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ABSTRACT

This thesis deals with the influence of fire on the behaviour of steel concrete composite
floors. A theory has been developed to calculate deflections during the fire and the
ultimate strength of the composite floor under such conditions. The solution is based
on the finite difference method. It takes temperature-dependent material properties into
account.

The method of analysis comprises two parts; the first is thermal analysis, enabling
temperatures to be calculated as a function of fire exposure time. The second 1s
strength analysis for calculating the strength of composite floor with material
properties affected by temperature.

For the heat flow analysis, the cross-section is divided into mainly rectangular
elements. Sloping boundaries are approximated by triangular elements. The heat
transfer from the fire to the surface is considered as well as heat conduction to the
neighbouring points. At internal points, heat conduction to all the neighbouring points
1s considered.

To calculate the deflections, the floor is divided into a two-dimensional mesh. The
deflections are calculated for each mesh point based on orthotropic plate theory. The
differential operators are replaced by the finite difference formulae. This reduces the
governing differential equation into a system of linear algebraic equations. To
calculate the plate rigidities, it is necessary to find curvatures for all mesh points in the
two planes using finite difference operators. The thermal strains are superimposed on
the mechanical strains associated with curvatures to find the net strains, and then
stresses are calculated using the non-linear temperature dependent stress-strain curves.
Integrating the stresses, the internal stress resultants are calculated. The above method
has been programmed in Visual Basic.

To validate this method, a comparison with a number of fire tests has been carried out
for both thermal and mechanical behaviour. The temperatures at comparable points are
generally close to each other. Comparisons have also been carried out for calculated
mid-span deflections by this method and the published test results. The results show
excellent correlation between the tests and the new method.

A parametric study has carried out on floors with different boundary conditions when
subjected to in-plane forces for two fixed and simple ends. Comparison of mid-span
deflections between the fixed and simple end conditions has shown that fixed edges
have better fire resistance than simply supported when not subjected to in-plane forces.
It has found that in-plane forces had little effect on deflection rates at initial stages of
the fire. These only appeared at later stages. When subjected to in-plane forces in one
direction only the floor showed better response.

The conclusion from the parametric study is that in-plane forces at different edges play
a significant role in the behaviour, as the surrounding structure provides restraint
increasing the fire resistance of the structure within the fire compartment.
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To check the applicability of this method, a comparison between Bailey's design
method and the present numerical analysis method was carried out. The maximum
deflections were calculated by the new method using the Span/20 criterion for
deflection. Good agreement was obtained with the Bailey's design method for slabs
with both simply supported edge conditions and clamped edge conditions.

The developed method has been shown to accurately predict the nonlinear response of

composite floors in fire and gives satisfactory prediction of thermal and mechanical
behaviour of composite floors in fire. It has been shown that the new method is an
appropriate tool for the analysis of composite floors exposed to fire.
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NOTATION

heat capacity

Proposed time increment
propose
d appropriate time increment

- ] [ ] & L ] [ ]

X | the flexural rigidity of the plate in the x-direction

the flexural rigidity of the plate in the y-direction
the effective torsional rigidity

- Young’s Modulus of steel at 20 °C

f, Yield stress of steel at 20 °C

C

dA

dt_
t

compressive strength of concrete at temperature 7' in

(N/mm?®)

f. Strength of concrete at 20 °C
f Tensile strength of steel at temperature T in (N/mm®)

H maximum value of the coefficient of heat transfer

max

during exposure to the standard fire, W/m?°C

thermal conductivity
the thermal conductivity of the concrete

Reduction value for concrete

Xvl

K
K

¢
Kﬂ



maximum thermal conductivity of the concrete

Reduction factor for steel corresponding to f,,
Reduction factor for steel (in elastic range)

Moments in x and y direction respectively
In-plane forces per unit length
Internal forces in the cross-section

heat flow out of the bottom face in y direction at point

H
»w

i,j attimem

minimum thermal capacity of the concrete
time in minutes

the time after the start of the fire in hours

Temperature

the fire temperature in (°C)
initial temperature in (°C)

temperature at the time (m+1)dt
Ultimate concrete strain in descending branch
max. Strain in descending branch

Strain corresponding to f, .. (end of strain-hardening

d max

branch) start of Plateau

t-.. 3
r

™

]
L

Strain corresponding to f, _ (end of Plateau)

E bending bending strain
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emissivity of the concrete
emissivity of the fire

Strain due to stress
3 tress

thermal strain
thermal

Concrete strain at the peak compressive stress,

(corresponding to £, )

Stress

5.67 * 10°W/m“K" (Stefan Boltzmann Constant)
coefficient of linear thermal expansion.

Deflection of the plate in the space coordinates

The rate of change of thermal expansion with

temperature

the deflection at a general interior node of the floor

the distance from the centre of the mesh element area

to the neutral axis

. §g
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GLOSSARY OF TERMS

- '
Ambient temperature: | Being at room temperature (20 C).

The change in linear dimension per unit length divided by

Coefficient of thermal

expansion: the temperature change.

Conduction: The flow of heat from one part of a substance to another
part.
Convection: A method of transferring heat by the actual movement of

heated molecules.

Creep of concrete: A time-dependent deformation that occurs while concrete 1s

under sustained stress.

Deflection: The displacement of the composite floor under elevated

temperature.

Deformation: The act of changing the shape or dimensions of the floor

resulting from stresses.

Emissivity of fire: The amount of radiative heat the fire emits relative to the
radiative heat emitted by a perfect black body at the same

temperature.

Equations of The equations relating a state of static equilibrium of the

Equilibrium: composite floor when the resultant of all forces and

moments are equal to zero. Three equations must be fulfilled
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simultaneously: Sum of the forces in the X-direction must

equal zero, sum of the forces in the Y-direction must equal

zero, and the sum of the moments about any point must

equal zero for a two dimensional structure.

Equivalent Fire The time during which a specified compartment or structure

Exposure: 1s submitted to ISO standard fire in order to obtain the same

severity (effect) as the real fire curve.

Fire resistance:

Fire resistance is a measure of the ability of the structure to
resist collapse, fire spread or other failure during exposure to

a fire of specified severity.

Fire severity: It 1s a measure of the destructive impact of a fire, or a
measure of the forces or temperatures which could cause

collapse or other failure as a result of the fire.

Fixed-End Support: A condition where no rotation or horizontal or vertical

movement can occur at that end. This type of support has no
degrees of freedom. Three reactive forces exist at the rigidly

fixed end.

Insulation: Resistance to the transfer of heat, or limitation of the

increase on the unexposed face. Or
The nise of temperature on the unexposed face.

Integrity: Resistance to fire protection or ability of the resist

penetration by flames or hot gases through opining (e.g.

cracks). For composite floors it is assumed that the integrity
criterion is fulfilled because of the steel sheet. Or ability of

the floor to resist penetration of flames through the




formation of cracks and openings.

[sotropic: A material having equal physical properties along all axes.

Moment: The tendency of a force to cause a rotation about a point or

axis which in turn produces bending stresses.

Neutral Axis: The surfaces in the floor where the stresses change from

compression to tension, 1.e., represents zero strain and

therefore zero stress.

Non-linear behaviour:

The strain or deflection of the floor is no longer proportional

to the stress applied.

Orthotropic plate: A plate which has different elastic properties in two

mutually perpendicular directions in the plane of the plate.

Pin Connection or A connection where no moments are transferred from one
Support: member to another, only axial and shear forces. This type of
support has one degree of freedom, it can freely rotate about
its axis but it cannot displace in any direction. Two mutually
perpendicular reactive forces exist at the pin and their lines

of action pass through the centre of the pin.

Poisson's Ratio: Defined as the ratio of the unit lateral strain to the unit

longitudinal strain. It is constant for a material within the

elastic range.

Proportional Limit: The point on a stress-strain curve where the linear

relationship between stress and strain ends and usually

coincides with the material yield point.

Rigidity coefficients

The resistance to flexure of a plate strip having a unit width

Dy, Dy: and a thickness, in the x- or y-direction, respectively.




Roller Support: This type of support has two degrees of freedom, it can
freely rotate about its axis or displace in one direction in the
plane. Only one reactive force exists at a roller which acts

perpendicular to the path of the displacement and its line of

action passes through the centre of the roller.

Specific heat: The rate of temperature rise of a given matenal to a given

amount of heat energy.

Stability: Resistance to collapse and/or excessive deflection.

Stiffness: The resistance of a structural member to deflection due to

loading.
The shortening or elongation caused by an applied stress.
Stress: A compression or tensile force acting on an element divided

| by the area which 1t acts.

Surface Emissivity: The ratio between the radiative heat absorbed by a given
surface and that of a black body surface, equal to heat

| absorptive ability of a surface.

Tensile Strength:

The longitudinal pulling stress a material can withstand
without tearing apart or the maximum tensile stress the

material can sustain.

Tension: A condition caused by the action of stretching or pulling of a

component.

Thermal conductivity: | The rate that heat energy is able to transfer (conduct)

| through a given material and 1s defined as the ratio of the
l

heat flux to the temperature gradient.

Thermal diffusivity: It 1s described as an index of the ease or difficulty with
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which concrete undergoes temperature change and,
numerically, is the thermal conductivity divided by the
product of specific heat and density.
Thrust The horizontal component of a reaction or an outward
- hornizontal force.

Torstonal ngidity: The resistance of a plate element to twisting.

Yield Pomt ( £, ): Is that unit stress at which the stress-strain curve exhibits a

definite increase in strain without an increase in stress which
1s less than the maximum attainable stress.

Young’s modulus: The slope of the linear portion of the stress-strain plot for a
given material found by dividing the unit stress by the unit

strain. This is also called Modulus of Elasticity (E).
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CHAPTER 1

INTRODUCTION

1.1 General

Fire safety can have a major impact on the overall conception of buildings, i.e. on
architectural conception, on the design, on the cost, etc. The objectives of fire safety
are a historical concept, and a properly designed building system greatly reduces the
hazards to life and limits property loss. The Great Fire of London in 1666 [Malhotra,
1956] was the single most significant event which has shaped legislation of today. The
rapid growth of the fire through adjacent buildings also highlighted the need to
consider the possible spread of fire between properties when the rebuilding work was
done. So the first building construction legislation was therefore requiring buildings to

have some form of fire resistance.

The research on fire safety design started as far back as 1928 of [Inberg, 1928].

Building Control took on the greater role of Health and Safety through the first Public
Health Act in 1875. This Act had two major revisions in 1936 and 1961, leading to the

first set of national building standards, The Building Regulations 1965.

The Building Regulations apply to building work (i.e. in the UK) and set standards for

the design and construction of buildings to ensure the safety and health for people in or
about those buildings. UK Building Regulations 2000 [BR2000] specifies the specific

requirements for each category of structural element in a building in terms of

resistance to collapse. The minimum period of fire resistance for the elements of most

structures 1s 30 minutes. Part B of UK Building Regulation 2006 [BR2006] covers all



fire precautionary measures that are necessary to provide safety from fire that will
safeguard building occupants, persons in the vicinity of buildings, and fire fighters.
Requirements and guidance cover means of escape in case of fire, fire detection and
warning systems, fire resistance of structural elements, fire separation, protection,
compartmentation and isolation to prevent fire spread and conflagration, control of

flammable matenals, and access and facilities for fire fighting.

Today the concept of fire safety design has been improved significantly and become

more rational. The fire safety objectives in the present European Fire Codes are
explicitly based on the life safety objective [CEC, 1990a}], then to confine the fire
within the compartment in which it started. From a life safety point of view, the
designer must ensure that collapse of primary structural members will not occur before

the occupants of the building have had a reasonable chance to reach an area of safety.

A more general objective of structural fire protection in a building 1s given by

Malhotra, 1982, in that it is to maintain the integrity of safe areas, to restrict the size of

fire and to prevent the building structure from becoming unstable.

The ability of a structure to resist collapse (in fire) depends primarily on the behaviour
of its elements at elevated temperatures. The behaviour of structures exposed to fire is
usually described 1n terms of the concept of fire resistance, which is the period of time
under exposure to a standard fire time-temperature curve.The level of fire resistance

required for different elements of a structure has traditionally been governed by codes

based on the occupancy, height and area of a building. The codes normally require that

load bearing elements and assemblies (walls and columns) have a fire resistance rating



at least equivalent to that required for the supported assembly (floor or roof), to
represent the minimum levels of fire safety deemed acceptable to society. Such

requirements, which are specified in terms of fire resistance ratings for different

elements and assemblies, can be traced at least as far back as the publication in the

USA of the first edition of the Uniform Building Code 1n 1927.

Structural design for fire safety is one aspect of performance based fire safety analysis

and design of buildings. Over the past decade, there has been considerable interest in

performance-based structural design for fire, particularly internationally.

Fire resistance requirements are fixed by National Codes in terms of the time an
1solated element should resist the action of a Standard Fire as defined by the heat
exposure given by ISO834. Fire resistance times of 15, 30, 60, 90, 180, and 240
minutes are specified depending upon the number of storeys; these times can also be a
function of the occupancy of the building and of the fire load. For a member to fulfil a
given fire resistance requirement, it is necessary to ensure that the temperature
developed in the member at the required fire resistance time (taking into account its
Section Factor and any insulation which may be applied) is less than the critical
temperature necessary to cause failure which is also known as the "critical

temperature”.

The temperature-time curve was conceived as a basis for legislation and regulation in
1906. National standards for fire tests were adopted first in the USA in 1917 and
subsequently in the UK and Europe. The fire resistance time is the time, in the standard

ISO834 fire test, taken by the member to reach the critical temperature. This time



varies according to the section size. The thicker the floor the slower is the heating rate
and therefore the greater is the fire resistance time. In a building in which a natural fire

occurs the heating rate 1s also influenced by the member location.

The solution then requires predicting the behaviour of structural elements exposed to
fire. The importance of predicting behaviour of structural elements exposed to fire, as
part of the general safety of buildings, 1s normally based on standard fire tests
[Newman G M, 1989]. However, it 1s now possible to predict the behaviour of a
structure during a fire by numerical analysis method. The most common forms of

analysis are finite element method and finite difference method. The structure under

consideration is divided into many small elements, the response of each of which can
easily be determined. By determining the response of the individual elements and
knowing the interaction between these elements, the overall behaviour of the structure

can be predicted.

1.2 Fire development

To understand the behaviour of a structure in case of fire requires determining fire
development 1n the compartment, the temperatures in the structural elements and

finally, the mechanical behaviour.

In a real fire, the speed of the increase of temperatures depends principally upon the
combustible material and the level of ventilation. The temperature-time curves 1n a fire

compartment designate the characteristics and intensity of fire developing process. A

typical temperature development in the compartment is shown in Fig. 1.1, which

includes three phases: fire growth, full development and decay.
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Temperatmre

Ignition Time

Fig. 1-1 Temperature-time curve for a typical fire

In the fire growth phase, ignition is the first event in the fire process followed by slow

growth of fire. The period is important for evacuation and fire fighting. Usually, it 1s

not of significant influence on the structure. After flashover, the second event in the

fire process, the fire enters into the fully developed phase, in which the temperature of
the compartment increases rapidly and the overall compartment is engulfed in fire. The
highest temperature, peak event, highest rate of heating and largest flame occur during
this phase, which gives rise to the most structural damage and much of the fire spread

in buildings. In the decaying period, the temperature decreases gradually.

1.3 Equivalent Fire Severity

Due to the large variety of possible temperature-time curves in buildings, the

assessment would be very expensive if the building elements were tested for each

particular fire curve. Therefore, a standard curve is necessary to enable comparisons to

be made.



According to this principle, Inberge [Inberge, 1928] obtained the first quantified
relationship of equivalent fire exposure and fire load to have equivalent severity if the
areas under each curve are equal, by burning office furniture and papers in a room and
measuring the temperature attained. Nevertheless a lot of fire tests are submitted to

standard fire curves. The most notable difference between these curves and the curve

for a real fire is that the first has no phase representing the decay of temperatures after

the fire load has been burnt out. They are represented in Fig. 1-2. The concept is that
the effect of a real fire on a structure is equivalent to the effect of a standard fire for the

duration of the equivalent time on the same structure [Franssen, 2003].

Fig. 1-2 Equivalent fire severity on equal area basis [Franssen, 2003]

The basic idea of the equivalent area hypothesis is that the area of the temperature time

curve under standard fire above a certain baseline corresponding to equivalent fire

exposure should be equal to that under the real fire.



1.4 Development of Numerical Methods

It thus becomes a necessity for engineers in performance based fire engineering design
and also to have tools to perform this design. The behaviour of a structure in fire may
be established experimentally. The experiments are performed in specially designed
furnaces in which the temperature of the surrounding air changes with time according
to a prescribed law. Due to reasons of economy the furnaces are often small, so that the
majority of experiments have to be limited to testing of single structural elements of
small size. Such a method 1s time consuming and the scatter of results can be wide, so

that only if the number of specimens 1s sufficiently large, the results are statistically

reliable, which makes the experiment expensive.

To overcome these drawbacks, a considerable amount of research has been directed
towards the development of numerical methods which enable the behaviour of a

structure to be predicted by much less expensive computer programs. Several

researchers have devised models and methods in order to simulate the behaviour of
structures under a fire environment. An example of the simulations is the problem of
the decision whether it is more advisable to demolish and rebuild than to repair the
building which has sustained a fire [Cioni et al., 2001]. A number of numerical

methods of the fire resistance of reinforced concrete structures have been reviewed in

Chapter 2.

The numerical analysis of the behaviour of a structure in fire requires the
determination of the interaction between fire and structure. This interaction can be
divided into three steps. In the first step, calculate the change of the fire temperature

with time (the fire scenario) is calculated. In the second step, the change of



temperatures with time in the structure is calculated as the result of the time and space
dependent heat transfer from fire into the structure. This requires a thermal analysis of
the structure in which the heat conduction problem is solved. The effects of the heat

radiation and the heat convection from fire to the structure surface are accounted for

via the boundary conditions. The final step consists of the determination of the

temperature dependent mechanical response of the structure.

1.5 Fire Resistance Analysis

Fire resistance analysis of reinforced concrete structures is important part in the design
for understanding the thermo-mechanical behaviour of a structure during fire. In fire
design, the ability of a structure for the exposure to heating 1s calculated according to
the standard temperature-time curve for a specified combinatton and for a stated period
of time [Eurocode 1 ~EN1991-1-2]. The two important points of a fire design are that
required period of time is based on the expertise of fire safety regulators and that the
fire heating is represented by a standard temperature-time curve or natural fire curve.
The Eurocodes allow the structures to be calculated either under the ISO standard fire

curve or under a natural fire curve.

The ISO curve and ASTM curve are the most widely used standard fire curves for the
purpose of experimental testing of elements. These curves are a very poor
representation of reality. They are completely independent of conditions that will
govern a real fire. For example, the same curve is used in a large industrial hallorin a
small room. But for a number of years the concept of time equivalence has been used
to assess natural fire severity in terms of an equivalent period of exposure to a standard

heating curve. The concept relates the maximum temperature achieved by a structural



member in a natural fire to the time taken for the same member to reach the same
temperature in a standard fire test. This concept has been extensively validated and

provides an indication of performance relative to a fire resistance period widely
understood by designers and checking authorities. The concept of equivalent fire

exposure is a bridge between the realistic fire curve and the standard fire curve.

The fundamental step in designing structures for fire safety is to verify that the fire
resistance of the structure (or each part of the structure) is greater than the severity of
the fire to which the structure is exposed. This verification requires that the follow<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>