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ABSTRACT

The potential hazard of fire is one of the major concerning issues after the recent
events of 9/11 and others. A lot of studies and research work is being carried out
presently, to ensure the safety of buildings. But, there is no accurate method to estimate
the fire endurance/resistance for a building due to the variability of fire characteristics,
material properties of construction material, and other characteristics of a building. One
can only provide guidelines and can adopt from the lessons learnt in the past to ensure
better quality to make the buildings more fire proof, so that they can withstand high
temperatures and stresses for a longer time, before collapse mechanism occurs. From a
long time, live laboratory tests have been conducted to study the performance of
assemblies by subjecting them to appropriate time-temperature histories that are derived
from standardized fire curves. The performance-based approach is very time consuming
and also involves high costs. In recent times, due to the advances in technology,
computer models have been developed, that aid towards the simulations of assemblies
and other components of a building that are subjected to a fire event. This approach helps
in attaining reasonable results, thereby providing an alternative to the prescriptive and
performance-based approaches.

This project deals with the study of heat transfer mechanism that takes place in
steel structures in case of a fire event. For proper and accurate simulation process, the use
of software is a must along with the support of technical resources. Due to high thermal
conductivity of steel the heat gets transferred rather fast in the steel section which creates
non-uniform temperature distributions because of variable thermal properties, like
thermal conductivity and specific heat. 3-D finite element software TAS (Thermal
Analysis Software) was used to study the non-uniform temperature distributions in case
of a W 12x27 beam protected with vermiculite coating. The results were compared with
the studies done by Professor Bletzacker, which involved the furnace testing of a W
12x27 beam by subjecting it to ASTM E-119 curve time-temperature history. In addition
to this, the sensitivity of results was evaluated based on the variation of thermal

properties for concrete, vermiculite, and gypsum board. Different beam models for



W12x27 section protected with vermiculite and gypsum board coatings were simulated to
justify their performance based on temperature rise within the assembly. Also,
simulations were performed for analyzing the behavior of the beam when subjected to
different fire curves like ASTM E-119 and ENV. Analytical analysis was also carried out
using the method of Lumped mass parameter method to provide a comparison of results
from different models. Finally, conclusions and recommendations were made to ensure
further development and understanding in the field of Structural and Fire Protection
Engineering.
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Notations
A = surface are for heat transfer

A, = area of steel protection per unit length exposed to fire
¢, = specific heat of gases

C = specific heat of air

C . = specific heat of concrete

C , = specific heat of steel

d, = insulation thickness

dT = temperature difference

e = emissivity of steel

E,, is the thermal radiation per unit surface of A;
E, = initial Young’s modulus at 20°C

E; = Young’s modulus at time T

F = opening factor

F,o= initial Yield strength at 20°C

F,r = Yield strength at time T

g = acceleration due to gravity

Gr = Grashof number

h, are the overall heat exchange coefficients
h. = convective heat transfer coefficient

ks = thermal conductivity of steel

k. = thermal conductivity of concrete

k = thermal conductivity of material

L = length of solid surface

Nu = Nusselt number

Pr = Prandtl number

0, ¢ = design fire load per unit area of compartment boundary
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Q = rate of heat transfer across material thickness of dx
q = heat transferred per unit time (W)
Rd = Reynold’s number
Ra = Raleigh number
t =time (minutes)
t” = parametric time for determining compartment temperature-time response
t; = parametric fire duration
Ts = temperature of steel
T, = fire temperature
T, = air temperature
T = absolute temperature in K.
U, = flow velocity
a = absorptivity
b = coefficient of thermal expansion for the fluid
t = transmissivity
= parameter to calculate parametric compartment temperature-time response
ey, = free thermal strain
g, = structural steel temperature
/1, =thermal conductivity of protection material
= absolute viscosity of fluid
m = thermal inertia of the compartment boundary
r = density, reflectivity
» = density of insulation

. = density of structural steel

s = Stefan-Boltzmann constant = 5.67x10° W/ m®K*

= configuration factor for radiation, insulation heat capacity factor
n = relative viscosity of the fluid

Dg, = incremental increase in steel temperature
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Introduction

1 INTRODUCTION

1.1 Background
Fire hazard is one of the biggest challenges that any building could face during its

service life. If not properly designed and managed, a fire could lead to a large amount of
destruction in terms of property, loss of life, money. Historically a prescriptive approach
to structural fire safety in the form of codes has been utilized which helps to solve the
problem to a certain extent by regulating design and construction quality. The validity of
prescriptive approach and its level of safety is now a concern [8] due to the development
of performance-based approaches. A performance-based approach is a representation of
the actual stages and developments that may occur in a structure during a fire event.
During the early stages, building codes were the only source to provide
specifications for a building in case of a fire event. Building codes provided measures on
how to curb a fire event after a fire had occurred in a building. The codes served as
guidelines for the number of sprinklers required, the location and design of exits and
other issues rather than emphasizing more on protection of a building even before a fire
event occurred. The awareness was really not there and it was only after incidents like
September 11, 2001, and others that the real importance of fire protection was
recognized. The awareness led to more concrete research and testing which observed the
evolution of performance-based approach in the form of live laboratory testing.
Specifications have been provided by ASTM, NIST, and UL directory from the lab tests
that are conducted by these associations. The results pertaining to the thickness
requirements and hourly ratings of assemblies have been incorporated into building
codes. Architects and structural engineers have been following these specifications
without actually analyzing and studying the behavior of the building in a fire event. But,
there have been fingers raised to the fact that how reliable these laboratory tests are, and
whether it is possible to reproduce these results. In the late 1990’s the and early 2000’s
the technique of finite element software caught the eye of researchers, and since then
various tools have been developed to provide simulations of fire environments and

structural performance thereby reducing the cost of expensive performance-based tests.
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With so much research going on for steel design and its thermal properties [14] such as
thermal conductivity and specific heat of how it would behave with respect to the change
in temperature, it has become very important to use tools such as finite element software
[3] which aid in facilitating the design procedure for the building. Simultaneously, to
make steel more effective and protect it from fire hazards the insulating materials have
gained significance importance in the market which leads to more and more research on
their properties and behavior when exposed to fire conditions [14]. The variation in
thermal characteristics of insulating materials such as vermiculite spray-on, and gypsum
board play a major role in the heat transfer process that occurs through the insulation and
then within the steel. This leads to research and development of new and improved fire
protection materials. The use of different finite element tool such as SAFIR [3], [21]
presents a reasonable picture of how the building component or structure would behave
with the increase in temperature. The recognition of important characteristics such as
elongation, thermal stresses, fire endurance points, boundary conditions and deflections
[1] would help the engineer to better understand the key points of design and thus to

make the building more sound in terms of fire exposure.

1.2 Aim
The purpose of this thesis is to study the heat transfer analysis in case of steel structures

with the aid of finite element software. The main purpose is to study the processes of
conduction, convection and radiation occurring in a member and then to analyze the
sensitivity of the thermal analysis to the properties of steel and insulating materials. It is
also intended to correlate the analytical results with Professor Bletzacker’s experimental
studies [1] and to extend his work with the help of modern tools like TAS [25].

1.3 Objectives
The main objective of this study is to understand the concept of heat transfer through the

section of a steel beam and gain experience with finite element software and analytical
techniques. A second objective is to investigate the sensitivity of heat transfer analyses to
thermal properties, such as thermal conductivity and specific heat.
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1.4 Scope of work
The scope of activities included the following:

Background research and understanding of the field of Fire Protection
Engineering

Analysis of heat transfer in steel structures by use of 3-D finite element software
TAS (Thermal Analysis Software)

Exploration of the effect of boundary conditions on the thermal behavior of a
member

Sensitivity analysis of the parameters that play an important role in heat transfer
mechanism towards the assemblies in the form of convection and radiation and
within the assemblies in the form of conductivity

Investigation of the different types of coatings used for fire protection and their
impact on the temperature profile of the steel during exposure to various time —
temperature curves

Study of the effects of different fire curves and to compare these results with

those obtained from a simple, analytical methodology

1.5 Related activities
The project was carried out in a step-by-step manner by modeling different components

of a structural assembly and studying the associated thermal properties and effects.
Figure 1.1 presents the activities that were identified for achieving the goals for this

project.
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Figure 1.1 Related activities

For the TAS model development and simulations, different areas were explored which

resulted in the study of various parameters. Some of the activities related to this project

are explained below:

Thermal conductivity, specific heat, and other thermal properties vary with

temperature and thus were modeled as temperature-dependent parameters in the

numerical analyses.

Equations have been suggested for the variation of thermal conductivity and

specific heat with respect to time. These equations are presented in Chapter 1V.

Information and data for the model were gathered from the experimental studies

done by Professor Bletzacker [1].

The insulation materials that were studied were gypsum board and spray-on

vermiculite with different thicknesses and variation in their respective thermal

properties.
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Influencing parameters like emissivity, conductivity were studied. The data for
these varying parameters was taken from the formulation provided by sources
such as Eurocode [22].

A comparison would be made with the data obtained from Bletzacker’s
experiments [1] and that obtained by TAS so as to study the effectiveness of

computer modeling as an alternative to the high cost furnace test.
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2 LITERATURE REVIEW

2.1 General

This section provides an overview of previous studies that have been conducted by
researchers in the fields of Structural Engineering and Fire Protection. Different sources
were reviewed in order to understand the techniques and key studies that have been

conducted.

2.2 Research Studies
2.2.1 Wong M.B. and Ghojel J.1I.

Wong and Ghojel [23] conducted a sensitivity analysis in order to determine the

appropriateness of the guidelines provided by Eurocode 3. The parameters of thermal
conductivity, specific heat, and emissivity were evaluated to determine the change in
temperature of steel when subjected to a fire event. An equation for thermal conductivity
variation for concrete was also proposed. For insulations having high thermal
characteristic values, it has been suggested that the results due to the Eurocode 3

formulation and the exact solution may differ significantly.

2.2.2 Sakumoto Y.

Sakumoto [14] conducted a fire test on an office building to identify the critical
parameters and the necessity of research on new fire protection materials. A four-story
office building with floor dimensions, 22.0 m x 12.2 m x 3.5 m, coated with 12.5 mm
thick plaster board was considered for the tests. Firstly, analysis was done on a one layer
model was analyzed to define the effect of openings and fire load on the overall rise of
temperature in a structural member. The results suggested that larger opening area
resulted in a higher temperature rise but shorter fire duration, due to the inflow of fresh
air. Secondly, temperature data was gathered from a fire test that was conducted on a
steel column with intumescent coating. This data was used to study the high temperature
performance for different grades of steel by varying their chemical composition. The
results of these studies indicated the effectiveness of different grades of steel as a strategy

to reduce the loss of strength and stiffness at elevated temperatures.
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2.2.3 Chitty R. and Foster J.

Chitty R. and Foster J. [3] used the technique of computer modeling to evaluate the

thermal response of structures that had undergone a real fire event. The computer tools
JASMINE, CFAST, and CRISP were used to study the thermal response of a school
building and a residential tower block. Temperature assumptions for different locations in
the buildings were made based on observations and data collected. A comparison of
results obtained from the different software was also presented. The paper summarizes
the significance of finite element modeling by proceeding from simpler to complex
methods in order to study thermal responses of a building. The authors conclude and
draw attention to the variability and difficulty in modeling different parameters that are

associated with fire design.

2.2.4 loannides S.A. et al.

The paper [13] addresses a method to determine the thickness of spray — applied fire

resistive material based on the prescriptive code approach. It addresses the standard test
of ASTM E-119 and proposes equations based on steel temperatures for calculating
required thickness of insulation. These equations are supplemented with two examples
that also identify the strategy for reducing high costs by avoiding unnecessary thickness

of insulation.

2.2.5 Poh K.W.

Poh K.W. [11] presented a mathematical relationship to represent the stress-strain
behavior of steel at elevated temperature. Experimental data was used in conjunction with
the technique of curve fitting to replicate the curve. Different stress-strain relationships
and their drawbacks have also been discussed. The proposed equations are highly
versatile and can be easily incorporated into computer models for analyzing behavior of
steel at higher temperatures.

226 LieT.T.
Lie T.T. [9] suggested an analytical formulation for calculating steel temperature in a fire
event. Equations were proposed for determining fire load and temperature of steel section

for different conditions. Two examples were also been presented to illustrate the use of
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the equations. Further, these equations were justified by comparing the analytical results

with data from other experimental studies.

2.2.7 Summary of studies

From the previous studies, some points of interest can be drawn to create an awareness of
the trends that exist in the fields of Structural and Fire Engineering. These points are
summarized as below:

1. Finite element analysis has gained significant importance as a possible
alternative to fire testing in order to save high costs. Efforts are being made to
develop a software that can handle both thermal and structural responses.

2. Strategies and formulations have been developed to boost the ease and
significance of analytical techniques. Studies and modifications are still being
done for existing formulations and ASTM E-119.

3. The studies suggest that the current practice of furnace testing may be
significantly different from an actual room fire due to factors such as opening
factor and fire load which have not been studied with greatly.

According to these studies, the best understanding was provided by the study of

sensitivity issues and parameters that are necessary to be modeled properly for

accurate and reliable results. This was indicated by the studies conducted by

Wong et al. [23] who conducted an in depth study to provide a foundation for

future researchers.

2.3 Bletzacker’s Experiments

In September 1966 a report titled “Effect of Structural Restraint on the Fire
Resistance of Protected Steel Beam Floor and Roof Assemblies” [1] was submitted
by Professor Richard Bletzacker. The research was sponsored by “American Iron and
Steel Institute”. This report presented the findings from Professor Bletzacker’s
experiments based on physical tests that were carried out on twelve separate beams
with different restraining conditions and different compositions such as composite

and non-composite slabs.
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The type of beam used for Bletzacker’s experiments was a W12x27 which was also
used in this project so as to create a benchmark for the obtained results. Time-
temperature data, which was gathered from thermocouples, was presented in his
report, and this data was used in this project for comparison between his findings and
the capabilities of the TAS models.

The physical testing process was conducted at Ohio State University. The entire
setup for the mechanical systems was possible due to the valuable help of agencies
and different people. Once the setup was established, member restraints and material
composition were varied to provide a detailed analysis and comparison of the twelve
members that were subjected to fire. In all cases Professor Bletzacker used the ASTM
E-119 time-temperature curve [24] to control the temperature of the furnace during
the course of the experiment. The temperature profile for the steel beam was extracted
at different locations within the cross-section by the use of thermocouples. The data
obtained from these readings thus helped in developing plots to determine the pattern
for the increase in steel temperature over the period of time. The data was used to
estimate fire endurance time which was the time to when the beam could not carry the
loads any longer and ultimately resulted in a failure or collapse. Similarly, plots for
deflection and stress were also developed from this data. These studies were
significant from the view point of determining endurance times by modeling the beam
as expected in the real world. The beam was subjected to loads and moments with the
help of hydraulic jacks and other mechanical devices. However, it was not possible to
represent an actual loading condition by the use of finite element software. Due to
this reason, it was not possible to evaluate the stress, strain, and deformation results
by the use of TAS [25].

2.4 Finite Element Software

2.4.1 General

Building codes by far have been the most accepted solution to structural and fire design.
The performance demonstrated by physical tests is incorporated within the building codes
for designing purposes. Over the course of time, finite element models have gained
significant importance, and research has been ongoing to establish an alternative to

-9-
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expensive and highly time consuming fire tests. Computer models have been developed
to provide timely and economical simulations for results of a fire test. Researchers prefer
finite element modeling to fire testing because the simulations can be used to target

sensitive parameters that affect the overall fire event.
2.4.2 EFEAST

2.4.2.1 General

FEAST stands for “Finite Element Analysis of Structures at Temperatures”. This
software was developed at the University of Manchester by Dr. T.C.H. Lui [22]. The
program in itself is very versatile and has a detailed library for shell, solid, bolt, gap, and
contact elements. Therefore, it can be utilized to analyze the local behavior of steel beams

and columns.

2.4.2.2 Applications
The program is mainly used to study the behavior of steel framed connections and the

effect of connections on the performance of steel beams exposed to fire conditions.
Results from FEAST have shown a good correlation with laboratory tests.

2.4.2.3 Limitations
Presently, FEAST is not capable of simulating buckling behavior in a steel member.
Also, it is not capable of analyzing the non-linear behavior of large scale steel frames

with many members. It cannot be used to simulate composite structural behavior.

243 SAFIR

2.4.3.1 General

SAFIR [26] was developed at the University of Leige, Belgium by Franssen et al. 2000
[22]. SAFIR has the capabilities of simulating structural as well as thermal problems.
Beam, truss, shell elements and 3-D solid elements are used for structural modeling and
analysis. The arc length method (Crisfield 1991) is included in the program to analyze
post-buckling behavior but only for simple structures at present. Unlike FEAST, SAFIR
does not have the capability to simulate connection behavior.

-10 -
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2.4.3.2 Limitations

Thermal analysis features are not very well-developed. The user has to conduct a thermal
analysis for each part of the structure, and then prepare a library of temperature files to be
used as an input for a subsequent structural analysis to evaluate forces, stresses, and

deformations.

2.4.4 TAS (Thermal Analysis Software)

2.4.4.1 General

TAS [25] is a general purpose tool used to computer-simulate thermal problems. The
version of TAS which was used for this thesis project was Version 7.0.8, and it was
developed at Harvard Thermal Inc. located in Boston, Massachusetts. The version was
compiled on June 30, 2003. TAS is designed on the basis of Windows platform that
provides the user with a single, integrated, graphical and interactive environment for
model generation, execution and post-processing of the results.. The provision of dialog
boxes to facilitate data input and prompts for avoiding common input errors makes TAS a
user friendly software. The generation of brick elements and full use of boundary
conditions helps in developing the model more precisely in order to achieve reasonable
results. Three-dimensional geometry can be created using two-dimensional plate and
three-dimensional brick and tetrahedron elements. The addition of heat sources in the
form of radiation and convection sources facilitates the process of modeling heat transfer.
Arrays for different properties and parameters, such as thermal conductivity, specific
heat, and temperature can be provided in the form of temperature, temperature difference,
time and time cyclic dependent. Heat loads can be supplied at specified points, locations
or regions in the form of nodal or surface loads.

TAS uses a finite element technique to model and solve the governing equations. This
offers the versatility to easily create complex models involving many of the nonlinear
cases often encountered. These include radiation, temperature-dependent thermal
conductivity, and heat transfer coefficients that can be a function of temperature
difference. The accuracy of the software has been proven over the past years. The results
of numerous models have been compared to classical solutions and the results of other

-11 -
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programs such as MSC/NASTRAN, ANSYS and SINDA. The program was written
entirely in the C++ language. This ensures speed in the graphics and the solution. The
program dynamically and efficiently allocates PC memory sufficient for the particular

model being investigated.

2.4.4.2 Limitations

One of the drawbacks of TAS is that it is not appropriate for combined thermal-structural
analysis. It does not have a feature to add general point loads or uniformly distributed
loads to the analysis of thermal stresses; it is limited to gravity loads only. Due to this
reason it was not possible to obtain stress, strain, and deformation results, and thereby the
structural failure due to the effect of temperature could not be evaluated. Steps are being
taken at Harvard Thermal to incorporate features that would make TAS efficient enough
to solve structural-related problems and give more detailed results in terms of stress,

strain, and deformations.

-12 -
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3 FIRETESTS

3.1 General
Most countries around the world rely on fire resistance tests to determine the

performance of building materials and structural elements. The time-temperature curve
used for a test is called a fire curve. There are different types of fire curves that have been
established by researchers, viz. ASTM E-119 [24], and Eurocode [8]. In USA, the
temperature profile and duration of a standard fire for designing and testing purposes is
based on the provisions of ASTM E-119 [8], [24].

3.2 ASTM E-119
ASTM E-119 [8], [24] is the widely recognized standard for fire testing in the United

States. The first edition was published in 1918 [8], with the most recent published in
2000. Technical committees help in setting up a standard, and this standard is revised as
technology and understanding changes. There has been significant debate on the validity
of ASTM E-119 data and methodology [8] due to the recent events of 9/11. One has to
understand that ASTM E-119 is a guideline for fire safe design of buildings and not a
predictor of behavior in an actual fire. Real fires are a function of many variables, such as
fuel load, thermal radiation, heat flux, ventilation factor, and area of openings [8], [9],
[23] which are related to the type of construction, building occupancy, and design. The
main purpose of using the ASTM E-119 protocol is to establish and document the fire
rating of different elements of a building. The test does not cover flame spread, fuel
contribution, or smoke density. ASTM E-119 describes different strategies for conducting
fire tests on the following structural assemblies and elements:

1. Bearing walls and partitions

2. Non-bearing walls and partitions

3. Floors and roofs
4. Loaded restrained beams
5

. Columns

-13-
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3.3 Lab Tests

3.3.1 General

Lab testing is a very common method for determining the performance of a structural
member from the view point of fire resistance. The main reason for conducting lab tests
is essentially to test a structural element in a furnace from the viewpoint of critical
temperature and fire endurance time or collapse mechanism [8], [14]. The element is then
heated according to a standard time-temperature profile such as the ASTM E-119 curve
[24]. The heating process is continued until failure of the element occurs so that specific
data can be taken regarding the deflections, stresses, strains, etc. This data however is not
available to public, and only the critical values are published in the codes. Figure 3.1
presents a traditional setup of a lab conducted fire test.

Load system (independent of furmace)
Furnace
closure

| Bearnslab | Beam
ti [ ] External Flexible
reaction filler
points
Furnace
weall
Burners
(a)
oo 2o Axial loading
2 applied externaliy
through platens

Column

\\L Furnace

wall

J’\\‘T\‘H
Section ‘//f// ]

Spiit
furnace

Plan
(=)

Figure 3.1 Assembly setup for a furnace test:(a)beam:(b)column [12], Chapter 3
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Currently, there are studies being done and revisions are being made for the standard fire
test procedure [8]. It is suggested by British Steel and the Building research development,
1998 [8], on the basis of full scale fire test results at Cardington, UK that the actual
temperature of an element when tested separately in a furnace is quite different from the
temperature of the same element when exposed to a fire within a building. This is
observed due to the various connections and differences in boundary conditions that
occur when the beam or an element acts as a part of a frame. However, research is

ongoing and it will take some time to arrive at a clear conclusion.

3.3.2 Time-Temperature Curves

ASTM E-119 is the most common time-temperature curve that is used for the purpose of

testing and simulations. Figure 3.2 presents the time-temperature profile for ASTM E-
119.

Temperature Vs Time
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Figure 3.2 ASTM E-119 Time-temperature curve

However, different curves can be formulated for fire tests, based on the standard
equations. The current version of 1ISO 834, [12] suggests that the time-temperature curve
for the furnace tests is controlled by the following equation.
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g, =20 +345log (8t +1) - [3-1]

where, g, = furnace temperature ( C)

t = temperature (minutes)
There are various other mathematical equations that have been suggested. Some of them

are given below.

Equation proposed by Williams — Leir (1973)
q,=q, + al(l— e‘a4t)+ az(l— e'ast)+ ag(l— e'aﬁt)
where, a, = 532, a, = -186, a,= 820, a,= 0.01, a,= 0.05 and a,= 0.20 and g, is the

-[3-2]

ambient temperature.
Equation proposed by Fackler (1959)

g, =g, + 774l - e )+ 222t

In these equations above, the base temperature or ambient temperature g, is not

-[3-3]

considered to be 20°C which usually is the current practice.
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Figure 3.3 Heat flux Vs Time for different furnaces [Castle, 1974], [12]
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Figure 3.4 Effect of furnace characteristics on fire test results
[Witteveen and Twilt, 1981/2], [12]

3.3.3 Drawbacks of Fire Tests

Fire tests may present variable results depending on the furnace conditions and other

parameters. Some of the drawbacks of fire tests are listed below,
Cost of specimen preparation and actual test procedure is very expensive
The test results are applicable only to a particular set of parameters that are
already set and may not be true for an actual building construction
It is difficult to test large assemblies due to the space limitations of a furnace
It may not be possible in every case to supply the necessary loadings, restraints
and moments to which a member would be subjected in actual construction
Redistribution effects cannot be studied in detail because of the limitations of
testing one member at a time
The results obtained from a fire test are highly confidential from a manufacturer’s

point of view and cannot be applied for the purpose of research or further studies
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The thermal characteristics of a furnace play an important role in fire performance
of elements and these parameters may vary from a furnace to furnace. Figure 3.3
presents the variability in heat flux for three different furnaces A, B, and C

Reproducibility of results is not possible because of the variable thermal
characteristics of a furnace. Harmanthy, 1969, suggested that the temperature rise
in a furnace is a function of the thermal characteristics of furnace. Figure 3.4
illustrates the variability of results from a series of tests conducted by Witteveen

and Twilt, 1981/2, [12] on similar beams within different furnaces

3.4 Behavior of actual fire
3.4.1 General
Compartment condition in an actual fire is an important study in the field of fire
protection. Numerous curves have been suggested to explain the relation between
temperature and time once a fire event takes place. It is important to note that factors
such as thermal inertia, heat release rate, the presence of combustible materials, and the
ventilation factor [8] play a critical role in the development of these fire curves. The
behavior of compartment fire is described by three main phases, namely,

1. Growth

2. Fully developed fire

3. Decay period
Figure 3.5 represents the different phases that develop in the case of a compartment fire.
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Figure 3.5 Different phases in a fully developed fire [12], Chapter 4
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3.4.2 Growth

Growth is the initial phase of fire development. During this stage, combustion is
restricted to certain areas of the compartment that may however result in significant
localized rises in temperature. It may happen that many fires may not surpass this initial
stage of fire development, due to insufficient fuel loads, limited availability of air supply,

or human intervention.

3.4.3 Fully developed fire

The rate of increase in temperature is directly proportional to the heat release rate.

Therefore, during this stage there is a large increase in the temperature of the
compartment with temperatures reaching to about 1000°C. The duration of this phase
depends on the volatile matter that is present in a compartment. As the rate of generation
of volatile material decreases, or when there is insufficient heat available to generate such

volatiles, the phase begins to cease gradually.

3.4.4 Decay phase
The word “decay” means decrease. As the name clearly suggests, there is a decrease in

the fire intensity during this phase due to the decrease in the available fuel and the rate of
fuel combustion. This phase occurs when the quantity of volatile matter continues to

decrease and is consumed, after the initial stages of fire.

3.5 Parametric Curves

Time-temperature curves other than ASTM E-119 [24] are formulated on the basis of
standardized equations and these curves are known as parametric curves. The approach is
based on compartment fire response whereby certain parameters need to be established
before the temperature response is calculated. There are, however, certain assumptions
that need to be made for analyzing the response [12].
1. Combustion is complete and occurs totally within the boundaries of the
compartment.

2. No temperature gradient exists in the compartment.
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3. Heat transfer characteristic known as thermal inertia, “b”, is a critical parameter
for the determination of fire response. This parameter depends on several
quantities including material density, thermal conductivity and specific heat.

4. Heat flow through compartment walls is assumed to be unidirectional.

It was suggested by Wickstrom (1981/2, 1985 a), [12] that the compartment fire is
dependent on the ratio of opening factor to the thermal inertia. A ventilation factor of
0.04 m and a thermal inertia of 1160 Ws/m? C were assumed as reference values for a

typical room for an office building to establish the standard furnace curve.

In general, the temperature-time relations are expressed by the following equations,

For the heating phase,

g, =1325}1 - 0.32460%" - 0.204e ™" - 04726 | - [3-4]
t” = parametric time for determining compartment temperature-time response.
t"is given by, t

Here, t=time

= parameter to calculate parametric compartment temperature-time response.

is defined as,
2
L
Jreld
o0 * B
1160

where, F = opening factor
m = thermal inertia of the compartment boundary.
For the cooling phase:
for t; < 0.5 hours
Gy = Qo ~ 625(t* -t ) - [3-6]

for0.5 t; 2hours
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Gy = G - 25003t Jt" -1;) -[3-7]
for t;> 2 hours

Gy = Qo — 250(t* - t;’) - [3-8]
g, is the maximum temperature that is reached during the heating phase, and t; is

. 0.13x107q,,
bR

d, ¢ = design fire load per unit area of compartment boundary.

given by, - [3-9]

Figure 3.6 illustrates the sensitivity of the time - temperature response for ENV 1991-2-2,
from the theories of Wickstrom, and Lie.
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Figure 3.6 Comparison of time-temperature response using the theory of

Wickstrom,and Lie [12]

From this chapter it was observed that there exists a significant amount of variability in
the results that are obtained from furnace tests. Also, the behavior of fire curves from
different formulations becomes an important area of study.
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4 MATERIAL PROPERTIES AT ELEVATED
TEMPERATURES

4.1 Introduction
This section provides an overview of the thermal properties of interest for typical

construction materials such as steel, concrete, vermiculite and gypsum board. These
properties were studied to facilitate the process of understanding and developing the
models.

4.2 Definitions
4.2.1 Density ()

Density is a physical property of matter. In a qualitative manner density is defined

as the heaviness of objects with a constant volume. It is denoted as . Common

unit of density is kg/m?®.

4.2.2 Thermal Conductivity (k)

Thermal conductivity is defined as the amount of heat flux that would pass through

a certain material depending on the temperature gradient over that material.
Thermal conductivity plays an important role in many heat and mass transport
phenomena as it is a function of Prandtl number.It is denoted as k. Commonly

used units are W/mK and cal/sec-cm- C.

4.2.3 Specific Heat (C,)

Specific heat is an intensive property which means that it is independent of the

mass of a substance Specific heat is defined as the amount of heat required to raise
the temperature of one gram of a substance by one degree celcius. It is denoted as

Cp. Common units for specific heat are J/kgK and J/kg°C.

4.2.4 Coefficient of Thermal Expansion (e, )

The coefficient of thermal expansion is defined as the increase or elongation in
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length occurring in a member per unit increase in temperature. It is denoted ase,, .

Commonly used units are in/in/°C, cm/cm/°C.

4.2.5 Thermal Diffusivity

Thermal diffusivity is defined as the ratio of thermal conductivity to heat capacity.

Its values are obtained on the basis of density, thermal conductivity and specific
heat data for a particular material. It is denoted as & . Common units are m?/sec,

cm?/sec, mm?/sec.

= - [4-1]

where, k = thermal conductivity in W/mK

rC = volumetric heat capacity measured in ImK

Substances with high thermal diffusivity rapidly adjust their temperature to that of
their surroundings, because they conduct heat quickly in comparison to their
thermal 'bulk’.

4.2.6 Emissivitty
Emissivity of a material is defined as the ratio of energy radiated to energy radiated

by a black body at the same temperature. It is a dimensionless quantity. It is

denoted as e .

4.3 Thermal Properties of Steel

4.3.1 Introduction

Steel is a metal alloy whose major component is iron, with carbon being the primary
alloying material. Different quality/grades of steel can be manufactured by varying the
amount of carbon and its distribution in the alloy [14]. Fire resistant steel is manufactured
by adding molybdenum (Mo) and other alloying materials [14]. The behavior of steel
when exposed to high temperatures is of critical importance for the safety and stability of
the building. The temperature rise for a steel member is a function of the materials,
thermal conductivity and specific heat [23]. Thermal conductivity tends to decrease with
the increase in temperature while specific heat tends to increase with the increase in
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temperature. The properties are discussed in the following sections with the help of
graphs from different sources.

4.3.2 Density
The standard value for the density of structural steel proposed by Eurocode 3, Part 1.2

[22] is 7850 kg/m®. For most calculations and research work density is assumed to be
constant with the increase in temperature. Hence, a constant value was adopted for the
modeling of the beam.

4.3.3 Coefficient of Thermal Expansion

The coefficient of thermal expansion for steel is denoted ase,, . Thermal expansion is

temperature dependent and can be evaluated based on the equations proposed in
Eurocode 3, Part 1.2 [22]. Figure 4.1 presents the plot for thermal expansion Vs
temperature from Bletzacker’s data.

e, = (-2.416x107*) + (1.2x10°T) + (0.4x10°xT2) for T 750°C - [4-2]
e, =0.011 for 750°C<T 860°C - [4-3]
e, = -0.062 +(2x10°T) for T > 860°C - [4-4]

Thermal Expansion Vs Temperature
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Figure 4.1 Thermal Expansion Vs Time based on Bletzacker’s Experimental Data, [1]
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4.3.4 Thermal Conductivity
Units for thermal conductivity are W/mK and W/cm°C. The standard value for thermal
conductivity of steel as suggested by Eurocode 3, Part 1.2 [22] is 54 W/mK at 20°C.

However, thermal conductivity (ks) of steel varies with the change in temperature based
on the relations established by Eurocode 3, Part 1.2 [22].

k, =54 - LE for 20 C<T, £800 C - [4-5]
300

k, =27.3 for T > 800°C - [4-6]

Figure 4.2 represents thermal conductivity values based on Equations 4-5 and 4-6.

50 K\\
Steel

w0 %

30 =

60

et

20 +
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1

] T T T T T 1
0 200 400 ano ROO 1000 1200

Temperature (°C)

Figure 4.2 Thermal Conductivity Vs Temperature for Steel (CEN 2001), [22]

4.3.5 Specific Heat
Specific heat for steel is denoted asC . Units for specific heat are J/Ibs°C and J/kg K.

The equations suggested by Eurocode 3, Part 1.2 [22] for change of specific heat of steel
with temperature are presented below. The results of these equations are graphically

represented in Figure 4.3.
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Specific heat J/(Kg K)

C,, =425+0.733T, +0.000169T7 +2.22x107°T - [4-7]

for 20°C Ts 600°C

C, =666 13002 -[4-8]
T, - 738
for 600°C < T 735°C
C, =545- 17620 - [4-8]
T, -731
for 735°C < Ty 900°C
C o = 650 for Ts>900°C -[4-9]
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Figure 4.3 Specific Heat Vs Temperature for steel (CEN 2001), [12]

4.3.6 Thermal diffusivity

According to Malhotra, [12], thermal diffusivity of steel shows a linear relationship up
to a temperature of 750°C.

a, =0.87 - (0.84x107g,) - [4-10]

4.3.7 Emissivity
Wong M.B. et al [23] confirmed through use of a heat transfer model that the resultant

emissivity depends on temperature and is not a constant. However, due to the lack of

research work most researchers assume constant values. Eurocode 3 recommends a
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constant value of 0.625 for steel. Chitty et al., 1992, [12], Chapter 5, proved the
significance of varying resultant emissivity to predict temperatures within a steel column.
Figure 4.4 presents the results obtained from their tests. These tests prove that the results
from a furnace test depend significantly on the thermal characteristics of a furnace and
the geometry of the test element. These studies were significant from the view point of
adopting constant values for emissivity to generate analytical solutions. However, due to
the limitations of finite element analyses, constant values are adopted for the purpose of

simulations.

.i"'-.‘_ '_“_
(o
]
o
()
e RO

Eres = 05—

Figure 4.4 Temperature prediction within a steel column due to the variation of
resultant emissivity [12], Chapter 5, p 77
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4.4 Thermal Properties of Concrete

4.4.1 General

In construction, concrete is a composite building material made from a combination of
aggregate, cement binder and water. The most common form of concrete is Portland
cement concrete, which consists of mineral aggregate (generally gravel and sand),
portland cement, and water. After mixing, the cement hydrates and hardens into a stone-
like material. Since concrete is a hygroscopic material, the heat transfer process is
affected by the migration of water. Due to the properties of concrete it can absorb a large
amount of heat. In most methods, constant thermal values are assumed for design
purposes [23].

4.4.2 Density
The loss or change in density of concrete is not significant with the change in

temperature. Therefore, constant density is assumed for design or modeling purposes. As
suggested by Eurocode [22], 2200 kg/m*was assumed for all the models.

4.4.3 Thermal Conductivity
The equation suggested by ENV 1994-1-2 for change of thermal conductivity of concrete

is presented below. The results from this equation are graphically represented in Figure
4.5. Wong M.B. et al. [23] conducted a sensitivity analysis and suggested that a constant
value of 1.2 W/mK may be assumed for modeling purposes. The equation below is a
general equation which maybe applied to different grades of concrete.

2

g

k,=2.0-024 % 40012 T
120

120

- [4-11]

where, g, = temperature of concrete (°C)

k. = thermal conductivity of concrete (W/mK)
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Figure 4.5 Thermal Conductivity Vs Temperature for soncrete (Schneider, 1986a),
[12], Chapter 6, p 90

4.4.4 Specific Heat

Specific heat directly varies with temperature. The equation suggested by ENV 1994-1-2
[12] for changes in the thermal conductivity of concrete is presented below. The results
of this equation and the values obtained from tests are graphically represented in Figure

4.6 As we can observe from the graph, the type of aggregate plays a critical role in the
values.

2
C, =900+80 1= _4 T - [4-12]
120 120
where, g, = temperature of concrete (°C)
C . = specific heat of concrete (J/kgK)

A constant value of 840 J/kg°C has been suggested by ENV 1994-1-2 for lightweight
concrete. For this project, normal weight concrete was used for analyses.
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Figure 4.6 Specific Heat Vs Temperature for concrete (Schissj 1986a), [12],
Chapter 6, p 89

4.4.5 Thermal Diffusivity

The thermal diffusivity of concrete decreases waithincrease in temperature. Figure 4.7

shows the nature of thermal diffusivity for nornaald lightweight concretes.

Figure 4.7 Thermal diffusivity Vs Temperature for concreggthneider, 1986a), [12],
Chapter 6, p 91
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