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SUMMARY

The main aim of the present research is to develop a method
of analysis for structural frames exposed to fire including

the effects of material and geometric non-linearities. A

matrix stiffness method based on a secant stiffness approach
is used providing a full temperature deformation history.
The approach has previously been used for the analysis of

continuous beams and is extended in the present work to

include axial forces. These not only affect the
longitudinal displacement, but also reduce the member
stiffness and create secondary moments due to the p-delta

effect.

The influence of material unloading on the moment-axial

force-curvature relationship is studied by examining a
cross-section subjected to different combinations of bending
moment and axial force at both ambient temperature and 1in

fire.

A computer program, based on the method is used to conduct a
limited parametric study. This 1includes the 1influence of
slenderness ratio, the magnitude of axial load and moment,
the size of cross-section and grade of steel. Both uniform
and non-uniform temperature profiles are considered for
lsolated beams, columns and simple portal frame. The

important of the p-delta effect 1s also investigated.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION.

—_—

In many countries steel has become the first choice of
architects and structural engineers for the framework of

multi-storey buildings. The material and the construction

methods associated with it have proved the most cost
effective and reliable in many different situations [1] due
to advantages over other systems such as speed of erection,

high strength/weight ratio, reliability and durability.

However, although steel is very strong under normal
conditions, this strength reduces dramatically when it is
exposed to the high temperatures experienced 1in a building
fire [2],I[3]. Building designers must therefore include
appropriate measures to minimise these effects, including
sulitable means of alarm and escape, and insulation of the
steel elements to ensure structural stability. In the
latter case it has been reported that the cost of such fire
protection has accounted for about 30% of the total cost of
various forms of building construction [4],[5],[6]. Because
of this, the subject of fire in steel framed buildings has
in recent years received considerable attention in terms of

research throughout the world. The aim has been to develop

1



a better understanding of the complexity of fire behaviour

and its effect on steel structures, as well as developing

more cost—-effective methods for fire protection.

The subject of fire and its effect on steel building frames

is complex. For convenience research in this subject can be

classified into four categories ([7],[8]:

1. General principles relating to fire and its spread in

buildings.

2. Properties of steel exposed to fire.

3. Fire resistance tests on structural elements.

4. Methods of calculating the behaviour of protected and

unprotected steel structural elements and frame

structures in fire.

At present, the basic problems of prediction of hot gas

temperature 1in an enclosure and the resulting steel
temperatures, as stated in the first and second categories,
are still not solved conclusively, but are being studied by
a number of investigators in different parts of the world
[11]. A considerable amount of work has been carried out
on the third category, since in most countries fire safety
design 1is based on standard fire resistance tests [1].

Contributions in the fourth category are relatively few 1n




number [7]. Thus the main aim of the present research 1is

to establish a method of calculating the structural response

of steel building frames 1in fire. The objective is to

determine the deformation histories of steel frame
structures 1in fire, as well as to obtain the critical

temperatures and times of these structures.

l.2 FIRE STATISTICS AND FIRE LOSSES.

e

[ i —— —r——r— —r————— = == ——_———————rwr  r— ——

One notable fire which destroyed a very large area was The
Great Fire of London in 1666 [9]. Two square miles of the
city were ruined and 1300 houses were destroyed. Other

fires which have caused a considerable loss of life are

shown in Table 1.1 [9].

In Great Britain it has been estimated that fire losses for
1987 were over £450 million [2). Table 1.2 and Figure 1.1
show the annual total for estimated fire losses for England,
Wales and Scotland for 1975 - 1987 [2]. From Table 1.2 and
Figure 1.1, even though the statistics are confined to Great
Britain only, it is clear that fires can have a disastrous
effect on both life and property. Safety measures should be
taken to reduce or eliminate the risk of personal injury or

death due to fire and to reduce the total loss of building,

plant and goods. Fire safety policies will be discussed 1in

the following section.
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Figure 1.1: Annual total of fire losses for England,

Wales and Scotland (1975-87)




Year

1970
1971
1972
1973
1974
1975
1976
1977
1977
1978
1979
1980
1980
1981
1982
1983
1983

1985

1986

Place

Dance Hall, Saint Laurent du pont

Hotel, Seoul

Night Club, Osaka

Department Store

Jeolma Office Building

Discotheque, La Louvieres

Hotel
Night Club, Kentucky

Jail, Colombia, Tennessee

Hotel, Boras

Bank, Warsaw

Drinking Club, London

MGM, Grand Hotel, lLas Vegas
Stardust Disco, Dublin
Hotel, Tokyo

Cinema, Turin

Disco, Madrid

Football stands, Bradford

0ld People's Home, Beauvails

France
Korea
Japan
Japan
Brazil
Belgium
Algeria
USA
USA

Sweden

Poland

UK
USA

Ireland
Japan
Italy
Spain
U.K

France

Country |Lives

Loss
142
163
118

103
179
15
36
164
42
20
49
37
85
48
32
40
80

56

24

Table 1.1: Notable fires which have caused large loss

of life.



Year

£ Million

1975 210.50
1976 231.58
1977 263.16
1978 305.26
1979 352.63
1980 463.16 (1)
1981 357.90
1982 389.47
1983 557.89 (2)
1984 542.11 (3)
1985 436.84
1986 447 .37
1987 457.89

Table 1.2: Annual total for fire losses for England,

Wales and Scotland for 1975-1987.

(1) . Including British Aerospace, Weybridge ( £72.5 million)
and Alexandra Palace ( £31 million ).
(2). Including Army Ordnance Depot, Donnington ( £165

million ).

(3). Including two London warehouse totalling over £81

million.



l.3 FIRE SAFETY POLICIES.

The common historical reference point for fire safety
policies 1is The Great Fire of London which lasted for 3
days. King Charles II issued a roval proclamation which
required walls of new constructions to be made of brick or

stone and streets to be widened. Surveyors were appointed

to draft regulations on the construction of new buildings

[9]. In principle the aims of fire safety policies cover
many aspects including means of escape, preventing rapid

growth of fire, preventing external fire spread and ensuring

structural stability. These are described briefly as

follows:

(a) Providing adequate means for escape.

Analysis of fire casualties over a 10-year period has shown
that annually between 800 and 900 people lose their lives
and 8000 people are injured [9]). Because of this the main
aim of fire safety policies is to ensure rapid evacuation of

all occupants to a safe place. These escape routes should

be available from all parts of the building and should
remain safe and effective for the duration for which they
are needed. In addition they must be clearly visible to

all users, and be suitably located and of sufficient size to

meet the needs of all occupants.



(b) Preventing rapid growth of fire.

The main aim is to ensure that the chance of fire occurring

in a building is minimised. If a fire does occur its rate

of growth and spread should be controlled to permit

evacuation.

(c) Preventing fire spread (i.e containment).

The main aim is to ensure that under fully developed fire
conditions the building and its structure will not suffer
collapse or become unstable. The fire will be contained

within boundaries in order to prevent further damage to

adjacent compartments or buildings.

(d) Preventing external fire spread.

The main aim is to ensure that the possibility of a
conflagration due to external fire exposure is reduced and
fire spread from one building to another is prevented. Such
measures which can be used include extinguishing systemns,

facilities for fighting fires and walls up to roof level.

Based on the above policies more secure and safe buildings

can be achieved.
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1.4 RATE AND DEVELOPMENT OF FIRE IN A COMPARTMENT.

In this section the behaviour of fire in a compartment 1is

discussed. If a fire 1s left unattended, it will progress
through three distinct stages, namely a growth period, a

steady combustion period and a decay period. A curve
representing the corresponding temperature development 1s
shown in Figure 1l.2. This shows that fire generally
commences with a slow increase 1in temperature (growth
period), followed by a rapid rise in temperature until a
peak is reached (steady combustion period) and ending 1in a
relatively slow decrease in temperature (decay period). The

detailed features of each period are discussed below:

(a) Growth period.

The temperatures during this period are generally low,
seldom exceeding 250°C [10]. Its duration depends on the
nature of the combustible materials involved and the
environmental factors such as fire load and air supply. The
duration of this period is extremely important because the
chance of escape is relatively high and the temperature is

very low. Also evacuation of important properties and the
most effective operation of fire brigades are best achieved

during this period.
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Figure 1.2: Typical temperature development in

a natural fire.




(b) Steady combustion period.

The period commences at point B in Figure 1.2. The burning

material begins to generate flammable vapours causing the

spread of fire to accelerate very rapidly. The temperature
continues to rise, but much more rapidly, and when it
exceeds 600°C [10) there is a spontaneous combustion of all

organic materials 1in the compartment. This phenomenon 1is
referred to as ‘flashover' and is characterised by sharply
rising temperature. During this period flaming can be
observed throughout the compartment volume. The temperature
continues to rise but at a decreasing rate until a balance
is reached between the heat produced in the enclosure and

the heat losses to walls and surroundings.

(c) Decay period.

The duration of the decay period depends upon the total
amount of combustible materials and the rates at which they
can decompose. After most of the material has been burnt,
and assuming that fire has not been controlled, the fire
reduces in intensity and the temperature reduces
progressively to ambient temperature. Malhotra [10] has
stated that " a well-designed building can withstand the
complete burnout of the contents without suffering collapse

or permitting the fire to escape from the protected areas”.

The second and third periods of fire development 1n a



compartment can lead to structural instability or collapse
because the structural steel elements are at very high

temperatures, and consequently the strength of the material

is greatly reduced. These periods should therefore be of

primary interest to structural engineers [5].

1.5 STANDARD TIME-TEMPERATURE CURVE.

The behaviour of fire in a compartment is a very complex
matter. This is due to the fact that the fire severity
depends not only on the fire load density but also on other
factors such as ventilation, burning rate, fire duration and
the thermal construction of the enclosure [12],([13]. Such

variations cannot be realistically represented in comparing

fire characteristics of different systems, and a standard
time—-temperature curve has therefore been adopted

internationally ¢to represent the fire behaviour 1in a

cdmpartment.

The equation of the standard fire curve relating gas

temperature in a compartment to time was proposed by Inberg
[5],[12]. It is defined in British Standard 476:Part 8 ([13]

and ISO 834 [1],[12] and takes the form:

T — T 3451lod1o0 ( 8t + 1 J.veeeeececeaaoa(l.l)

where T = gas atmosphere temperature (°C)

To

ambient temperature (°C)

8



t = time (min)

In BS 476: Parts 20 and 30 [14] standard fire tests are

required to operate according to the standard time-

temperature relationship shown in Equation 1.2.

T = 20 = 3451og10 ( 8t + 1) ..ceeeeeceos(1.2)

The equation is shown graphically in Figure 1.3.

However it is important to recognise that this does not
represent the time-temperature relationship observed in real
fires, in which temperatures may rise more rapidly and reach

higher values than in the standard time-temperature curve.

Figure 1.4 shows a comparison between BS 476: Part 8 and the
results of natural fire tests [1],[12]. This shows the

early growth of temperature may be greater than the standard
curve, but unlike the standard curve the temperature peaks
and then begins to fall. However the standard time-
temperature curve does provide a basis for comparison. It
can be related to natural fire behaviour using a time-
equivalence concept as proposed, for 1instance, by Law as

reported 1in [17]. The relationshiﬁ relates the fire

severity, fire load and ventilation as shown below:

tt = C{ L/VAWATVH) .tieteeenneeeel(l.3)

where ¢t fire severity expressed as duration of exposure
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to a standard fire.

L = total fire load.
Avw = area of the opening in the roonmn.
AT = total bounding surface of the roon.

H = height of the opening in the roomn.

C = a coefficient.

—_—— -

- —

1.6 STANDARD FIRE RESISTANCE TESTS.

—p— e e e — m—t— = = -

Building regulations define the required survival periods
for structural steel elements which correspond to theilr
performance as measured in the standard fire resistance

test. Fire resistance is defined in BS 4422 : Part 1 [9]
as the ability of an element of building construction to
withstand the effects of fire for a specified period of time
without the loss of its fire-separating or load-bearing
functions. Internationally, the generally accepted method
for design of load-bearing structural elements under fire
action is still based on the standard fire resistance test
as shown in Figure 1.5 [15]. In the UK the fire resistance

of an element is determined in accordance with BS 476: Part

8, now replaced by BS 476: Parts 20 to 23 [9],[13] which
specify the laboratory procedure and test criteria. This
test is based on the procedure first issued 1in 1932

following work by the British Fire Prevention Committee and

standardization by ASTM [9],[12].

The lengths of column and beam specimens for the test are

10
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10. No.

11. End.
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Figure 1.5: Standard fire resistance test in relation

to fire safety design [15].



typically 3m and 4m respectively. The period of fire
resistance of the element 1is obtained when it reaches a

defined failure condition. In the case of beams this has

been when the central deflection reaches 1/30 of the span
[13]. However this criterion has now been superseded by an
amendment of BS 4822:1985 reflecting the suggestion of
Robertson and Ryan [16]. This allows a maximum deflection
of 1/20 of span, provided the rate of deflection R does not

exceed the following limiting value:

R =12 / (9004) mm/min

where L

span of the test element (mm).

Q.
|

distance from the top of the cross-section to the

bottom of the design tension zone (mm).

- ey o -
—— - T EmE TR TSR EE e —r————w—r

l.7 THE FIRE ENGINEERING APPROACH.

B —_— -

While the building regulation system has proved effective 1in
that structural collapse in fire 1is extremely rare

alternative methods, generally described as Fire
Engineering, based on a more rational and analytical

approach, are being developed. The motivating influences

in the development of Fire Engineering are as follows

[1],[15]:

(a) The information needed to design structures rationally
for fire safety cannot be provided solely by the results of

11



standardised tests, because the behaviour of structures 1in

fire 1is extremely complex and testing facilities are both

limited in size and are expensive.

(b) On several occasions claims have been pressed for the

abandonment of the present c¢lassification systems shown in
Figure 1.5 and the standardised fire resistance test, which

both present serious deficiencies [15].

(c) Analytical methods for predicting thermal and structural

response are becoming increasingly sophisticated. The use

of computers allows such an approach.

The Fire Engineering approach can be divided into three

steps [1]:

l. Determination of a time-temperature curve of the

atmosphere in a fire. .

2. Prediction of steel temperatures, taking account of any

fire protection which is provided.

3. Determination of the structural performance.

The above mentioned categories will be discussed in the

following section.

12



1.7.1 The time-temperature curve in a compartment.

As mentioned in Section 1.4 the gas temperature in a fire 1is

influenced by factors such as the fire load, ventilation and

the thermal properties of the surrounding area [1],[2].,[10].

The fire load in a compartment is established by listing the
masses of its contents and the materials wused 1in the
construction. Conversion factors are then used to relate
their calorific value to wood. The total fire load 1s then
obtained by summing all the individual calorific values.
The floor area is measured and the fire load in terms of kg

of wood/m2 is established. As the fire 1load is increased

the potential for fire severity is increased [1].

Gas temperafﬁres in fire are often controlled by the air
supply. A well ventilated fire will produced@”a shorter and
hotter time-temperature curve compared with a restricted
ventilation system [2]. The importance of fire load and
ventilation on the rate of development in a compartment was
demonstrated by studies carried out by the Fire Research
Station [1]. Magnusson, Pettersen and Thor [18] have
developed a mathematical model to represent the time-
temperature curves 1in a compartment by considering the
balance between the heat produced and that removed from the
compartment. It should be noted that using these

techniques the time-temperature curve used models the actual

behaviour of a fire (that is the growth period, fully

13



developed period and decay period). This is not the case in

the standard time-temperature curve.

l.7.2 Steel temperatures attained in fire.

m—-m

The prediction of steel temperatures in fire is very

important, since the strengths of the structural steel
elements depend on their temperatures. The temperature and

heating rate of a steel structure is influenced by several

factors [1],[2] such as:

(a) Steel size and shape represented by the Hp /A factor,

where Hp is the exposed perimeter of steel exposed in fire
and A 1is the cross—-sectional area of the member. The
temperature of a member with low Hp /A ratio will rise at a

slower rate than one with higher Hp /A.

(b) Location, thickness and nature of any protection
applied. The location of a steel member will affect the
amount of heat transferred to it by radiation and

convection. In reference [1] the position of the steel

member is taken into account by using an emissivity variable
which has values in the range 0.3 to 0.7. This effect 1is
shown in Figure 1.6 1in relation to the 1location of
structural steel columns. In Figures 1.6(a) and 1.6(b) the

emissivity variable has values 0.3 and 0.7 respectively.

The thickness and nature of any fire protection material

14
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will affect the steel temperature [19]. For example, a

member which has 100 mm thickness of fire protection

material will be heated at a much slower rate than a member

with 10 mm thickness of the same material.

Different forms of construction can also give widely

differing steel temperatures in fire, as shown in Figure
1.7. The figure shows that a concrete slab or concrete

blocks placed between the flanges of the cross-section of
beams and columns will act both as a heat sink and as

shielding, resulting in a non-uniform temperature profile

across the section [5],[20].

The prediction of steel temperatures in fire has been
studied by several authors [19],[22]. Such techniques have

been used in computer programs such as FIRES-T3 [22].

1.7.3 Structural response of steel structures in fire.

This area covers the structural behaviour of steel-framed

structures when exposed to fire conditions and is the main
concern of the present research. Structural analysis for
fire conditions is very complicated since the behaviour of
steel 1n fire 1is influenced by the effect of increasing

temperature in different ways. The principal effects are

stated below:

1. Degradation of stress-strain curves with increasing

15
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tenperature.

2. Variation of steel temperature within the section and

along the span of the member.

3. Expansion of a confined or restrained member which may
result in significant axial forces or in additional bending

being applied to the member.

— ety —— -

1.8 SCOPE OF THE PRESENT RESEARCH.

—r— — ——————— — — R —

The main aim of this research is to develop an analytical
tool which can analyse the behaviour of steel frame
structures in fire. The method will be used to investigate
the effects of material and geometric non-linearities at
ambient temperature and also in fire. The material non-
linearities are due to the non-linear stress-straln curves
and also to the reduction of stiffness due to the presence
of axial force within the steel element. Geometric non-
linearities arise due to the effect of bowing affecting the

longitudinal expansion, and also the effect of axial force

which creates extra bending moments in the element.

The matrix stiffness method was chosen as a basis for the

analysis because of 1its practicality and suitability for

computer analysis.

In Chapter 2 the 1literature on the effect of increasing
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temperature on the behaviour of steel structures in fire is

reviewed. A review of several methods which have been

adopted for the analysis of frame structures in fire is

presented. The derivation of moment-axial force-curvature

relationships at ambient temperature is also reviewed.

In Chapter 3 a practical approach for the analysis of plane
frame structures at ambient temperature is developed. The
analysis includes the effects of material and geometric non-
linearities. The approach is based on the secant stiffness
concept rather than the more wusual tangent stiffness

treatment. A validation of the theory is also presented.

In Chapter 4 an investigation is carried out to highlight
the effect of material unloading on the moment-axial force-

curvature relationship at ambient temperature and in fire.

In Chapter 5 the method which was discussed in Chapter 3 1s
extended to analyse the behaviour of frame structures 1in
fire. It illustrates how the effect of increasing

temperatures on the frame structure can be included in the
method of analysis described in Chapter 3. Such effects

include variation of stress-strain curves due to changes in
temperature profile, thermal expansion, restraint conditions

and also the effect of non-uniform temperature profiles.

In Chapter 6 a validation and calibration of the accuracy of

the present method is presented. A series of comparisons

17



are made with some of the reported results from tests, and

also from theoretical studies.

In Chapter 7 a parametric study 1is conducted 1in order to
achieve a better understanding of the factors that may
influence the behaviour of frame structures in fire. The

studies are conducted on a single member and a simple portal

frame in fire.

Lastly, in Chapter 8 general conclusions are drawn and

suggestions for future work are presented.
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CHAPTER THO

LITERATURE REVIEW

4.1 INTRODUCTION,

L T

In this chapter the analysis of frame structures at ambient
temperature is reviewed briefly, leading to a more detailed
study of research work related to the behaviour of building
frames in fire. The derivation of mnoment-axial force-
curvature relationships in determining the flexural and
axial stiffness coefficients at ambient temperature is also
reviewed. A review of certain factors that influence the
behaviour of steel frame structures in fire, including
material softening and variation of steel temperature within

the cross-section or span of the member, is also discussed

in this chapter.

2.2 THE ANALYSIS OF FRAME STRUCTURES AT AMBIENT

TEMPERATURE.

The deformation of a frame structure under applied loads
depends on a number of factors including the mechanical
properties of the material used, as represented by its

stress-strain curve. 1In early methods of frame analysis the
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material was assumed to behave in a linear elastic manner
following Hooke's Law, ignoring the non-linear parts of the

stress—strain curve. Based on this behaviour, in the middle
of this century Maney, Cross, Southwell and Kani developed

the slope-deflection, moment distribution, relaxation and

shear distribution methods respectively [23]. These
methods became very popular in engineering offices because

of their simplicity and adaptability to hand calculation.

With the development of powerful computer equipment, the so-
called matrix stiffness method was developed [23]. In this
method, the structure is represented by an assembly of beams

and columns connected at nodes, and the analysis requires
the solution of a large number of simultaneous equations.

The form of each beam or column is assumed to be prismatic.
This method offers advantages in cases where the structural

analysis cannot be carried out by hand calculation or when

the structure is very complex.

However, if the applied load is irregular or the structural
elements are nonprismatic the structure can no 1longer be
represented so simply. This led to the development of the
finite element method in the early 1960s [25] with plate as
well as bar elements. It should be noted that the matrix
stiffness method is essentially one form of finite element
method. The finite element method has proved to be a very

powerful tool but usually needs computers which are quite

powerful in terms of speed and storage to accommodate the
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software and data. Large amounts of data need to be ;

prepared prior to performing the analysis. Such limitations

need to be considered when a practical method of analysis is
to be developed. For implementation on personal computers

the matrix stiffness method offers a more practical and
suitable basis for the analysis of frame structures because

it requires much 1less data to be prepared prior to

performing the analysis than does the finite element method.

The matrix method has been applied successfully to a wide
range of linear structural problems [23]. It has also been
extended to include problems with material and geometric

non-linearities. The non-linear effects are very important,
especially when determining the maximum 1loads of frame

structures in which some parts undergo elasto-plastic

conditions which consequently affect the deflected shape of
the structure. The subject of material non-linearities
includes the nonlinear stress-strain curve of steel and also
the reduction of member stiffness due to the presence of
axial force [26],[27]. On the other hand geometric non-

linearties include the effects of joint displacement, axial

shortening due to bending and the presence of the "p-delta”

effect [26]),([27],1[28].

A technique which is widely used to cater for these non-
linear effects is the incremental solution procedure which

was developed 1in the early 1960s [24]1,[26]1,([28]. The load

1s increased in small increments and 1local linear analysis
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is carried out based on the tangent stiffnesses at the
corresponding points of the stress—strain curve. A

geometric stiffness matrix is also included in the element

stiffness matrix 1in order to cater for the effect of

geometric non-linearity [30<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>