

200

200

300

300

300

300

300

300

300

300

300

300

300

400

400

400

400

400

400

400

400

400
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149.604
161.4311
186.3297
201.3042
212.6568
221.8849
229.6381
236.2688
241.9936
246.9563
268
88.42176
96.1584
110.8593

119.83
126.6514
132.2039
136.8725
140.8672
1443173
147.3088
167
27.1992
30.39043
34.23697

0.0003
0.0013
0.0023
0.0033
0.0043
0.0053
0.0063
0.0073
0.0083
0.0183

0.0003
0.0013

0.0023
0.0033
0.0043
0.0053
0.0063
0.0073
0.0083
0.0183

0.002
0.003

400
400

500

500

500

500

500

500

500

500

500

500

500

600

600

600

600

600

600

600

600

600

600

600
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36.70582
38.60551
40.16024
41.4716
42.59594
43.56837
44.41244
48
20.3994
23.52925
27.88123
30.74407
32.96143
34.7818
36.32
37.6404
38.78335
39.77603
44
16.9995
19.35308
22.42422
24.41942
25.95952
27.22185

0.004
0.005
0.006
0.007
0.008
0.009
0.01

0.02

0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01

0.02

0.002
0.003
0.004
0.005
0.006

700
700

700

700

700

700

700

700

700

700

700

800

800

800

800

800

800

800

800

800

800

800

900

900
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28.28749
29.20168
29.99266
30.67943
33.6
324

0.007
0.008
0.009
0.01
0.02

900
900

900

900

900

Thermal properties of material used as input

Table C-1: Thermal

Appendix-C

conductivity of steel

Thermal conductivity(W/m k) Temperature(°C)
53.334 20
50.67 100
47.34 200
44.01 300
44.01 400
40.68 500
34.02 600
30.69 700
27.36 800
27.3 900
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Table C-2: Specific heat of steel

Specific heat | Temperature(°C)
capacity(J/kg k)

439.8018 20
487.62 100
529.76 200
564.74 300
605.88 400
666.5 500
759.92 600
1008.158 700
5000 800
803.2609 900

Table C-3: Density of concrete

DENSITY((Kg/ms) TEMPERATURE(°C)
2400 20
2400 100
2400 200
2400 300
2400 400
2400 500
2400 600
2400 700
2400 800
2400 900
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Table C-4: Density of steel

DENSITY((Kg/ms) | TEMPERATURE(°C)
7850 20
7850 100
7850 200
7850 300
7850 400
7850 500
7850 600
7850 700
7850 800
7850 900

Appendix-D

Output from FE model analysis of concrete beam

Table D-1: temperature distribution variation along concrete cover from
bottom to top

30 60 90 120

minute minute minute minute

Concrete | temp Concrete | temp Concrete | temp Concrete | Temp
cover cover cover cover

0 820.127 |0 930.801 |0 994857 |0 1040.01
20 229954 | 20 383.205 | 20 499.681 | 20 589.688
25 117.654 | 25 248.48 25 356.019 | 25 447.306
30 96.3429 | 30 216.811 | 30 316.684 | 30 403.35
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Table D-2: Result from Reinforced concrete beam analysis unit used for
dimension millimeter, time: second temperature degree centigrade.

Deflection in mm.

30 minute | 60 60 90 minute
minute minute

time Deflection | Time Deflection | Time Deflection | Time Deflection
0 0 0 0 1720.02 | 37.9933 0 0

| 0.9947 | 0.99437 1740.02 | 38.2709 | 0.99437
1.1 0.99471 1.1 0.99437 1760.02 | 38.5503 1.35 0.99441
1.2 0.99472 3.17812 | 0.99629 1940.02 | 40.5811 1.575 0.99449
431719 | 0.99877 26.8493 | 1.42188 1960.02 | 40.7366 39.8239 | 2.81622
39.8239 | 2.81608 39.8239 | 2.81622 2140.02 | 42.153 43.0676 | 3.41342
53.215 | 5.89874 43.0676 | 3.41342 2160.02 | 42.3173 77.3667 | 6.53787
59.8668 | 6.39426 43.8785 | 3.58952 2180.02 | 42.4832 78.2327 | 6.57753
63.972 | 6.5421 45.0948 | 3.86624 2360.02 | 42.4832 180.022 | 12.8852
68.1299 | 6.60238 46.9194 | 4.294 2380.02 | 44.0537 260.022 | 15.6831
77.3667 | 6.53243 53.7615 | 590126 2400.02 | 44.2355 280.022 | 16.2107
79.5316 | 6.57199 79.5316 | 6.64939 2420.02 | 44.4196 300.022 | 16.704
140.022 | 6.64368 81.48 6.76764 2680.02 | 44.5856 320.022 | 17.2043
160.022 | 10.7167 84.4026 | 6.94825 2700.02 | 47.0506 340.022 | 17.6715
180.22 11.8431 220.022 | 14.4553 2720.02 | 47.2603 480.022 | 20.2399
200.22 12.881 360.022 | 18.1145 2980.02 | 47.4716 500.022 | 20.8103
220.22 13.7328 380.022 | 18.5678 3000.02 | 50.8051 520.022 | 21.0822
240.22 14.4592 380.022 | 18.9584 3260.02 | 51.1213 540.022 | 21.3616
460.022 | 15.1077 420.022 | 19.3019 3280.02 | 55.2038 680.022 | 23.0405
480.022 | 19.9767 440.022 | 19.6269 3420.02 | 55.5097 700.022 | 23.3048
600.02 21.9895 460.022 | 19.9388 3440.02 | 57.6411 860.022 | 25.8589
740.022 | 23.8842 660.022 | 22.7613 3600.0 | 57.9472 880.022 | 26.1814
880.022 | 26.2638 680.022 | 23.0288 900.022 | 26.4979
1060.02 | 28.865 860.022 | 25.8241 020.022 |26.8071
1220.02 | 31.196 880.022 | 26.1436 940.022 | 27.1038
1440.02 | 34.1029 900.022 | 26.457 960.022 | 27.3863
1660.02 | 37.3042 1100.02 | 29.2546 1100.02 | 29.3196
1680.02 | 37.5984 1120.02 | 29.5688 1120.02 | 29.6351
1700.02 | 37.8815 1140.02 | 29.9027 1140.2 29.9701
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1720.02 | 38.1555 1300.02 | 32.0583 1340.02 | 32.3951
1740.02 | 38.4314 1320.02 | 32.3214 1360.02 | 32.6568
1760.02 | 38.7093 1500.02 | 34.8198 1580.02 | 32.9178
1780.02 | 38.989 1520.02 | 35.113 1600.02 | 36.0984
1800.02 | 39.2708 1540.02 | 35.4038 1620.02 | 36.3898
S0 120minute
minute
Time Deflection | Time Deflection | Time deflection | Time deflection
1780.02 | 38.989% 370002 | 625776 0 0 1700.02 | 38.2408
1800.02 | 392766 372002 | 629019 1 0.9947 174002 | 38.521%
1820.02 | 39.564% 374002 | 632251 1.9125 0.9951 1780.02 | 39.0892
1540.02 | 40.7666 392002 | 661149 241875 0.599545 200002 | 413392
1960.02 | 40.9247 394002 | 66.43467 43 8785 3.58918 204002 | 41.6517
1980.02 | 41.0847 3960.02 | 66.7589 45.0948 3.8658 206002 | 41963
212002 | 421947 410002 | 67825 469194 429338 220002 | 429438
214002 | 423578 412002 | 678222 49 6362 497698 222002 [ 431132
216002 | 425225 4120.02 | 67839 84.4026 6.94195 244002 | 450235
228002 | 435454 424002 | 678489 88.7865 7.21356 246002 | 453486
230002 | 43.7276 4260.02 | 678605 953623 71.65642 250002 | 455205
232002 | 439036 428002 | 678737 220022 14 459 266002 | 473496
2460.02 | 45.0908 430002 | 67 8884 240022 151075 270002 | 477824
248002 | 452619 432002 | 679047 360.022 18.1396 290002 | 303129
250002 | 454359 434002 | 68.2529 380.022 18.5556 292002 | 506146
266002 | 470518 454002 | 683048 540.022 211278 296002 | 329133
2080.02 | 472651 4560.02 | 689312 680.022 231017 308002 | 532369
27000 | 474804 474002 | 690194 700.022 23368 3100.02 | 61.0439
282002 | 488511 4760.02 | 69.68 340.022 256124 312002 | 613657
304002 | 321597 492002 | 697693 860022 259381 332002 | 64.589
306002 | 324957 4940.02 | 708186 240022 2719 336002 | 649104
328002 | 359972 516002 | 709042 1000.02 277518 360002 | 673107
330002 | 363056 518002 | 709864 1120.02 297355 362002 [ 674274
332002 | 56.6131 520002 | 71.6858 1240.02 31 4487 380002 | 679016
348002 | 3908 536002 | T1.8145 1260.02 31.7102 384002 [ 679053
3500.02 | 59.3892 538002 | 719435 1440.02 34.1164 4020.02 | 68.0034
352002 | 59.6985 540002 | 7234 1460.02 379616 4180.02 | 68.0272
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120 minute

Time Deflection

4360.02 68.381 5920.02 75.4074
4380.02 68.436 5940.02 75.5636
4560.02 68.9213 6080.02 75.7231
4720.02 69.0046 6100.02 76.8764
4920.02 69.7501 6120.02 77.0463
5060.02 70.4323 6260.02 77.2173
5220.02 70.5191 6400.02 78.4186
5240.02 71.1304 6420.02 78.5898
5360.02 71.2084 6540.02 79.6469
5380.02 71.7495 6660.02 79.8328
5400.02 71.878 6680.02 80.9774
5540.02 72.0067 6840.02 82.145
5560.02 72.96 6860.02 82.3491
5720.02 73.1006 6880.02 83.958
5740.02 74.1334 7100.02 86.571
5760.02 74.2668 7120.02 86.7709
5900.02 74.401 7200.02 87.5747
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Table D-3: stress distribution variation along concrete cover in Reinforced

concrete beam

30 60 90 120

minute minute minute minute

cover stress cover stress cover stress Cover Stress

0 -9.5062 0 -12.533 0 -6.7317 |0 -1.5755
20 -3.9007 20 -8.6554 20 -10.531 20 -2.3808
25 0.52382 | 25 -4.0815 25 -11.86 25 -13.229
30 -0.2406 30 -1.6879 30 -8.0602 | 30 -10.106

Table D-4: Stress misses distribution along concrete cover in Reinforced

concrete beam

30 60 90 120

minute minute minute minute

cover S, misses | cover S, misses | cover S, misses | Cover S, misses
0 727645 |0 5.75323 |0 1.76136 |0 1.99747

20 4.95433 20 4.16636 20 1.75481 20 2.80367

25 434116 |25 3.56292 |25 2.14787 |25 3.64693

30 3.50905 | 30 3.45657 | 30 2.18204 |30 3.51364
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