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Preface

The field of structural fire engineering research is a typical borderline region,
in which substantial scientific contributions usuaily presuppose thorough famil-
iarity with many branches of mathematics, natural science, and engineering.
Research fields of this type have often been treated in a relatively negligent
manner, and structural fire engineering is unfortunately no exception in
this respect.

Fire engineering design of buildings and paris of buildings is at present
characterised by procedures which are non-functional and undifferentiated
from the viewpoint of structural design, and which are to a great extent based
on regulations and recommendations. For instance, load-bearing structures
are nowadays conventionally designed in a comparatively judicious fashion so
as to take account of static and dynamic loads, whereas the state of fire engi-
neering design gives rise to an undesirable lack of balance between these two
fundamental and equivalent phases of structural design work.

The object of this publication is to evolve a theoretical procedure of struc-
tural fire engineering design which is intended to be qualitatively equivalent
to the present-day methods of design for static and dynamic loads. The various
steps of the design procedure in question are dealt with in detail, and are
illustrated by examples which spotlight the scope of knowledge that is available
in this field today. In this connection, mention is also made of the most im-
portant research problems which must be solved in order that the proposed
procedure may be applied as generally as possible in the futore.

The present publication, which is an elaboration of the paper that appeared
in' the Swedish review “Guilkornet” under the title “Den byggnadstekniska
brandforskningen i dag och i framtiden” (Structural Fire Engineering Research
Today and Tomorrow) in 1964, is to be regarded as a complement to the
“General Programme for Scandinavian Long-Term Fire Engineering Research”,
see Reference [72], which has been drawn up by the Author in the spring of
1963 at the request of the Inter-Scandinavian Liaison Group (Nordiska Sam-
arbetsgruppen, abbreviated NS) for Inter-Scandinavian Building Research
Conferences (Nordiska Byggforskningsméten, abbreviated NBM), of the
Liaison Committee of Scandinavian Fire Prevention Laboratories (Nordiska
Brandlaboratoriernas Samarbetskommitté, abbreviated NBS), and of the
National Swedish Institute for Materials Testing, Stockholm.

The Author wishes to express his hearty thanks to Mr. Ilya Cyon, who
translated the manuscript into English, and to Miss Birgitta Andersson, who
prepared the drawings for publication.

Lund and Stockholm, December 1965
Ouve Pettersson
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Introduction

Structural fire engineering research occupies today a markedly subordinate
position in the engineering research sector. The literature in this field has so
far exhibited two outstanding characteristics. First, theoretical studies of this
subject are extremely scanty. Second, as regards experimental research, it is
to be noted that the major part of the investigations published at both national
and international levels are primarily to be qualified as limited tests, from
which some fundamenial data that are peculiar to the material under fest or
to the structure under test can be derived, but from which, on the other hand,
no generally applicable conclusions can be drawn.

As a conseguence of the situation outlined in the above, our specialised
knowledge in the field of structural fire engineering is at present highly un-
satisfactory. This state of affairs gives rise to extraordinary difficulties in the
design of buildings or parts of buildings with a view to ensuring that they shall
be structurally and functionally well-defined and correctly well-adapted from
a fire engineering point of view. These difficulties manifest themselves perhaps
most strikingly in connection with the load-bearing structures, which are
nowadays normally designed in a judicious and thorough manner so as to
take account of static and dynamic loads, whereas their design with reference
to fire resistance is dealt with in an extremely stereotyped way on the basis
of lists which are founded on experience, and which specify the fire resistance
in terms of time under standard fire conditions for structures and structural
members of commonly used types. It is evident that such an unbalance between
these two basic and equivalent aspects of design is an unguestionably serious
drawback, which must be obviated as soon as possible, and the only practicable
means of gaining this end is to be found in actively intensified, systematic
long-term research and development work in the structural engineering field.

Some of the structural fire engineering problems which are essential in this
research and development work will be summarily discussed in what follows.
At the same time, some fragmentary comments on the present state of know-
ledge in the allied fields will be made along with the discussion of these pro-
blems. In order that the subject under consideration may be treated within
a reasonable space, it has been decided that the scope of this paper should be
confined to the main problems met with in the fire engineering design of
{oad-bearing structures.



1. Principles of Fire Engineering Design of
Load-Bearing Structures [1]%)

The problem of designing load-bearing structures or structural members
with reference to their fire resistance is essentially an economic minimum pro-
blem in which it is required to minimise the sum of the cost of fire-fighting
services, the cost of fire prevention, and the probable cost of damage due to
fire. The last-mentioned cost is defined as the sum of the products of the pro-
bability of damage muitiplied by the cost of damage for all types of damage
which can be caused by fire to the structure under consideration. The first
two of the above-mentioned three cost factors can nowadays be estimated in
advance with satisfactory accuracy, while the requisite basic data for estima-
ting beforehand the probable cost of damage due to fire are for the most
part not available at the present time. An enormous amount of work is ne-
cessary in order to collect these data, and it may therefore be presumed to be
unrealistic to expect that structural design with reference to fire resistance on
the basis of a minimum total cost can be put into practice to any appreciable
extent in the next decades.

These circumstances make it necessary to simplify the problem uader con-
sideration. A natural and reasonable object of such a simplification is the
requirement that the fire engineering design should be carried out in confor-
mity with the fundamental principles which are conventionally used at the
present time in the static design of load-bearing structures. Stated in a summary
manuner, this requirement implies that the temperature distribution in the struc-
ture or the structural member, and the corresponding minimum load-bearing
capacity, which shall exceed by a stipulated safety margin the value referred to
the static load, must be calculated on the basis of the quantity of combustible
material (fire load) met with in each individual case. Unfortunately, even the
basic data required for such a simplified method of fire engineering design
have been studied so little that they are at present altogether inadequate. It
is for this reason that we are forced by necessity to reconcile ourselves with
the fact that the approach to fire engineering design, such as it is today, has
to be extremely schematic, as it is characterised by procedures which con-
sistently suppress genuine constructive thought, and which are whoily governed
by compliance with regulations and recommendations.

) The figures in brackets indicate the literature references af the end of this paper.
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In order that it may be possible to evolve practically applicable methods
of fire engincering design which are framed so as to be equivalent in set-up
to the present-day conventional procedures used in the static design of load-
bearing structures, it is necessary to undertake research with a view to solving
the following main problems

(2) To determine the magnitude of the fire load in buildings of the types
which are commonly met with in practice.

(b) To study the process of fire development in enclosed spaces, as influ-
enced by varying properties of the combustible material as well as by those
of the enclosing walls, floors, and. ceilings.

(¢) To investigate the thermal properties of common structural materials
within the whole temperature range to be considered in connection with fires.

(@) To explore the effects of the fire temperature on the strength and de-
formation characteristics of common structural materials.

(¢} To devise methods, simplified so far as possible, for calculating tempera-
ture fields in structures under unsteady-state conditions of heat transmission.

(f) To evolve methods which enable the load-bearing capacity of load-
bearing structures exposed to fires to be calculated on the basis of the data

obtained under (d) and {e).
Comments on these main problems will be found in the following sections.



2. Fire Loads

A survey of the fire loads which are met with in buildings of the most com-
mon types must be carried out on a broad statistical basis in order to provide
a reliable foundation for realistic estimates of the requirements which should
be stipulated from a fire engineering point of view for a structure or a struc-
tural member in each individual case. :

The fire load constitutes a measure of the total quantity of combustible
materials that is present in an enclosed room (this quantity includes the struc-
tural frame, the fixtures and furnishings, as well as the wall and ceiling finishes,
and the floor covering). In the regulations and recommendations which are
applied in various countries, the fire load is ordinarily stated in terms of an
equivalent average quantity of wood, which is expressed in kilogrammes per
square metre of floor area. This way of stating the fire load is inappropriate
in that the quantity defined as the amount of fuel per unit floor area has no
physical meaning as a parameter that is characteristic of a process of fire
development, On the other hand, if this quantity is modified so as to express
the amount of fuel per unit area of the total surface bounding the enclosed
room, then we obtain a parameter which has a real physical significance.
Accordingly, it is natural and important that this parameter should soon be
adopted as a characteristic of fire loads in enclosed spaces [2].

With a view to long-range objectives, it is furthermore imperative that the
fire load should be described in a manner that is more differentiated from a
combustion standpoint. It seems that a practical procedure in achieving this
purpose would be to state the heat value (calorific value) of the fire load per
unit area of the total surface bounding an enclosed space, and to specify the
frequency curve of the rates of combustion which correspond to the various
composents of this heat value, and which should be referred to strictly defined
conditions of combustion, e.g. open fires in air having definite pressure, tem-
perature, and relative humidity characteristics. It is moreover essential to
show at the same time the frequency curve of those emissivities. of the flames
and smoulders associated with a fire which correspond to the different compo-
nents of the heat value.

The extensive statistical basis which is required in order that differentiated
regulations and recommendations for fire loads in common building structures
may be drawn up in accordance with the general principles outlined in the
above is almost entirely non-existent today. In the present situation, our
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Fig. 1, Frequency curve of fire loads determined in Japanese office buildings with concrete
load-bearing structures. Mean value=262, standard deviation=10, 2 kg of equivalent amount
of wood per square metre of floor area [3].

knowledge in this field is everywhere limited to a quantity that is inappropriate
from a combustion engineering point of view, namely, the heat value per unit
floor area, which is ordinarily expressed in kilogrammes of wood per square
metre. The statistical basis which is nowadays available for estimating this
quantity varies greatly in extent from one country to another, In most countries,
including Scandinavia, the relevant statistical data are manifestly incomplete,
-whereas the literature in some other countries, particularly in Japan, contains
relatively extensive results obtained from surveys which have been carried out
systematically in order to determine the fire loads in buildings of the most
common types. This is exemplified in Table 1 by the values of fire loads which
are characteristic of Japanese buildings with concrete load-bearing structures
and in Fig. 1, which shows the associated statistical frequency curve of fire
loads in office buildings.

When the values of fire loads which have been statistically determined in
one country are to be applied in other countries, this may meet with difficulties
due to differences in types of buildings and in ways of life. A striking illustra-
tion of these difficulties may be provided by a comparison between the fire
load values represented in Fig. 1, which are characteristic of Japanese office
buildings, and the results of a very extensive survey made in modern Swiss
offices in order to determine the corresponding fire load values, which were
all found to be comprised in the range from 8 to 25 kg of wood per m2 of
floor area [4]. However, in making such a comparison, it is necessary to take
account of the differences which arise when a fire load, in kilogrammes of
wood, is converted to a heat value, in kilogramme-calories. For this conver-
sion. the Swiss use a heat value of 4000 kcal per kg, whereas the Japanese
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Table 1. Fire loads in Japanese buildings with concrete load-bearing structures

Type of building Fire load, kg of wood
per m? of floor arca
Apartments ) 40to 70
Hospitals 30 to 60
Hotels 251040
Offices 30 to 150
Classreoms in schools 20 to 50
Libraries 300 to 600
Libraries (reading rooms only) 50 to 350
Warehouses 50 to 200
Department stores 201t 75

utilise a considerably lower value of 2575 keal per kg, which corresponds to
a degree of combustion of only about 60 per cent.

To sum up the above considerations on fire loads, it may be stated that the
present standing of knowledge in this field is markedly inadequate. In parti-
cular, the scope of this knowledge is insufficient for a differentiated characte-
risation. of fire loads in conformity with the general principles expounded in
the above, which recommend that the heat value per unit area of the total
surface bounding an enclosed space should be specified, together with the
corresponding frequency curves of the rates of combustion and the emissivi-
ties under well-defined conditions of combustion. With a view to drawing up
future regulations and recommendations, it is therefore extremely important
that statistical surveys should be started without delay for the purpose of
determining as accurately as possible the characteristics of fire loads in buil-
dings of the most common types. These surveys should be carried out on such
a scale that the statistical data collected in this way make it possible to calcu-
late the mean value of the fire load, the standard deviation in this load, and
preferably also the type of the statistical distribution curve of fire loads with
an accuracy that is acceptable under practical conditions.



3. Process of Fire Development

In the regulations and recommendations which are in force in various
countries, the process of fire development in enclosed rooms is characterised
by standard temperature-time curves, which are based on the assumption that
the amount of fuel in the enclosed space is unlimited, see Fig. 2. On the other
hand, if the amount of fuel in an enclosed space is limited, then it is assumed
that the temperature-time relation is represented by the standard curve up to
a certain definite instant, which is determined by the amount of fuel or the
fire load, see Fig. 3. After this instant, the temperature in the enclosed space
is supposed to decrease to ordinary room temperature either instantaneously

66
1260°C
1000
800 _
1 ISO/TC 92, IMSTA 28/2, DINA10E-62
Z EMPA
500 3 ASTH E 119 (1853
4 METHER LAMDS V1076, (1958),~ BSATE(1653)
“oe 5. 3APANM, A1304
200
0 j t * + : L h
0 1 z 3 < 5 5 7 8

Fig, 2. Some standard curves used in various countries to represent the relation between the
fire temperature, 8, and the time, #. These curves relate to enclosed spaces. 8, is the tempera-
ture in the enclosed space at the time r=0.

Curve 1: ISO/TC 92, INSTA 28/2, DIN 4102—62.

Curve 2: EMPA.

Curve 3: ASTM E 119 (1953).

Curve 4: Netherlands, V 1076 (1955). Approximately the same as B. 8. 476 (1953).
Curve 5: Japan, A 1304,
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Fig. 3. Standard curves representing the relation between the fire load, in kilogrammes of

wood per square metre of floor arca, and the duration of the fire, in hours. These curves

relate to enclosed spaces. Curve 1: Sweden. Curve 2: U.8.A. Curve 3: UK. Curve 4: Swiss
draft standard [5] to [8]. :
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Fig, 4. Swiss standard temperature-time curve relating to fires in enclosed spaces. Curve
branch I Period of temperature rise. Curve branch IT: Period of temperature fall correspond-
ing to a linear rate of decrease in temperature of 10° C per min [§].
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or — as in the present Swiss standard specifications — in conformity with a
sloping rectilinear temperature-time curve, see Fig. 4.

Tt is seen from these graphs that the standard temperature-time curves used
in various couniries differ but slightly within the time range 0 to 2 hours,
which is of interest in ordinary fires under practical conditions. If the dura-
tion of the fire exceeds this value, then the range of variation in the tempera-
ture-time curves becomes wider, and hence more manifest. For the set of tem-
perature-time curves reproduced in Fig. 2, the width of this range amounts
to 41, 67, 123, and 181° C when the duration of the fire is =3, 4, 6, and §
hours, respectively. The scatter is found to be remarkably great in the curves
shown in Fig. 3, which represent the relation between the duration of a fire
and the fire foad. In this graph, Curves I, 2, and 3 refer to the standard rela-
tions used in Sweden, in the United States, and in the United Kingdom,
respectively, whereas Curve 4 was taken from a Swiss draft standard [8],
which is based on results obtained from wood fire tests in compartments with
square floor surfaces. For a fire load of 200 kg of wood per m? of floor area,
the respective values of the duration of the corresponding fire obtained from
these four curves are 4, 4.8, 3.2, and 1.4 hours. This variation Hlustrates in
a striking manner the great differences which exist now at an international
level in respect of one of the principal assumptions serving as a basis for
estimating and grading structures or structural parts from a fire engineering
point of view.

To characterise the process of fire development in such a way as it is done
at present in all regulations and recommendations, that is to say, by specifying
only a temperature-time curve and a relation between the duration of the fire
and the fire load, is a description which is far too stereotyped and incomplete
to be regarded as something more than a temporary expedient.

The temperature-time relation which represents the development of a fire
in an enclosed room is essentially dependent not only on the amount of com-
bustible materials present in the room, but also on many other parameters,
The most important of these parameters are enumerated in what follows.

(1) Position of the fuel in the enclosed room.

(2) Type of fuel.

(3) Dispersion factor (hydraulic radius) and particle shape of the fuel.

{4) Amount of air per unit time supplied to the enclosed room.

(5) Temperature, pressure, and relative humidity of the air supplied to the
enclosed room.

(6) Horizontal and vertical co-ordinates of the enclosed room.

(7) Thermal inertia and thermal conductivity characteristics of the struc-
tures which bound the enclosed room or are contained in this room,
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Fig. 5. Temperature-time curves determined by Mouracher at fire loads of 25, 50, 100, and
150 kg of wood per m? of floor area, compared with the ISO/TC 92, INSTA 28/2, or DIN
410262 standard curve {9].
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Fig. 6. Temperature-time curves corresponding fo “normal” and “slow” combustion, re-

spectively. These curves were determined from fire tests in an enclosed room, where the

amount of fuel was 25 kg of wood per m? of floor area [10]. Cf. the ISQ/TC 92, INSTA 28/2
or DIN 4102 —62 standard curve.
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Fig. 7. Temperatare-time curves determined from fire tests at a fire load of 235 kg of wood

per m? of floor area in an enclosed room, 8.7%6.6x 3.8 m? in internal dimensions, which

contained two symmetrically placed steel frames. One of them was of a light, unprotected

type, while the other was protected by concrete [10].

Curve 1: Temperature of the fire at a point situated 65 cm below the centre of the ceiling.

Curve 2: Temperature on the upper surface of the bottom flange at the mid-section of the
horizontal member. Light, unprotected steel frame,

Curve 3: Ditto. Heavy, protected steel frame.

Curve 4: Temperature on the inner side of the inner fiange at a vertical member section
situated 130 cm above the floor. Light, unprotected steel frame,

Curve 5; Ditto. Heavy, protected steel frame,

Cf. the ISO/TC 92, INSTA 28/2, or DIN 4102—62 standard curve.

Fragmentary illustrations of the effects produced by some of these para-
meters on temperature-time curves will be found in Figs. 5, 6, and 7. In Fig.
5, the curves determined by Mouracher [9] from wood fire tests show the
effect of variations in the amount of fuel under “normal” conditions of com-~
bustion. As regards the above-mentioned relation between the duration of a
fire and the fire load, the results given in Fig. 5 can serve fo corroborate the
Swiss draft standard curve reproduced in Fig. 3. The effect of variations in
the quantity of air supplied to the enclosed space per unit time is iltustrated
in Fig. 6. This graph shows the temperature-time curves which have been



16

o, keal/rth*C

800 res

03
50D
08
07
o6
300 05
o4

200 05

gz

100 ol

e o
Q + + tamalll M
0 400 ao00 1200

Fig. 8. Calculated theoretical relation between the coefficient of heat {ransmission, o, at
the fire-exposed surface of a structural part and the temperature in the enclosed room, &, for
varying values of the resultant emissivity, &re, which is determined by the relation

1 1 1

=1
res 8g( &y

where &, is the emissivity of the flames and ¢, is the emissivity of the fire-exposed surface

of the structural part.

obtained from Swiss fire tests [10] under conditions of “normal” and “slow”
combustion when the amount of fuel was 25 kg of wood per m? or floor area.
Furthermore, the effects of another two of the above-mentioned parameters
influencing the process of fire development, viz., the vertical co-ordinates of
the enclosed space and the thermal inertia characteristics of a structure con-
tained in the enclosed space, are illustrated in Fig. 7 {4]. This graph repro-
duces the temperature-time curves which have been recorded at several points
of a compartment in a fire test where the amount of fuel was 25 kg of wood
per m? of floor area. These curves relate to an enclosed room, 8.7x 6.6X 3.8 m3
in internal dimensions, which contained two symmetrically placed frame struc-
tures during the fire test. One of these structures was a light, non-covered steel
frame, while the other was a heavy steel frame filled with concrete between
the flanges of the structural shapes. Fig. 7 shows that the temperature in the
enclosed room increased in a vertical direction from a lower to a higher level.
Moreover, it is seen from this graph that the temperatures at the various
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points of the light, non-covered steel frame were higher than those at the
corresponding points of the heavier, concrete-covered steel frame, which had
a greater thermal inertia.

An accurate description of the temperature-time curve representing the
process of fire development in an enclosed room is not sufficient as an external
characteristic for determining the temperature fields in a structure or a struc-
tural part exposed to a fire. In addition, another essential factor which is
decisive in this connection is the coefficient of heat transmission through the
boundary air layer at the exterior surfaces bounding the structure exposed to
the fire. This coefficient is primarily influenced by the convection and radiation
conditions. The markedly predominant compounent of heat transmission is
usually that which is due to radiation. In general, this component increases
with increase in the temperature of the enclosed room as well as with increase
in the resultant emissivity of the fire-exposed surface of the structural part and
of the flames or smoulders in the burning zone, ¢f. Fig. 8 in this respect. This

Eadiant heat flusx
keal frmth

310

210

T in

( 24 enlen

] +
36 40 44 48 52 56 60 64

Fig. 9. Variation in the radiant heat flux from a burning timber house with the time. This

graph relates to timber house fires at high fire loads. Dash-line curve: Japanese standard

curve. Full-line curve; Curve determined from radiation measurements in full-scale tests.

The radiant heat flux was measured at a point situated at a distance of 30 m from the
source of fire [11].
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graph shows a theoretically calculated set of curves which represent the rela-
tion between the coefficient of heat transmission at the fire-exposed surface
of the structural part and the temperature in the enclosed room for varying
values of the resultant emissivity, éres. These curves are based on the assump-
tion that the coefficient of heat transmission by convection is independent of
the temperature, and is equal to 25 keal per m? per h per °C, and that the
temperature difference in the boundary air layer is conmstant in the whoel
temperature range met with in the enclosed room, and is equal to 125° C.

The fire engineering literature comprises a very small number of investiga-
tions dealing with the conditions of heat transmission associated with fire
development. As an isolated example taken from one of these investigations,
Fig. % reproduces a curve which represents the relation between the radiant
heat flux at a point situated at a distance of 30 m from a burning two-storey
timber house and the time. This curve has been obtained from full-scale tests
in Japan [11]. For the sake of comparison, this graph also shows that stan-
dard curve of radiant heat flux distribution, Tvpe A-24, which shall be used
in accordance with the relevant Japanese regulations for characterising timber
house fires at high fire loads. It is seen that the general shape of the radiant
heat flux curve obtained from the tests has verified the correctness of the
fiux-time relation expressed by the standard curve.

To sum up the above remarks on the process of fire development, it may
be stated that the ordinary characterisation of this process in the standard
specifications, which give only the temperature-time curve for the enclosed
space, is much too extreme a simplification of this problem. At the same
time, however, it is also to be noted that the available knowledge of the mecha-
nism of fire development and the associated thermal effects on structures and
structural parts is far too incomplete to make it possible at the present time
to introduce a more differentiated and functionally more correct characterisa-
tion of the process of fire development. Consequently, there is a great need
for an active intensification of research in this field. This research should aim
at an accurate survey of the effects produced by the above-mentioned para-
meters on all phases of the process of fire development, viz., the phases of
ignition, flaming, smouldering, and cooling, see Fig. 10. Among these phases,
the smoulder phase and the cooling phase have practically been left out of
account in the investigations which have been published up to now. In the
future research into the process of fire development, a high priority should be
assigned to accurate studies dealing with characteristics of fires of short dura-
tion and to a thorough treatment of the heat transfer conditions which a fire
occasions in the boundary air layers at the fire-exposed surfaces of buildings
or parts of buildings. In this connection, it is of considerable importance, e.g.
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Fig. 10. Main phases of the process of fire development characterised by temperature-time

curves of enclosed spaces, Full-fine curve: Temperature in the enclosed space determined by

means of thermo-couples sheathed in protective tubes. Dash-line curve: Radiation tempera-
ture. Cf. e.g. Fig. 15 in [12} and Fig. 12 below.

in the future design and construction of fire testing furnaces, to determine
the emissivity of flames, which is subject to wide variations with the type of
fuel, etc. For instance, the emissivity of gas flames is about 0.4, while the
emissivity of flames in wood fires is comprised within the range from 0.5 to
0.9. Therefore, the structures or structural members subjected to fire tests in
gas-fired furnaces are exposed to a radiation effect which is substantially
smaller than it is in fires under practical conditions. From a combustion en-
gineering point of view, actual fires may ordinarily be considered to be similar
in type to wood fires.

At the present time, there are three main courses open to future fire devel-
opment research, viz., full-scale tests, model tests, and theoretical calculations
dealing with heat balance and mass balance equations.

3.1. Fire Development Studies Based on Full-Scale Tests

in fire development studies based on full-scale tests, the most difficult pro-
blems are usually encountered in evolving appropriate measurement tech-
niques, Test techniques can also meet with great difficulties in ensuring the
idealised testing conditions which are required for isolated studies of the
effect of each separate parameter. This is a basic requirement which must be
fulfilled in order that the mechanism of fire development may be investigated
in detail and in order that the results of such studies may be as generally
applicable as possible.
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In the Scandinavian couniries, relatively extensive studies of the process of
fire development are now in progress at the National Danish Iastitute for
Testing Materials (Statsproveanstalten), Copenhagen, Denmark, and in the
Division of Building Construction, Royal Institute of Technology, Stockholm,
Sweden. The tests which are being carried out at the National Danish Institute
for Testing Materials constitute a part of a research project sponsored by the
Liaison Committee of Scandinavian Fire Laboratories (NBS). The object of
these tests is to investigate the thermal effects produced by a fire in a single
room on the surface layers in a corridor which communicates through an open
door with the burning room. The fire development studies conducted at the

Fig. 11. Test tunnel constructed for fire development studies in the Division of Building
Construction, Royal Institute of Technology, Stockholm, Sweden, [12].
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Fig. 12, Temperature-time curves determined in the test tunnel shown in Fig, 11. Fuel:
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Royal Institute of Technology, Stockholm, are performed in an oblong con-
crete tunnel of approximately semi-circular cross section, see Fig. 11. The
purpose of these tests is to determine accurately, under controlled conditions,
the temperature-time curves and the heat transfer conditions in an enclosed
space during all phases of the process of fire development. The parameters
which are varied in this test series comgrise the type of fuel, the amount of
fuel, the coefficient of dispersion of the fuel, and the amount of air supplied
for combustion to the enclosed space per unit time. The rate of air supply
can be regulated and measured by means of a precalibrated fan system. This
investigation is being carried out under the direction of K. Odeen. The results
which have been obtained up to now are exemplified in Fig. 12 by three sets
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Fig. 13, Isotherms of the air outside an external wall exposed to the flames emerging from
a window opening [13]. These isotherms were determined in experimental fires under the
conditions stated below.

(a) Concrete building. Fire in a room, 105 m? in floor area and 3.5 m in height to ceiling,
Five window openings, 167 cm in height and 91 em in width each. Amount of fuel: 4400 kg
of wood, corresponding to a fire load of 42 kg of wood per m? of floor area, or 12 kg of wood
per m* of total surface bounding the room. Window opening factor AVH/At=0.013m 2
where A is the total window area of the room, H is the height of window, and A, is the totai
area of the surfaces bounding the room,

(b) Concrete building. Fire in a room, 12.5 m? in floor area and 1,67 m in height to ceiling.
One window opening, 100 cm in height and 300 cm in width. Amount of fuel: 500 kg of wood,
corresponding to 2 fire load of 40 kg of wood per m? of floor area, or 10 kg of wood per

m? of total surface bounding the room. Window opening factor A]/E,’A,zo.ose mt2,
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of temperature-time curves, which have been determined in wood fire tests.
The respective rates of air supply for combustion were 2, 1, and ~0 m? per
sec. The magnitude of the fire load in all these three tests was 25 kg of wood
per m? of floor area, or 9 kg of wood per m? of total surface bounding the
enclosed space. The fuel consisted of I-in. by 4-in. pine boards, and the hyd-
raulic radius was r=1 cm. The full-line curves in Fig. 12 represent the tempera-
tures which have been measured at various points of the enclosed room by
means of thermo-couples sheathed in protective tubes. The corresponding
radiation conditions are illustrated by the dash-line curves, which represent
the variation in the radiation temperature with the time, and which have been
recorded by means of radiation pyrometers.

To exemplify the results of more or less extensive fire development studics
based on full-scale tests which have been published in the literature, Fig. 13
shows the temperature fields observed in Japanese investigations [13] in out-
side air layers adjacent to an external wall which was exposed to flames from
a window opening. The knowledge of such temperature ficlds is essential m
estimating the risk of ignition of combustible components entering into an
external wall and the risk of external spread of fire from an enclosed room in
a storey to enclosed rooms in the storeys situated above. The isotherms re-
produced in Fig. 13 were recorded at instants of maximum intensity of the
fires whose characteristics are stated in the legend of this graph. It is seen that
the fire loads defined in the conventional manner were approximately equal
in the two cases under consideration, whereas these cases differed considerably
in essential combustion characteristics, primarily, in the window opening
factor, A)/HiA4,. In the test reproduced in Fig. 13 a, the value of this factor
was equal to less than half that observed in the test shown in Fig. 13 b. There-
fore, it seems to be difficult to draw any detailed conclusions from a compari-
son between the results obtained from these two tests. However, an important
inference can be drawn, namely, that the thermal effect to which an external
wall situated above a window opening is exposed when flames emerge from
the window opening increases as the ratio of the width to the height of the
window opening becomes greater.

3.2. Fire Development Studies Based on Model Tests

In order that the results of a model test may be converted into information
which is applicable to practical conditions, it is required that the model test
shall be carried out so as to satisfy the model laws.

The model laws which govern a complete characterisation of a process of
fire development are of an extremely complicated nature, and cannot be re-
garded as entirely elucidated at the present time. To illustrate the degree of
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difficulty of this problem, it may be mentioned that Faure [14] has enumerated
as many as 9 parameters which determine the convection conditions in the
neighbourhood of a source of fire. These parameters are the Reynolds,
Schinidt, Prandtl, Mach, and Froude numbers, the first and third Damk&hler
numbers, as well as two dimensionless quantities. The respective model-scale
and full-scale values of these parameters must be equal in order that the results
of model tests may be in agreement with the actual conditions in thermal,
dynamical, and chemical respects.

If fire development studies are made with a view to limited objectives, then
most of the parameters involved in the general case are not required in the
application of the model lIaws. This may be exemplified by a statement of
Thomas [15], who found that the flames and hot gases which are generated
by a fire in the absence of an applied external pressure are ordinarily influenced
by forces of only three types, viz., viscous frictional forces, inertial and turbu-
lent frictional forces, and convectional forces, which can be expressed by
unique functions of three parameters, viz., the Reynolds, Grashof, and Froude
numbers. Then these three parameters determine the ratio of the turbulent
frictional force to the viscous frictional force, the ratio of the convectional
force to the viscous frictional force, and the ratio of the convectional force
to the turbulent frictional force. The respective relations are
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where
u = a characteristic velocity,

L = a characteristic linear dimension,

4p = a characteristic relative change in weight (rate of weight p loss),
¥ = the kinematic viscosity, and
g = the acceleration due to gravity.

Under conditions of predominant turbulence, which characterise the flame
stage of a fire, of. Fig. 10, the viscous frictional forces, and hence also the
parameters Np, and N, are negligible. Under such conditions, the model laws
involved in the process of fire development become extremely simple, and the
only requirement to be complied with in such cases is that the value of the
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Froude number, Ny, in a model test shall be equal to that which corresponds
to a real full-scale prototype.

If the Froude number is applied as the sole model criterion to the relative
flame height, L/D, in a fire, then this flame height will be a function of a single
variable, R2/gp2D>, where R is the rate of burning, p is the weight per unit
volume (density) of the fuel, and D is a linear dimension that is characteristic
of the source of fire [15]. This statement of the problem is illustrated in Fig.
14, which represents the relative height of flames from open fires, where the
source of fuel was a crib of wood burning on a square horizontal base, and the
value of D was assigned to the side length of the square [16]. The observed
values reproduced in this graph were determined during a period of the fire
when the rate of burning was approximately constant. The results shown in
Fig. 14 were obtained in fire tests carried out by means of cribs of wood, where
the side length of the square varied from 6.4 to 152 cm. These results confirm
the above-mentioned statement that the characteristics of the flame stage of a
fire can to a close approximation be determined by the aid of model tests in
which the Froude number, Ng,, serves as the sole decisive model criterion.

For the relative flame height, L/ D, we obtain from the observed values given
in Fig. 14 the approximate expression
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The quantities entering into this relation are expressed in C.G.S. units, that
s to say L and D in centimetres, and R in grammes per second. The above
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Fig. 14, Relative height of flames, L/D, from open fires. Fuel source: square wooden crib

of side length D. Tests made by the Joint Fire Research Organization (@, D=25 to 152 cm),

by the U8, National Bureau of Standards (%, D=6.4 to 91 cm), and by the U.S. Department
of Agriculture (4, D=135 to 30 cm)} [16].
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relation has been experimentally verified only in the region from R/ D5=
=2-10""to 2-107°, and shall not be extended to applications lying far
outside this region. From the results of similar tests, in which square wood
cribs of side length It were burnt in cubical enclosures of edge length D, with
one vertical side quite open, an expression that is analogous to Eq. (2) can be
deduced for the relative height, L/D, of the flames emerging from the enclosure

I RZ . 106 0.33

D
This relation has been experimentally verified in the range R2/D5=4-10"*°
to 107° [15], [16].

To adduce further examples of flame stage characteristics determined by
means of model tests, Figs. 15 and 16 show the respective results obtained by
Gross [17] and by Simms and Hinkiey [15] from studies dealing with the rate
of burning of wood fuel.

Fig. 15 relates to the burning of an open square cross pile of wood, which
had a side length of 10 5, where b is the width of each individual wood stick.
This graph represents the experimentally determined relation between the rate
of burning, R, in per cent per sec, and a porosity factor, ¢, which is charac-
teristic of the wood pile, and which is defined by the relation

0.51.1

@=N-b-A,JA, {4)
where

A;=2nb*[N(21 —n)+n] (3)

A,=b*(10—n)® (6)

In the above equations, # is the number of sticks per layer, N is the number
of layers in the wood pile, A, is the initial surface area of all sticks entering
into the pile exposed to the air, and A, is the initial open vent surface area of
vertical shafts through the pile. The majority of the points plotied in Fig. 15
were determined in the tests where the sticks were made of Dounglas fir (Pseu-
dotsuga menziesii). In evaluating the test results, the rates of burning observed
in tests on other woods (ash, balsa, and mahogany) were corrected by multi-
plying them by a factor F, which is equal to the ratio of the thermal diffusivity
of Douglas fir to that of the wood under fest. In Fig. 15, the rate of burning
is scaled, that is to say, represented in the modified form FRA'®, s0 as to take
into account the model scale. As is seen from this graph, the scaled rate of
burning, expressed as a function of the porosity factor, @, of the wood pile,
passes through three distinctly separate stages, which are characterised in
what follows.
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(a) Incomplete combustion, in which the relation between the scaled rate of
burning and the porosity factor is approximately linear. '

{b) Free combustion, in which the scaled rate of burning is independent of
the porosity factor.

(¢) Non-sustained combustion; in which the extreme openness of the pile
prevents the maintenance of combustion; this is the case when the values of
the porosity factor are greater than about 0.4 cm®:L.

Fig. 16 shows the relation between the rate of burning, R, and the volume
of combustion air supplied per unit time, @, which has been determined by
Simms and Hinkley in small-scale tests where a square crib was burnt in an
enclosure provided with an air intake and an opening in the roof. The values
of R represented in this graph relate to that stage of the fire during which the
rate of burning was approximately constant. It is seen from Fig. 16 that the
rate of burning, R, varied in a marked manner with the volume of combustion
air supplied per unit time, Q, at small values of (. As the rate of air supply
became higher, the increase in the rate of burning diminished, and at high
values of @ the rate of burning reached an approximately constant value,
which. corresponds to free combustion, cf. Fig. 15, stages (a) and (b). The
tests made by Webster and Raftery [18] have demonstrated that the magnitude
of this upper limiting value of the rate of burning increases to a close approxi-
mation linearly with the total amount of fuel in the enclosure. As has been
shown by the tests carried out by Kawagoe [19], by Hird and Wright [20], by
Ashton and Malhotra [21], and others, in the region of low values of O, the
rate of burning in an enclosed room provided with a window opening can be
represented by the approximate relation

R kg/min
0.4
Eoof opening
c3
02
0 Ajir intake
o Q M min
0 1 Fd 3 4 5 6

Fig. 16. Relation between the rate of burning, R, and the volume of combustion air supplied

per unit time, @. This relation was determined from small-scale fire tests on a square wooden

crib burning in an enclosure. The crib consisted of 6 layers of 6 sticks each, 1 in. by 1 in.
by 12 in size. Total weight of crib 2.7 kg [15].
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R=6A} H kgfmin (7)

where A4 is the surface area of the window opening, in square metres, and
H is the height of the window opening, in metres. This relation has been
verified experimentally for enclosed spaces ranging in volume from 0.2 to
300 m3,

The examples cited in the above indicate the possibilities of determining the
characteristics of the flame stage of a process of fire development by means
of model tests. As has previously been pointed out, the model laws which
govern this stage of the process of fire development are considerably simplified
because the stage is usually characterised by greatly predominant turbulence,
with the result that the viscous frictional forces, and hence also the associated
parameters, i.e. the Reynolds and Grashof numbers, ¥, and Ng,, may be
disregarded. In the other principal phases of the process of fire development,
cf. Fig. 10, the model laws are of a more complicated nature than in the flame
stage. All the same, a few test results relating to the ignition stage have been
published in the literature, and they indicate that model tests might also be a
practicable method of determining the characteristics of this stage [22]. How-
ever, our knowledge of this subject is at present too incomplete to justify more
definite statements. Finally, as regards the remaining two phases of the pro-
cess of fire development, i.e. the smoulder stage and the cooling stage, it is
only to be pointed out that the literature does not contain any information
as to the possibilities of studying these stages by the aid of model tests.

3.3. Fire Development Studies Based on Theoretical Calculations

So far as is known to the Author, fire development studies based on theore-
tical calculations dealing with the heat balance and mass balance equations
of the problem under consideration have until quite recently been a field of
research that was not represented in the fire engineering literature. The first
papers in this fleld have been published in the first half-vear of 1963 by Kawa-
goe and Sekine [3] and by Odeen [2]. In these two papers, which have been
written independent of each other, the anthors have deduced the heat balance
equation of fires in enclosed spaces, and, by solving this equation in some
basic cases, have calculated the temperature-time curves for enclosed spaces.
In both these papers, the problem under study has been dealt with on the
simplified assumptions that the temperature in the whole enclosed room is
uniform at any moment, that the coefficients of heat transfer at the internal
surfaces bounding the room are equal at all points, that the heat flow through
the wall, floor, and ceiling or roof structures enclosing the room is one-dimen-
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sional, and that this heat flow is uniformly distributed, abstracting from
window and door openings, if any.,

Kawagoe’s and Sekine’s paper containes calculated temperature-time curves
in the case of an unlimited amount of fuel burning at a constant rate of
combustion, R, which is determiined by the surface area of the window open-
ing, A, and by the height of the window opening, H, in conformity with the
relation, cf. Eq. (7),

R=5.5 A H kg per min @®)

where A is expressed in square metres and H in metres. The effect of the radiant
heat flow through the window opening is included in the treatment. The ther-
ntal properties of the gaseous products of combustion, as well as those of the
materials used for the wall, floor, and ceiling or roof structures, are assumed
to be approximately independent of the temperature, and the effect produced
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Fig. 17. Temperature-time curves calculated by Kawagoe and Sekine [3} for combustion of
wood fuel burning in a room enclosed by concrete structures and provided with a rectangular
window opening of area 4 and height A, The total area of the surfaces bounding the room is
denoted by A,.

Characteristics: Emissivity of the flames, &,=1. Emissivity of the walls, &,==0.7. 'Thermal
conductivity of the walls, A=1 kcal per m per h per °C. Thermal diffusivity of the walls,
a=0.002 m* per h. Specific heat of the gascous products of combustion, ¢,,=0.32 keal
per m* n.t.p. per °C, Volume of the gaseous products of combustion, G=4.9 m* n.t.p.
per kg of wood. Calorific value of the wood fuel, g=2575 kcal per kg (corresponding to
about 60 per cent combustion).
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by the dissociation of the gaseous products of combustion is disregarded. The
results published in the paper under review are exemplified in Fig. 17, which
shows the calculated temperature-time curves of enclosed rooms with con-
crete wall, floor, and ceiling or roof structures for several values of the window

opening factor, A]/I?/A,, where 4, denotes the total area of the surfaces
bounding the enclosed room, including the window opening. The effect of
variations in the thermal properties of the structures enclosing the room is
illustrated in this paper by temperature-time curves calculated for three values
of the coeflicient of thermal conductivity, viz., A=1, 0.5, and 0.1 kecal per m
per h per °C. On the other hand, the thermal diffusivity, 4, was assumed to
be constant in all these three cases, and to be equal fo 0.002 m? per h,

The paper by Jdeen is more general and comprehensive in scope. The basic
relations are deduced so as to take into account the effect of the dissociation
of the gaseous products of combustion, which is an essential factor at tempe-
ratures higher than about 1500° C. Furthermore, these relations take account
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Fig. 18. Temperature-time curves calculated by Jdeen [2] for different rates of burning, R.
Wood fires burning in a room enclosed by concrete structures, 20 cm in thickness.
Characteristics: Volume of the room, F=46 m3. Fotal area of the surfaces bounding the
room, A,=75 m?, Emissivity of the ffames, g;==0.7. Emissivity of the walls, &,=0.5. Thermal
conductivity of the walls, 1=1.3 kcal per m per h per °C. Thermal diffusivity of the walls,
a=0.0025 m? per h. Specific heat of the gaseous products of combustion varying with the
temperature and taking into account the effect of dissociation, c,,. Volume of the gascous
products of combustion, G=35.14 m? n.t.p. per kg of wood. Calorific value of the wood
fuel, g=4120 kcai per kg (corresponding to complete combusiion of wood having a moisture
content of 10 per cent by weight).
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of the fact that the thermal propertics of the gaseous products of combustion
and those of the materials which enter into the structures enclosing the room
are dependent on the temperature. However, so far as the thermal properties
of the structural materials used for walls, floors, and ceilings or roofs are
concerned, their dependence on the temperature is taken into consideration
in solving the basic equations, but this is confined to an approximate treat-
ment, which is based on those average values of the thermal conductivity, A,
and the thermal diffusivity, a, which are representative of the temperature
range under consideration, This paper contains extensive data in the form of
temperature-time curves calculated by means of an electronic computer,
which relate to the case where the amount of combustible material (wood fuel)
in the enclosed space is unlimited. These curves represent the effects produced
by variations in the rate of burning, in the thermal properties of the enclosing
and enclosed structures, and in the emissivities of the internal surfaces of the
enclosing structures. Moreover, Odeen’s paper presents calculated tempera-
ture-time curves which relate to the case where the amount of fuel in the en-
closed space is limited. These curves illustrate primarily the effects of changes
in the volume of the enclosed space as well as in the magnitude of the rate
of burning and in the type of its variation with the time. The results reported
in this paper are exemplified in Figs. 18 and 19. The calculated temperature-
time curves reproduced in Fig. 18 relate to rooms enclosed by conerefe struc-
tures, 20 cm in thickness, and correspond to four rates of burning which are
constant in time, viz., 250, 500, 750, and 1000 kg of wood per h. The calcu-
lated temperature-time curves shown in Figs. 19a and 19 b refer to rooms
enclosed by structures whose thermal properties are representative of concrete
and mineral wool, respectively, and correspond to a rate of burnirg of 500 kg
of wood per h. These curves were computed on the assumption that the room
contained a concrete structure which varied in volume. As is seen from these
graphs, the temperature-time curve is greatly dependent on the rate of burning,
on the thermal properties of the enclosing structures, and — primarily when
the room is eaclosed by structures which are highly heat-insulating and light
in weight — on the structures or structural parts contained in the room. Since
the variations in & temperature-time curve are of such a high order of magni-
tude, this is a serious reason for calling in question the correciness of the
standard fire testing procedure used at the present time, which is based on a
fixed unique temperature-time curve as one of its main principles. An obvious
improvement of this procedure would be to replace this stipulation concerning
a fixed temperature-time curve by a requirement which specifies a fixed curve
representing the combustion energy supplied per unit time to the fire testing
furnace as a function of the time,



1500 +

1000

Ai= 107

/' (= PO
500 A A
2 Z
e
20 M GOMNCRTTC
——. ...
° t h
a 45 1 15 2
o°C
2000

B2 800 kg ibn

1500
1060
500 ol L. 20 CM CONSRETE
ot .
o] 05 1 15 ;

Fig. 19 a and Fig. 19 b. Temperature-time curves calculated by (ideen [2] for a rate of burning
of 500 kg per h. Wood fires burning in & room which contains a concrete wall, 20 cm in
thickness, and which is enclosed by structures made of conerete, 20 ¢m in thickness (Fig. 19 a)
or mineral woel, 20 ¢m in thickness (Fig. 19 b).

Characteristics: In Fig. 19 a, the same as in Fig. 18. In Fig. 19 b, thermal conductivity of
the walls, A=0.20 kcal per m per h per °C, thermal diffusivity of the walls, #=0.01 m? per h;
other data as in Fig. 18.



34

The papers by Kawagoe and Sekine and by (deen which have been briefly
reviewed in the above have cleared a mew basic way of approach to a dif-
ferentiated, comparatively inexpensive, and relatively rapid determination of
the temperature conditions associated with fires in enclosed spaces. It appears
natural that the methods of calculation evolved in these two papers should be
included as an important stage in a future, more highly developed procedure
of fire engineering design devised in accordance with the general principles
stated in Chapter 1. For a given fire load, which implies a known calorific
value of the fuel, as well as known characteristics concerning the rate of
burning and the emissivity, the above-mentioned methods of calculation ig-
corporated in such a design procedure will make it possible to determine in
each individual case all phases of the process of fire development, including
a realistic temperature-time curve which takes into account the actual dimen-
sions of the enclosed space, the window and door opening conditions as well
as the thermal properties of the enclosing and enclosed structures.



4. Thermal Properties of Common Structural Materials in
Temperature Range Associated with Fires

For calculating the temperature field due to an external thermal effect
produced by a fire on a structure or a structural part, it is required to know
two thermal characteristics of the structural materials in question, viz., the
thermal conductivity, A, and the specific heat, ¢,. For the materials exposed
on the free surfaces of the structure or the structural part, it is moreover
necessary to know a third thermal characteristic, namely, the emissivity,
&,. Alternatively, the characterisation of a material given by the thermal con-
ductivity and the specific heat can be replaced by a characterisation in terms of
the thermal conductivity or the specific heat in combination with the thermal
diffusivity, ¢, which is determined from the relation

' A
a=—— €))
?cp
where y is the weight per unit volume of the material.

A factor which complicates the calculations of temperature fields is the
circumstance that the thermal conductivity, 4, as well as the specific heat, Cps
in the normal case, and also the emissivity, &, in special cases, are dependent
on the temperature to an extent that canuot be disregarded in calculations.
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Fig. 20, Variation in the thermal conductivity, 1, with the temperature. Alloy stecls varying
in chromium content. Thermax 10 A steel is a heat-resistant steel having the following
composifion, in per cent: Cr 20, Ni 12, §i 2, and C 0.1z 23]
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Further complications arise when the material has an initial moisture content,
and when the material undergoes changes in internal structure in the course
of heating caused by fire.

At the present time, the available information on the above-mentioned
characteristics of the structural materials which are used in building construc-
tion must unfortunately be described as extremely fragmentary and decidedly
insufficient for practical calculations of temperature fields associated with
fires. This madequacy is particularly pronounced when it is required to deal
with those changes in the thermal properties which are bound up with struc-
tural transformations of the materials. Among the essential problems which,
to the Author’s knowledge, have so far been left out of consideration in in-
vestigations concerning the thermal properties of building materials, there are
two that deserve mention in this connection, viz., first, the effects of variations
in the rate of heating, and second, the curves representing the thermal conduc-
tivity and the specific heat as functions of the temperature during the period
of recovery after heating.

In order to illustrate to a limited extent the present scope of information
on the thermal properties of building materials, some data on the thermal
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Fig. 21. Variation in the thermal conductivity, A, with the temperature. Concrete made
with granite aggregate, brick, and lightweight cement concrete [2], [24] to [26].
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conductivity, 4, the specific heat, c¢,, and the thermal diffusivity, 4. which
have been taken from the literature are reproduced in Figs. 20 to 23.

Figs. 20 and 23 show some characteristics of steels. Fig. 20 represents the
relation between the thermal conductivity and the temperature for alloy steels
varying in chromium content. Fig. 23 shows the variation in the thermal
diffusivity with the temperature for some carbon, low-alloy, and high-altoy
grades of steel. It is seen from these graphs, for instance, that the thermal
properties are highly sensitive to the carbon and alloy contents of the steel in
the lower portion of the temperature range met with in fires. This sensitivity
decreases as the temperature increases, and when the temperature exceeds
about 800° C, the thermal properties of all the grades of steel included in the
above graphs become approximately equal. The thermal characteristics of the
ferritic and austenitic steels in the whole temperature range that is of interest
in connection with fires are relatively little dependent on the temperature.

The thermal properties of non-metallic building materials are iflustrated in
Figs. 21, 22, 24, and 25. Among these graphs, Figs. 21 and 22 show the varia-
tion in the thermal conductivity with the temperature, and Fig. 24 represents
the variation in the specific heat with the temperature. All the curves shown
in the last-mentioned three graphs are based on determinations which were
made on initially dry materials. The conditions that are characteristic of
materials having an initial moisture content are illustrated in Fig. 25. The
curves reproduced in this graph relate to gypsum having an initial moisture
content of 5 per cent by weight, and were constructed by Harmathy [31] on
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Fig. 22. Variation in the thermal coaductivity, A, with the temperature. Diabase wool, foamed
glass, and vermiculite [26]. [28].
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the basis of data taken from the literature. These curves, which also include
the effect of structural transformations in gypsum, represent the enthalpy per
unit volume, I, Fig. 25 a, the specific heat per unit volume, ¢, Fig. 25b,
determined by the expression

él
T
and the thermal conductivity, 4, Fig. 25 c. The physico-chemical changes which

are of importance in this connection at a rising temperature are enumerated
in what follows,
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Fig. 23. Variation in the thermal diffusivity, @, with the temperature. Carbon steels, Nos.
2, 3, and 6, low-alloy steels, Nos. 10 and 14, and high-alloy steels, Nos. 19 and 22 [23].
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(a) At 100° C, removal of adsorbed water (ds).

(b) At 150 to 220° C, removal of crystal water in two steps (dh).

(c) At 360° C, transformation of soluble CaSO, into an insoluble modi-
fication (tr).

(d) At 1230° C, dissociation of a small part of CaS0Q, into CaQ and S0,

(c) At 1380° C, fusion of the eutectic mixture of CaO and CaSO,.

These curves are applicable on condition that the rate of heating is relatively
high. If the rate of heating is comparatively low, then the removal of crystal
water takes place at considerably lower temperatures, and in that case the
enthalpy curve assumies the form indicated by the dash-line branch in Fig.
25a.

The available information on the emissivity, ¢, of building materials in the
temperature range associated with fires is at present still more incomplete
than that on the thermal conductivity and the specific heat. The variation in
the emissivity with the temperature is by no means inconsiderable, as may be
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Fig. 24. Variation in the specific heat, ¢p, with the temperature. Fire-clay brick, common
brick, diabase wool, glass wool, and vermiculite [26], [291, [30].
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Table 2. Variation in emissivity with temperature

: Surface Ternperature, Emissivity,
8, °C £y
Aluminiam I 230 to 580 0.039 to 0.057
Nickel 230 to 380 0.070 to 0.086
Steel 180 to 230 0.052 to 0.064
Zinc 230 to 330 0.045 to 0.053
Lead o 130 to 230 0.057 to 0.0753

seen from Table 2 [36], where certain temperature intervals are brought into
relation with the associated ranges of variation in the emissivity, £y COLTE-
sponding to radiation from some bright-polished metal surfaces in the direc-
tion of the normal to the surface.



5. Strength and Deformation Properties of Common Structural
Materials in Temperature Range Associated with Fires

In order that the temperature fields calculated with reference to an external
thermal effect produced by a fire on a structure or a structural part may be
interpreted in terms of the load-bearing capacity available at different instants
throughout the duration of the fire, it is required to possess detailed informa-
tion which shows how the sirength and deformation properties of the structu-
ral materials vary with the temperature in the temperature range associated
with the fire. At the present time, the scope of information on this subject is
relatively wide so far as metallic materials are concerned, but it is on the other
hand conspicuously fragmentary as regards such structural materials as ordi-
nary concrete and lightweight concrete.

The strength and deformation properties of a structural material are more
or less affected by heating as a consequence of intercrystalline, molecular, or
atomic processes. As the temperature rises, the vibrations of the atoms around
their points in the space lattice become greater. Structural transformations
can occur at definite temperatures, which are characteristic of each material.
For example, the mild structural steels, which have carbon contents ranging
from about 0.05 to about 0.2 per cent, are characterised by four clearly marked
critical points in the interval from ordinary room temperature to +1400° C.
In composite materials of the concrete type, the differences in the linear coeffi-
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Fig. 26. Siress-strain curves characteristic of mild structural steel under the action of tensile

loads in the temperature range from 20 to 600° C. These curves were determined at a standard

rate of loading on test specimens kept for about 13 h before the application of the loads

at the respective festing temperatures, which had reached a steady state during 2 heating
period of about 2 h [37].
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cient of thermal expansion between the constituent materials, cf. Fig. 33, give
rise to internal stresses, which can produce substantial effects on the strength
and deformation properties of the composite material by causing crack for-
mation and creep phenomena. These effects can be intensified in a not in-
considerable degree by evaporation of water in the interior of the material
subjected to heating, as this causes an increase in infernal stresses. A further
decrease in the strength and in the deformational rigidity of a material takes
place in materials possessing a high thermal inertia, e.g. ordinary concrete
and lightweight concrete, because the temperature distributions in these mate-
rials are pronouncedly non-uniform, and result in stresses which are set up in
structures or structural parts made of such materials, when they are exposed
to a fire. On account of these stresses, the strength and deformation properties
of these materials determined on test specimens are greatly dependent on
several factors, e.g. the shape of the test specimen, the size of the test specimen,
the rate of heating, and the duration of the heating period. Since the creep
characteristics of materials are manifestly dependent on the temperature, the
rate of heating and the duration of the heating period also produce substantial
effects on the strength and deformation properties of materials which have a low
thermal inertia, and which are therefore rapidly heated all through, e.g. metals.

The strength and deformation provertics of the commonly used structural
materials at temperatures which are met with in connection with fires are
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Fig. 27. Variations in the tensile strength, oy, in the yield point stress, ¢, in the modulus

of elasticity, E, and in the ultimate elongation, #, with the temperature. These curves are

approximately characteristic of the Swedish standard grade St 37 mild sfructural steel
subjected to short-time tensile loads in a heated state [38].
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summarily illustrated in Figs. 26 to 38, which cover steel, aluminium alloys,
ordinary concrete, and lightweight concrete.

Figs. 26 to 30 relate to steel. Figs. 26 and 27 refer to mild structural steels,
while Figs. 28 to 30 deal with the high-tensile steels which are used for prestres-
sed concrete. Fig. 26 [37] shows how the stress-strain diagram of a mild struc-
tural steel changes with the temperature, and how the yield point stress region,
which is strongly marked at ordinary room temperature, gradually disappears
as the temperature becomes higher. Fig. 27 [38], which approximately refers
to the Swedish standard steel grade St 37, illustrates the variations in the
tensile strength, op, in the yield point stress or — at higher temperatures —
in the 0.2 per cent vield strength, o, in the short-time modulus of elasticity,
E, and in the ultimate elongation, J, with the temperature, As is seen from
this graph, the increase in the temperature has a favourable effect on the
tensile strength, oy, when the steel is heated to a temperature up to 300 or
350° C, and then the strength rapidly diminishes as the temperature becomes
still higher. It is furthermore seen that the yield point stress or the 0.2 per cent
vield strength, o, and the short-time modulus of elasticity, £, decrease con-
tinuously as the temperature increases. Moreover, this graph shows that the
ultimate elongation, &, tends to decrease with rise in temperature within the
range from 0 to 150° C, and then tends to increase. It is of interest to note,
among other things, that the temperature produces on the modulus of elasti-
city, E, a considerably smaller effect than on the yield point stress, o, As a
consequence of this fact, the processes of deformation of load-bearing struc-
tures made of mild structural steels, and the failures due to elastic instability
of these structures, are less sensitive to the effects of fires than those phenomena
of failure which are bound up with a certain definite factor of safety referred
to the yield point stress. All the curves reproduced in Figs. 26 and 27 have
been obtained from tension tests on specimens which were stabilised at the
respective temperatures during relatively short periods of time before they
were submitted to the standard tests. An increase in the duration of the heating
period causes a reduction in the tensile strength, o, and in the yield point
stress, o, as well as a simultaneous increase in the ultimate elongation, d.
This is illustrated in Fig. 30 b, as concerns the yield point stress in the case
of a high-tensile, cold-stretched steel used for concrete reinforcement. The
effects of heating on the strength and deformation properties of mild structural
steels under the action of compressive loads have so far been studied to an
extremely small extent, but the results of isolated tests reported ia the literature
[7] indicate that the vield poini stress in compression is somewhat less sensi-
tive to temperature in the range from 350 to 600° C than the yield point stress
in tension.
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Fig. 29. Variations in the 0.2 per cent yield strength in a heated state (Fig. 29 a) and in

the 0.2 per cent residual yield strength (Fig. 29 b) with the heating temiperature, #. These

curves were determined in short-time Ioad tests on fensile test specimens made of St 60/90

hot-rolled steel (Curves 1), St 145/165 hardened steel (Curves 2), and St 160/180 cold-drawn
steel (Curves 3} [39], [40).

In comparison with the mild, naturally hard structural steels, the high-ten-
sile prestressing steels are characterised by strength and deformation propertics
which are considerably more sensitive to heating. Figs. 28 and 29 [39], [40]
illustrate the behaviour of three standard steel grades, viz., a hot-rolled steel,
St 60/90, a hardened prestressing steel, St 145/165, and a cold-drawn prestres-
sing steel, St 160/180. Fig. 28 represents the stress-strain diagrams which cor-
respond to temperatures of 20, 300, and 500° C, respectively, and which have
been obtained from tests made on specimens in a heated state (full-line curves)
or in a cooled-down state after heating (dash-lne curves). Fig. 29 shows the
variation in the 0.2 per cent yield strength, ¢y ,, and refers to the strength
at elevated temperatures (Fig. 29 a) as well as to the residual strength after
cooling down (Fig. 29 b). As may be seen from these graphs, the 0.2 per cent
yield strength of the natorally hard steel grade St 60/90 at high temperatures
does not decrease to half its initial value until the temperature reaches 540° C,
whereas the corresponding reduction in the strength of the hardened prestres-
sing steel St 145/165 and the cold-drawn prestressing steel St 160/180 is already
reached at temperatures of 370 and 320° C, respectively. When the naturally
hard steels were heated in the temperature range from ¢ to 600°C, their
residual strength was not appreciably reduced in comparison with their initial
strength, whereas the residual strength of the hardened and cold-streiched
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Fig. 30. Relations between the temperature of the steel, 8§, and the relative strain, ¢, at a
varying tensile stress, o, and a varying rate of heating, ¢ (Fig, 30 a) and between the tempera-
ture of the steel, ¢, and the time to failure by yielding, f, at a constant tensile stress, o= 6400
kp per em? (Fig. 30 b). These curves were determined in load tests on tensile test specimens
made of Swedish standard grade HJS 807105 cold-stretched prestressing steel [421.

prestressing steels began to diminish to a noticeable degree when the tempera-
tures exceeded about 400° C and about 300° C, respectively.

The stress-strain curves reproduced in Figs. 28 and 29 apply to heating
periods of relatively short duration. More extensive investigations dealing
with the effects produced by the rate of heating on the strength properties
have been made on several grades of prestressing steels by van Hoogsiraten
[41] and on the Swedish standard grade HJS 80/105 cold-stretched prestressing
steel by the Halmstads Jirnverks AB (Halmstad Ironworks Co., Ltd.), Swe-
den [42]. Fig. 30 exemplifies the results of the last-mentioned investigation.
Fig. 30 a represents the relative strain, ¢, as a function of the temperature, 6,
of the steel at a tensile stress o=3000 kp per cm? and at a rate of heating
¢=5° C per min, as well as at a tensile stress ¢=6400 kp per cm? and at three
rates of heating, viz., c¢=6, 10, and 16° C per min. Fig. 30 b reproduces the
relation between the temperature, @, of the steel and the time to failure by
vielding, f, at the tensile stress, 6400 kp per cm?2. The curves relating to a fen-
sile stress of 6400 kp per cm? show, among other things, that a decrease in
the rate of heating from 16 to 6° C per min reduced the critical temperature
of the steel, at which the test specimen subjected to a tensile load failed by
vielding, from 500 to 460° C. As is furthermore seen from these curves, when
the duration of the heating period at a constant temperature of the steel
increased from 1 hto 2, 5, 10, and 100 h, the critical temperature corresponding
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to failure by yielding decreased from 470° C to 390, 330, 310, and 270° C,
respectively.

The characteristic effects produced on the strength and deformation pro-
perties of aluminium alloys by temperatures associated with fires are illustrated
fragmentarily in Figs. 31 and 32. These graphs relate to a non-heat-treatable
(non-hardenable) alloy, AlMg 2.5, and to two heat-treatable alloys having
a higher strength, AIMgSi 1 and AICuMg [43] to [46]. Moreover, the graph
representing the variation in the modulus of elasticity, £, with the temperature
in Fig. 32 also includes a sintered aluminium powder, SAP. This is a more
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Fig. 31, Variations in the tensile strength in a heated state, og, (fuil-line curves) and in the

0.2 per cent yield strength in a heated state, gy, », (dash-line curves) with the heating tempera-

ture, ¢. These curves were determined in short-time load tests on tensile test specimens

made of two heat-treatable aluminium alloys, AlCuMg-6 and AlMgSi 1—6, as well as
of a non-heat-treatable aluminium alloy, AlMg 2.5—2 [43], [45].
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Fig. 32. Variations in the uitimate elongation, 8, and in the modulus of elasticity, £, with

the heating temperature, 8. These curves were determined in short-time load tests on tensile

test specimens made of three aluminium alloys, AICuMg-6, AIMgSi 1—6, and AlMg 2.5—2,
as well as of a sintered aluminium powder, SAP [43] to [45].

heat-resistant material, which has an oxide content of 13 to 14 per cent, and
which is used in the manufacture of semi-finished products, e.g. by extrusion
or pressing {43]. The strength and deformation properties of aluminium alloys
are considerably more sensitive to increase in temperature than those of steels.
Even temperatures exceeding not more than 100 to 150° C give rise to a large
reduction in the tensile strength, oy, as well as in the 0.2 per cent yield strength,
Go.2> Oof aluminium alloys, and cause at the same time a marked increase in
the ultimate elongation, 4. Some general tendencies in the effects of elevaied
temperatures on the strength and deformation properties of steels have been
mndicated in the above. The behaviour of aluminium alloys is also characterised
by similar tendencies. This implies, among other things, that the tensile strength
and the 0.2 per cent yield strength are affected by the temperature in a greater
degree than the modulus of elasticity, and that the properties of high-strength
heat-treatable aluminium alloys are influenced by temperature more than
those of low-strength non-heat-treatable alloys.

At the beginning of this chapter, mention has been made of the reducing
effect of heating on the strength of a composite material possessing a high
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thermal inertia, such as concrete, on account of the internal stresses which
give rise to crack formation, and which are due to differences in the linear
coefficient of thermal expansion between the constituent materials, see Fig.
33 [40], [47], as well as to the fact that the temperature distribution in the test
specimen is largely non-uniform because it takes a long time for the test
specimen to be heated all through. This decreasing effect produced on the
strength by the internal stresses, is of great importance not only during the
heating of the concrete, but also during the subsequent cooling-down period.
One of the consequences of this effect is the circumstance that.the residual
strength of the concrete is lower than its strength at elevated temperatures.
Accordingly, the changes which the exposure to a fire causes in the strength
and deformation properties of the concrete are dependent on the shape of
the test specimen, on the size of the test specimen, on the rate of heating, and
on the duration of the heating period. Other essential factors to be considered
in this connection are those which have important effects on the strength of
the concrete and on its resistance fo deformation under ordinary climatic
conditions, i.e. the curing conditions of the test specimens before the tests, the
age of the specimens at testing, and the composition of the concrete, which
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Fig. 33. Relations between the per cent linear thermal expansion and the heating tempera-
ture, 8, which are characteristic of granite, hardened cement paste, concrete made with
granite aggregate, concrete made with limestone aggregate, and steel [40], [471.
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involves such subfactors as the type of cement, the type of aggregate, the
grading of aggregate, the water-cement ratio, and the percentage of cement
paste.

Unfortunately, the present knowledge of the above-mentioned effects on
the strength and deformation properties of the concrete in the temperature
range associated with fires affords a highly incomplete basis for surveying the
whole complex of problems under consideration, and this lays special emphasis
on the need of intensified research in the field in question. The relevant results
published in the literature are exemplified in Figs. 34 to 37, which represent
some relations that characterise the compressive strength and the shori-time
modulus of elasticity of the concrete. Fig. 34 [48] relates to the concrete made
with standard Portland cement, fine aggregate consisting of sand from stream
deposits, and coarse aggregate consisting mainly of flint. This graph repre-
sents the effect produced by variations in the cement-to-aggregate ratio on
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Fig. 34, Variation in the compressive strength, Teyls with the temperature, 8, determined on
concrete cylinders, 5 cm in diameter and 10 ¢m in length. The concrete was made with standard
Portland cement, fine aggregate consisting of sand from stream deposits, and coarse aggregate
consisting mainly of flint, The cement-to-aggregate ratio ranged from 1:6 to 1:4.5. The rate
of heating of the concrete was 5 to 6° C per min. The curve region (1) relates to the cylinders
which were subjected to a compressive ioad at a stress ¢=73 kp per cm? during the heating
period, and were tested to failure in a heated state. The curve region (2) relates to the cylin-
ders which were not submitted to any load during the heating period, and were tested to
failure in a heated state. The curve region (3) relates to the cylinders which were not subjected
to any load.during the heating period, and were tested to failure after slow cooling
down to 20° C [48].
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the compressive strength of cylinders tested under different conditions, viz.,
first, cylinders subjected to a compressive stress ¢=73 kp per cm? and tested
fo failure in a heated state (curve region 1), second, cylinders which were not
loaded during the heating period, and were tested to failure in a heated state
(curve region 2), and third, cylinders which were not loaded during the heating
period, and were tested to failure after slow cooling down to 20° C (residual
strength, curve region 3). These curves show that the per cent reduction in
both the strength at high temperatures and in the residual strength increased
as the cement-to-aggregate ratio became higher. Furthermore, these curves
corroborate the above statement concerning a characteristic of the concrete,
namely, the fact that its residual strength is lower than its strength at elevated
temperatures. The effect of variations in the type of aggregate is illustrated in
Fig. 35 [49] to {51], [54]. This graph represents the compressive strength deter-
mined at high temperatures on 7-cm cubes. The concrete was made with
standard Portland cement and with aggregate consisting of white Jura lime-
stone (Curve 1), basalt (Curve 2), Rhine sand (Curve 3), and crushed clinker

S

cuba

120 ¢

ad

60 4

40

20

0 [
Q 100 200 300 £00 500 GO0 700 ag0

Fig. 35. Variation in the compressive strength, o, in & heated state and the temperature,
¢, determined on concrete cubes, 7 cm in side length, which were not subjected to any load
during the heating period. The concrete was made with standard Portland cement, and
with aggregate consisting of white Jura timestone (Curve 1}, basait (Curve 2) Rhine sand
{Curve 3), and crushed clinker (Curve 4). The test specimens were kept at the respective
testing temperatures for 8 h to ensure that they had reached a steady state [497 to [S1], [54].
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of concrete cylinders, 5 cm in diameter and 10 cm in length, which were not submitted to
any load during the heating period. The concrete was made with standard Portland cement,
with fine aggregate consisting of sand from stream deposits, and with coarse aggregate
consisting mainly of flint. The cement-to-aggregate ratioc was 1:3 52

(Curve 4). As is seen from this graph, the effect of the type of aggregate is
extraordinarily predominant, primarily at temperatures up to the range from
530 to 575° C, which is characterised by disintegration of Ca(OH), and by
transformation of quartz.

The duration of the heating period has a substantial influence on the strength
properties of the concrete, just as on those of metallic materials. This influence
is exemplified in Fig. 36 [52], which represents the effects produced by the
duration of the heating period on the compressive strength at elevated tempe-
ratures (full-line curves) and on the residual strength (dash-line curves) of
cylinders that were non-loaded during the heating period, and were made of
conerete having a cement-to-aggregate ratio of 1:3 and consisting of the same
constituent materials as those mentioned in commection with Fig. 34, It is
seen from these curves that the compressive strength decreased as the dura-
tion of the heating period became greater, and that this decrease approached
a limiting value. The residual strength reached this value somewhat earlier
than the strength at clevated temperatures. The major part of the reduction
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Fig. 37. Variation in the short-time dynamic modulus of elasticity in a heated state, £,
with the heating temperature, 8, determined at the age of 28 days on concrete prisms,
3.8x35.1x 15.2 er® in size, which were not subjected to any load during the heating period.
The water-cement ratio was 0.4, 0.6 and 0.s. The test specimens were moist-cured for .28
days (curves marked “w™), or were moist-cured for 3 days, and then air-cured for 25 days
at a relative humidity of the afr of 50 per cent (curves marked “a”). The concrete was made
with standard Portland. cement, and with fine and coarse aggregate from Elgin, Hlinois,
US.A, [47], [53].

in strength took place during the first day of the heating period. In general,
it may be considered that the reduction in strength under ordinary practical
conditions comes to an end after a heating period of about 4 weeks.

A fragmentary picture of the effect of heating on the short-time modulus
of elasticity, Z, of the concrete is given in Fig. 37 [47], [53], which relates to
tests on prisms, 3.8X5.1x 15,2 cm? in size, which were not subjected to any
loads during the heating period. The concrete was made with standard Port-
land cement, and with fine and coarse aggregate from Elgin, Iitinois, TU.S.A.
This graph shows how the dynamic modulus of elasticity is influenced by varia-
tions in the water-cement ratio and in the curing conditions prior to testing.
As is seen from these curves, the per cent reduction in the modulus of elas-
ticity increases at a rate that is not negligible as the water-cement ratio becomes
higher. It is of interest to compare this graph with the results obtained by
Malhotra [48], who found that the reduction in the compressive strength of
the concrete caused by heating seemed to a close approximation to be inde-
pendent of the water-cement ratio in the range from 0.4 to 0.65. It is further-
more seen from Fig. 37 that the modulus of elasticity of the moist-cured con-
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crete test specimens was more sensitive to heating at temperatures exceeding
about 400° C than that of the air-cured specimens.

As regards lightweight concrete, it may be noted that the knowledge of the
changes caused by fires in the strength and deformation properties of this
material is even more inadequate than the available information on the pro-
perties of the ordinary concrete. The scanty data on the fire resistance of
lightweight concrete which are to be found in the literature are exemplified in
Fig. 38 [56]. This graph relates to 9-cm Siporex cubes, which were non-loaded
during the heating period, and shows the relative residual compressive strength
as a function of the temperature during comparatively short heating periods.
It is seen that the residual strength increased in relation to the initial strength
within the temperature range extending to about 700° C. The most favourable
effect on the residual strength was observed at a temperature of about 400° C.
When the temperature exceeded some 700° C, the residual strength rapidly
decreased. Sintering of this lightweight concrete is initiated at about 1000° C.
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Fig. 38. Variation in the residual compressive strength, aguy. with the heating temperature,

9 determined on steam-cured lightweight cement concrete cubes, 9 cim in side length, which

were not submitted o any load during the heating period. Before the determination of the

compressive strength, the test specimens were subjected, first, to drying out at 110° C, then

to preheating for 1 to 3 h, after that to definitive heating to the respective temperatures, &,
for 4 h, and finally, to slow cooling down to ordinary room temperature [56].



6. Theoretical Calculation of Temperature Fields in, and Load-
Bearing Capacity of, Load-Bearing Structures Exposed to Fires

In order to calculate the temperature fields, 8, which occur in a structure
exposed to a fire, it is required to solve the equation of heat conduction (gene-
rally known as the heat equation) so as to take into account the boundary
conditions which are dependent on temperature, and which are given by the
coefficients of heat transfer, cf. Fig. 8, as well as by the temperatures of the
air or those of the gaseous products of combustion.

In the general, three-dimensional unsteady-state case, the equation of heat
conduction is, in Cartesian rectangular co-ordinates (x, y, z),
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where the subindices x, y, z, r, and ¢ affixed to the symbol of thermal con-
ductivity, 2, indicate that these relations make it possible to take into account
the varying characteristics of thermal conduction in the different co-ordinate
directions.

In the case of structures exposed fo fires, the solution of the heat equation
is complicated by the fact that the thermal conductivity, 2, and the specific
heat, ¢,, vary with the temperature, 6, or with the time, ¢, and with the co-
ordinates x, y, z or r, ¢, z, Tespectively, in a degree that cannot be disregarded
in practical calculations, cf. Figs. 20 to 24. Special complications are caused
in this case by the effect of an initial moisture content on the thermal conduc-
tivity and on the specific heat, as well as by the effect produced on the specific
heat by the physico-chemical changes in the material, which have been dis-
cussed at some length in the comments on Fig. 25. Figs. 39 and 40 show how
important it is to take these factors into consideration in calculations of tem-
perature fields. Fig. 39 [12] relates to a wall, one brick thick, and represents
the effects which are produced by different assumptions concerning the ther-
mal conductivity, A, and the coefficient of heat transfer at the wall surface
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Fig. 39. Temperature fields calculated by Odeer [12] for a brick wall, one brick thick
(specific gravity y=1.6), exposed on one side to a Swedish standard fire for 4 h. The full-line
curve is based on the assumption that the thermal conductivity, 1, of the brick and the
coefficient of heat transfer, ¥, at the wall surface exposed to the fire are dependent on the
temperature. The dash-and-dot-line curve is based on the assumption that 1 and o, are -
independent of the temperature, and that their values are equal to those which are applicable
at room temperature, viz., 1=0.4 kcal per m per h per °C and o,= 10 keal per m? per h
per °C. The dash-line curve is based on the assumption that A and o, are independent of the
temperature, but that their values are equal to the mean values which are representative
of the temperature range under consideration, viz., 1==0.5 kecal per m per h per °C and
o, =100 kcal per m? per h per °C, The specific heat is assumed in all cases to be independent
of the temperature, and to be equal to 0.22 kcal per kg per °C.

exposed to the fire, «,, on the temperature distribution corresponding to the
exposure to a fire for 4 h under the conditions specified in the relevant Swe-
dish standards. Fig. 40 [31] represents the effect of variations in the initial
moisture content on the fire endurance, i.e. the fire resistance period, of brick
walls differing in thickness.

For the case where the thermal conductivity and the specific heat do not
vary with the temperature, many publications, e.g. [57] to [63], give analytic
solutions of the equation of heat conduction applied under unsteady-state
conditions to homogeneous structures which are simple in design, and which
mvolve simple boundary conditions. On the other hand, the problem of heat
conduction under unsteady-state conditions in the case where the thermal
conductivity and the specific heat vary with the temperature is mathematically
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Fig. 40. Relation between the per cent increase in the fire resistance period of a brick wall

of varying thickness, d, exposed to the fire on one side and the initial moisture content. These

curves were caloulated by Harmathy [31]. The tesults represented in this graph take info

account the variation in the thermal conductivity and in the specific heat of brick with the

temperature. The fire resistance period, as defined in this connection, is the inferval from

the beginning of a standard fire to the instant at which the temperature on the unexposed
face of the wall reaches 250° F (121° C).

more complicated, and analytic solutions of this problem have been dealt with
in the literature only to a small extent. At the same time, these solutions have
been limited to cases based on highly idealised and simplified assumptions
[64]. The solutions in question are very intricate, and are extremely laborious
when they are used as a basis for practical calculations applied to fire engi-
neering problems.

At the present time, numerical data processing by means of electronic com-
puters offers a practicable procedure which enables the temperature fields due
to the effects of fires on structures to be calculated so as to take account of
the variations in the thermal characteristics of materials with the temperature,
and which requires a reasonable amount of work. It is natural that such
numerical data processing is based on linear difference equations which are
deduced for a structure divided into elements. In the case of one-dimensional
heat conduction under unsteady-state conditions, these equations have the
form [2], {12], [24], cf. Fig. 41,

A o
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Fig. 41. Division of a structure into elements for use in the difference equations deafing
with one-dimensional heat conduction under unsteady-state conditions [2], [12), [24}.
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Figs. 42 and 43 exemplify the temperature fields calculated with the help
of electronic data processing by the aid of the method outlined in the above,
Fig. 42 illustrates the temperature conditions characterising a concrete wall,
15 cm in thickness, which is either non-insulated or insulated with lightweight
concrete on the side that is not exposed to the fire, when its opposite face is
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Fig. 42. Calculated temperature fields in a concrete wall exposed on one side to a Swedish
standard fire for 4 b. Each curve is marked with a number expressing the length of exposure
to the fire (0.5 to 10 h).

(2) Nonp-insulated concrete wall, 15 cm in thickness,

(b} Concrete wall, 15 cm in thickness, insufated with lightweight concrete (specific gravity
y=0.5), 15 cm in thickness, on the unexposed face. These temperature fields were computed
on the assumption thai the temperature in the enclosed room varies in accordance with
the Swedish standard temperature-time curve during 4 h, and then falls instantaneously
to +20°. Jdeen [12].

exposed to a Swedish standard fire for 4 h. This graph shows, among other
things, the marked effect of the lightweight concrete insulation in preventing
heat transfer, with the result that the insulated concrete wall has to withstand
higher temperatures than the non-insulated wall. Fig. 43 illustrates an applica-
tion of the method in question to a problem of heat conduction in a cylindrical,
axially symmetrical body. This graph represents the calculated temperature-
time curves which characterise a steel suspender provided with mineral wool
insulation varying in thickness, d, and subjected to a Swedish standard fire
for 1/2 h and for 3/4 h.

At present, calculated temperature fields and the available information on
the variations in the propertics of materials with the temperature can serve as
a basis for an approximate determipation of the load-bearing capacity of a
structure at different instants throughout the duration of a fire in special cases,
such as statically determinate steel structures and those statically determinate
reinforced concrete structures in which failure is initiated by yielding of the
reinforcement. On the other hand, it is not possible for the time being to
calculate by means of the corresponding theoretical methods the ultimate
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Fig. 43. Calculated temperature-time curves corresponding to exposures of 1 and 2 h
(marked NB 14 and NB34, respectively) to a Swedish standard fire and relating to a steel
suspender, 25 mm in diameter, insuiated with a Iayer of mineral wool (weight per unit volume,
»=135 kg per m? of thickness 4 cm which was enclosed in sheet steel in order to reduce
the effect of convection. These curves were computed on the assumption that the temperature
in the enclosed room varies in conformity with the Swedish standard temperature-time
curve during 4 and 3 h, respectively, and then falls instantaneously to --20° C.

loads of statically indeterminate structures. Their behaviour under the action
of fires is to be described as unexplored, and hence to be regarded as one of
the most urgent subjects which should be taken up without delay in structural
fire engineering research.

The fire resistance of load-bearing steel, concrete, and timber structures is
briefly discussed under some aspects in what follows.

6.1. Fire Resistance of Load-Bearing Steel Structures

From the above considerations on the process of fire development as well
as on the thermal properties and strength and deformation characteristics of
structural materials, it may be inferred that in order to prevent a load-bearing
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Fig. 44. Non-insulated load-bearing steel column which has collapsed after a short-time
exposure to a fire {65],

steel structure from collapsing in case of fire — if we abstract from fires of
very short duration — such a structure must be provided with insulation in
some form or other, which retards the temperature rise in the steel. For deter-
mining the insulation required in such cases, the designer of today has at his
disposal special lists which have been drawn up on the basis of fire tests, and
which show the thicknesses of insulation corresponding to various materials
and to different fire grading classes. All these thicknesses have been determined
from a condition which states that a steel structure protected by the insulation
shall be assumed to collapse when the temperature in' this structure reaches
a certain definite value — cf. in this respect Fig. 45, This graph, which has
been published by Bowé [7], is based on a critical steel temperature of 400° C.
The critical temperature of steel varies not inconsiderably from oné country



63

e L
Fire resistance, min
300
250
{ Plosterlboard
200 + 2. lime-cement plaster-
3 Perlite-ggpsum plaster
150 + 4 Ve.r—m.‘c.u'lite-gypsu.m ploster
5 Vermigulite-cement plaster
100 & Sprayed asbestos
pice.k:.rLLimpet)
=0
0 + + £ t d =
0 1 2 2 2, 5 8 7 8

Fig. 45. Fire resistance of steel columns provided with fire-resistive insulation of thickness

d cm consisting of plasterboard (Curve 1}, lime-cement plaster (Curve 2), perlite-gypsunt

plaster (Curve 3), vermiculite-gypsum plaster (Curve 4), vermiculite-cement plaster (Curve 5),

and sprayed ashestos plaster (Curve 6). This graph is based on the temperatures of the steel

observed in fire tests, and was plotted on the assumption that the critical temperaiure of the
steel is 400° C. Bowe [7].

to another, but is taken in each individual country to be a constant quantity,
which is independent of the type of failure and of the magnitude of the working
stress.

Fire engineering design of load-bearing steel structures based on these
general principles, which are conventionally applied at the present time,
involves an excessive simplification of the problem under consideration. It
is seen from Fig. 27 that the critical steel temperature of a load-bearing steel
structure varies to a non-negligible extent with the magnitude of the working
stress which acts on the structure during the fire, and which can be subject to
substantial changes in the course of the process of fire development. These
changes can be due to a reduction in the load or, on the contrary, to the occur-
rence of temperature stresses, which are set up when the thermal expansion
is partially or completely prevented. As is furthermore seen from Fig. 27, the
decrease in the yield point stress, ¢,, with increase in the temperature takes
place at a considerably higher rate than the reduction in the modulus of elas-
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ticity, E, with the result that the critical temperature of steel is also dependent
on the type of failure.

A. natural development of the present, largely schematised method of fire
engineering design of steel structures consists in replacing it by a more refined
procedure, which is based in each individual case on the working stress met
with in this case, on the available curves representing the variations in the
strength and deformation properties of the material in question with the tem-
perature, as well as on the temperature-time curves of the load-bearing steel
structure calculated with reference to the characteristics of combustion in the
case under consideration. Such temperature-time curves can be calculated to
a satisfactory degree of accuracy by means of electronic data processing if use
is made of the procedure outlined in the above, cf. Fig. 43. Moreover, it is
found from the literature that approximate methods, which are satisfactory
under ordinary practical conditions, have been devised for determining the
temperature, #,, which is reached in a fire-protected steel structure exposed to
a fire [8], [66], [67]. These methods take account of the effects due to the ther-
mal inertia characteristics of the protective insulation and the steel structure.
The methods in question can be exemplified by the following approximate
relation, which has been deduced in [67]:
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This relation is based on the assumption that the temperature in the enclosed
room exposed to the fire, d,, varies in accordance with the equation

Oy~ 0o =F(1)=1325—430e %% — 270~ -7 — 6235~ 1% (17)
which describes to a fairly high degree of accuracy the temperature-time curve

that has been proposed as an international standard, cf. Fig. 46. The nota-
tions used in Eq. (16) are

g=0.+0;4+0, (18)
O,=74,Cps : (19)
O:=3vd i0iCpi (20)

Qr=Viy 1)
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Fig. 46. Difference between fire temperature of an enclosed space, F (1), caicuiated according
to Eq. (17), and corresponding temperature according to ISO/TC 92, INSTA 282, or DIN
4102—62 standard curve [67].

(22)

Iy = %RQi (23)

where

Il

the weight per unit volume of the steel,

= the cross-secticnal area of the steel structure,

the specific heat of the steel,

the weight per vnit volume of the insulating material,
the thickness of the insulation,

i the perimeter of the insulation,

the gpecific heat of the insulating material,

= the thermal conductivity of the insulating material,
V', = the volume of the air entrapped per unit length in the interspace be-
tween the insulation and the steel structure,

the specific heat per unit volume of the air.
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Fig. 47. Curve determined from Eq. (17) and representing the varjation in the temnpetature

in an enclosed room, F{r), with the time under exposure to a fire for 2 h, and the correspond-

ing curves calculated from Eg. (16) and representing the variation in the temperature of the

steel, ¢, with the time in a steel columm made of a DIN standard structural shape Dip 25,

Dip 50, or Dimax 50, and insulated with a layer of vermiculite-cement plaster, 20 mm

in thickness. ¥ is the initial moisiure coatent of thet proective insulation, in per
cent by weight.

A concrete application of the approximate relation given by Eq. (16) is
shown in Fig. 47 [67], which represents the variations in the steel temperature,
g, in the case of a steel column made of a DIN standard structural shape
Dip 25, Dip 50, or Dimax 50, and insulated with a layer of vermiculite-cement
plaster, 20 mm in thickness, which was exposed to a Swedish standard fire
for 2 h. These curves demonstrate, among other things, that the temperature
rise was manifestly dependent on the thermal inertia of the steel column,
whereas this factor is disregarded in the conventional methods of fire engi-

neering design which are in use at the present time.

6.2. Fire Resistance of Load-Bearing Reinforced Concrete Structures

As has been pointed out in the above, the available knowledge of the varia-
tions in the strength properties of reinforcing steels with the temperature
makes it possible today to use a calculated temperature field associated with
the exposure to a fire as a basis for computing the load-bearing capacity of
those statically determinate teinforced concrete structures whose failure is
initiated by yielding of the reinforcement, These assumptions are complied
with in statically determinate reinforced concrete beams which are liable to
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Fig. 48, Average curves representing the relation between the temperature of the reinfor-

cement, #, and the ratio of the deflection at the centre of the beamn, £ to ifs span length, L.

These curves were defermined from extensive test series on reinforced concraste beams and

prestressed concrete beams, which were simply supported at both ends, and were subjected
to the maximum permissible uniformly distributed loads [41].

failure in flexure. In this respect, it is useful to examine Fig. 48, which relates
to reinforced concrete beams and to prestressed concrete beams. This graph
reproduces avetage curves representing the relation between the temperature
of the reinforcement and the deflection at the centre of the beam. The curves
were determined from extensive test series on concrete beams which were
simply supported at both ends, and were submitted to the maximum per-
missible uniformly distributed loads [41].

In spite of the fact that there is an obvious need for a systematic survey
which would show how the fire resistance of reinforced concrete beams of
various types subjected to flexural loads is influenced by variations in the
cross-sectional area, in the cross-sectional shape, in the concrete cover of the
reinforcement, in the distribution of the reinforcement over the cross section,
and in the number of surfaces exposed to the fire, and notwithstanding the
available possibilities of a theoretical numerical treatment of this problem
under statically determinate conditions, no theoretical study of this kind has
to the Author’s knowledge — been published in the literature up to now. It
is probable that this deficiency is primarily due to difficulties involved in a
theoretical numerical treatment of two-dimensional or three-dimensional heat
conduction under unsteady-state conditions. In connections with fires, these
difficulties are accentuated by the fact that it is necessary to take into account
the variations in the thermal conductivity and in the specific heat, and also,
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when required, to take into consideration the initial moisture content and the
changes caused by heating in the physico-chemical properties of materials.
This state of affairs emphasises the urgent need of extensive research in the
field under review. It appears advisable to concentrate this research work on
two main objectives. In the first place, it is necessary to investigate as many-
sidedly as possible the factors which produce substantial effects on the fire
resistance of reinforced concrete beams subjected to bending. Nowadays, such
investigations can be carried out by treating the difference equations of heat
conduction with the help of electronic computers. In the second place, it is
required to evolve approximate methods which are suited for practical esti-
mates of the load-bearing capacity corresponding to a given process of fire
development.

For those statically determinate reinforced concrete structures whose failure
in case of exposure to a fire is primarily determined by the strength and de-
formation properties of the concrete, no methods are available at the present
time for computing their load-bearing capacity on the basis of calculated
temperature fields. Similarly, no corresponding methods have been devised
for dealing with statically indeterminate reinforced concrete structures — nei-
ther when their failure is primarily governed by the properties of the concrete,
nor when the properties of the reinforcement are the foremost decisive factors
in determining faiture. These problems are considerably complicated by the
internal stresses which are set up because the temperature distribution in the
structure is markedly non-uniform since the concrete is heated through at a
slow rate, and which are difficult to determine by calculation. The problems
relating to statically indeterminate structures are moreover substantially
complicated by the temperature moments which are produced by heating when
the deformations are partly or wholly prevented, and which change in the
course of fire development owing to cracking, plastification, structural trans-
formations of the concrete, and to other causes. Up to now, these temperature
moments have been studied in a very limited extent. As has already been
pointed out in the above, the need of research work required for elucidating
these phenomena is to be regarded as extremely urgent.

The information available foday on the fire resistance and on the static
behaviour or reinforced concrete structures of various types exposed to fires
is based on results of standard firc tests. Normally, a few isolated fire tests
are made omn a structure or a structural part representing a special individual
design, whereas the literature contains but a small number of reports on rela-
tively exiensive systematic fire test series carried out with a view to studying
more thoroughly the behaviour of a structural system or a stroctural type
under exposure to fire. The results obtained from such comparatively extensive
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Fig. 49. Variation in the rate of heating, ¢, of the reinforcement in prestressed concrefe

beams of rectangular and I cross section with the cross-sectional area of the beam, A4, and

with the concrete cover of the reinforcement. This graph is based on results of British
and Dutch fire tests [41].

test series on reinforced concrete structures are exemplified in Figs. 49 to 51.
Fig. 49 [41] is based on British and Dutch fire tests, and shows how the rate
of heating, ¢, of the reinforcement in prestressed concrete beams of rectangular
and I cross section varies with the cross-sectional area of the beam, 4, and
with the concrete cover of the reinforcement. These results relate to beams
whose undersurface and lateral surfaces were exposed to the fire,.and whose
tendons were placed in such a way that the distances from all tendons to the
exterior faces of the beam were approximately equal. The test results repro-
duced in this graph are very valuable in themselves, but it should be observed
that one of the essential parameters entering into the problem under study
has been disregarded. This parameter is the shape of the cross section, which
may be represented, for instance, by the ratio of the cross-sectional area to
that portion of the perimeter which is exposed to the fire. Fig. 50 [68] repro-
duces the design charts based on the results of British fire tests dealing with
square reinforced concrete columns, which were subjected to axial compressive
loads under such conditions that the risk of buckling was negligible, and were
exposed to the fire on all lateral surfaces. These design charts can be used to
determine the load-bearing capacity, P,, by means of the approximate relation
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Fig. 50. CoefTicients §, and § entering into Eq. (24), which expresses the load-bearing
capacity, Py, of square reinforced concrete columns subjected to axial compressive loads
and exposed to the fire on aH lateral surfaces. These design charts are based on results of
British fire tests, in which the concrete was made with standard Portland cement and with
coarse aggregate consisting of gravel. These charts are applicable on condition that the
vertical reinforcing bars are placed in the corners of the cross section, and that the thickness
of the non-reinforced concrete cover is comprised within the approximate range from
20 to 40 mm [68].

Pu = O‘GSJGCO-cubeAc+ﬁsasAs (24)
where
A, = the cross-sectional area of the concrete,
As = the total cross-sectional area of the vertical reinforcing bars,
Gape = the compressive strength of the non-heated concrete, determined on
20-cm cubes, which are cured under standard conditions,
o, = the yicld point stress of the vertical reinforcing bars, determined on

non-heated test specimens,

B, B, = the dimensionless coefficients represented in Figs. 50 a and 50b,
respectively; these cocfficients express the reduction in the load-
bearing capacity of the concrete cross section and in that of the ver-
tical reinforcing bars, respectively, under the action of a standard
fire of varying duration, ¢.

The relation given in Eg. (24), together with the requisite charts representing
the coefficients §, and f,, has been verified by tests where the lateral dimen-
sion, d, varied from 20 to 48 ¢cm, and where the concrete cover of the vertical
reinforcing bars placed in the corners of the cross section varied in thickness
from 22 to 38 mm. This relation can be used to calculate either the load-
bearing capacity, P,, corresponding to a given column design and to a given
duration of the fire, or the duration of the fire at which a column of a given
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Fig. 51, Relation between the fire resistance and the relative load level. This curve, which
was caleulated from Eq. (24), refers to a square reinforced concrete column which is subjected
to an axial compressive load, and is exposed ‘to the fire on all lateral surfaces. Design data:
d=38.1 cm, A,~25.7 cm? (4 reinforcing bars, 28.s mm in diameter), A4,=1426 cm?, 6, =2200
kp per cm?, and Onbe=265 kp per cm?® The 100-per-cent relative Ioad level chosen in this
case is P,,= 100 Mp, and corresponds to one-third of the Ioad-bearing capacity of the column
hefore the fire. The points marked with--represent the results obfained from British fire
tests [53], [68] on columns which were closely similar in design to that assumed in these
calculations,

design will collapse under a given load. This method enables several factors
to be taken into account in a differentiated manner, viz., the quality of con-
crete, the quality of reinforcement, the lateral dimension of the cross section,
the percentage of reinforcement, the load level, and the duration of the fire.
The application of this method in an individual case is illustrated in Fig. 51,
which represents the relation between the load level and the fire resistance
calculated from Eq. (24) for a given column design. For comparison, this
graph also shows the results obtained from fire tests [53], [68] on a column
which was closely similar in design to that assumed in the calculations.

6.3. Fire Resistance of Load-Bearing Timber Structures

Timber structures, as distinguished from steel and reinforced concrete
structures, are in a class by themselves, e.g. in that they are combustible.
Consequently, the fire endurance of small-sized load-bearing timber structures
is low. For instance, after the exposure to a fire for 10 min, the load-bearing
capacity of a timber board, 1 in. by 4 in. in size, subjected to bending in the
direction of maximum rigidity equals only about 5 per cent of its initial value
[71]. On the other hand, since the time taken for the fire to burn through a
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structure mncreases as the dimensions of the structure become larger, and since
the non-charred portion of the cross section of the structure has a good ability
to withstand stresses, the fire resistance of load-bearing timber structures of
large dimensions is considerable.

The studies of the fire resistance of load-bearing timber structures which
have been published in the literature deal in the main with solid and glued
laminated beams and columns. Extensive American, British, Danish, Finnish,
German, Japanese, and Swedish investigations of structural members of these
types have shown that the rate of increase in the depth of the charred layer

Fig. 52. Effect of a 30-min fire on a glued laminated spruce beam of rectanguiar cross section
having the dimensions 18 by 45 cm? before the fire [70].
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formed in the course of a fire is to a close approximation constant when the
duration of the fire does not exceed about 2 h [69] to [71]. The rate of increase
in the depth of the charred layer ranges from 0.5 to 0.7 mm per min for fir
beams and columns, and amounts to about 0.4 mm per min when these struc-
tural members are made of oak or teak. This rate is approximately the same
for solid and glued laminated timber structures, and is practically independent
. of the thickness of the laminations within the range of variation covered in
the above-mentioned investigations, which extended from 18 to 34 mm.

In fir and oak structures, the charred layer formed by combustion is cha-
racterised by adequate adhesion and by satisfactory resistance to mechanical
action, e.g. due to sprinkling with water, whereas the charred layer on teak
is brittle, and separates easily from the uncharred wood. Owing to its relatively

-high heat-insulating power (thermal conductivity 2=0.05 to 0.07 kecal per m
per h per °C), a charred layer that remains on the uncharred wood considerably
retards the temperature rise in the sound portion of the structure, and sub-
stantially reduces the supply of oxygen which is required for sustained com-
bustion. The temperature rise in the uncharred portion of the structure is
furthermore materially retarded owing to the fact that the water which is
initially contained in the timber, as well as the additional water whicl is
formed by pyrolysis, moves during the development of fire towards the interior
portions of the cross section, and causes in these portions an increase in the
moisture content, which has been demonstrated experimentally. A combined
effect of all these factors is a very slow temperature rise in the uncharred
parts of a timber structure exposed to a fire. This can be illustrated by the
results of the investigations published by Holm [71], which dealt with timber
beams exposed to the fire on all their lateral surfaces. The temperatures observed
at the centres of the cross sections in the measurements made on laminated
fir beams, 14 by 24 cm?2 and 16 by 36 cm? in cross section, as well as on solid
fir beams, 16 by 34 cm2 and 16 by 36 cm? in cross section, amounted to about
+25° C after a 30-min fire test, and ranged from +65 io +75° C after a
60-min fire test.

If it is assumed that the increase in the depth of the charred layer per unit
time is constant, and that the strength properties of the uncharred portion of
the cross section are the same as those of the timber before the exposure to
the fire, then it is not difficult to deduce relations for calculating the load-
bearing capacity of statically simple load-bearing timber structures at any
given instant of a process of fire development. In the case of glued laminated
rectangular timber beams of width B and depth D subjected to bending, this
problem has been dealt with by Inaizumi [70], [71]. He assumed that the rate
of increase in the depth of the charred layer which is representative of spruce
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Fig. 53. Graphs calculated by fmaizumi [70), {71} for determining the fire resistance, ¢, of
glued laminated spruce beams of rectangular cross section subjected to fexural loads and
exposed to the fire on all lateral surfaces. The width and the depth of the beam before the
fire are denoted by B and D, respectively, These graphs are based on the assumption that
the rate of increase in the depth of the charred layer is 0.6 mm per min, and that the bending
moment acts on the bearm in the direction of its maximum rigidity, and amounts to one-third
of the corresponding ultimate moment of the cross section of the beam before the fire. The
ratio of the flexural compressive strength of the uncharred portion of the beam at a given
instant of the process of fire development, oy,, to the initial flexural compressive strength of
the beam before the fire, gy,,, is denoted by e. The fire resistance corresponding to a=1 is
designated by # in Fig. 53 a.
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is 0.6 mm per min. His results are exemplified in Fig. 53 a, which represents
the calculated relation between the beam dimensions, B and D, before the
fire and the fire resistance, r;, defined as the time after which the bending
moment of the uncharred portion of the beam is equal to one-third of the
initial ultimate bending moment of the beam. This fire resistance can be cor-
rected so as to take into account that reduction in the flexural compressive
strength of the uncharred portion of the cross section which is caused by
heating and by increased moisture coatent. For this purpose, Imaizumi has
given the curves, reproduced in Fig. 53 b and based on the ratio, o, of the
flexural compressive strength, o,,, of the uncharred portion of the cross sec-
tlon at a given instant of the process of fire development to the flexural com-
pressive strength, ¢,,;, of the beam under the initial conditions before the
fire. In dealing with beams which are slender in a lateral direction, a calcula-
tion of the fire resistance corresponding to failure in pure flexure based on the
curves shown in Figs. 53 a och 53 b must ordinarily be supplemented with an
analogous calculation in order to check the design with respect to the risk
of failure in lateral buckling. However, no method which would be suited for
practical calculations with a view to checking beam designs for lateral buck-
ling under such conditions has so far been published in the literature.

At the present time, the greatest difficulty encountered in calculations of the
fire resistance by means of the procedure described in connection with Fig. 53
is the correct choice of the value of the parameter « [69], [71] in each individual
case. This choice necessitates detailed information on the temperature and
moisture distributions which occur in uncharred portions of structures ex-
posed to fires, as well as on the effects produced by variations in the moisture
content and in the temperature on the strength properties of timber, Some
isolated investigations have shown that a temperature rise from 20 to 106° C
causes a reduction of up to about 50 per cent in the flexural compressive
strength of firewood. It is to be noted, however, that this question has been
explored extremely little up to now, and is therefore entitled to a high priority
among urgent problems in structural fire engineering research. Other studies
which also deserve a high priority in the field of load-bearing timber structures
are those which deal with the effects of fires on the behaviour of such structures
as load-bearing timber trusses and nailed or dowelled beams, as well as on
that of connexions of various types which are subjected to forces.



7. Summary

The above fragmentary survey gives a general idea of the present state of
knowledge concerning separate problems which relate to some essential
aspects of the behaviour of load-bearing structures exposed to fires. At the
same time, this paper states a series of urgent subjects for future siructural
fire engineering research.

This survey serves to illustrate the fact that the information available today
affords a highly inadequate basis for reliable fire engineering design of load-
bearing structures. Accordingly, emphasis is placed on the importance of rapid
and intensive development of both theoretical and experimental research work
in the field of structural fire engineering. Many of the urgent subjects for research
which have been mentioned in the above are so extensive that it may be advan-
tageous to tackle them at a collective inter-Scandinavian level or on a still wider
international plane.

In the future treatment of the separate research problems of the type re-
ferred to in the above, an essential requirement is of course that they should
not be regarded as independent subjects, but should be dealt with as signif-
icant stages of systematic long-range research programmes [72]. In the special
case of load-bearing structures, this implies that the future results obtained
from the studies of the various separate research problems should be combined
so as to form the requisite basis for differentiated fire engineering design, which
will enable the designer to take into account the factors involved in each
individual case, such as the combustion characteristics of the fire load under
consideration, the structural features of enclosed spaces, e.g. volume, sur-
faces bounding the space, window and door openings, etc., the radiation
properties and thermal inertia characteristics of the structures enclosing the
space and contained in it, the changes caused by heating in the strength and
deformation propertics of the structural materials concerned, and the stresses
which occur in the load-bearing structores at any given instant of the process
of fire development, including the forced temperature stresses, if any, which
are caused by heating due to fire.
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