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This thesis comprises the following reports under the general

heading: "Characteristics of Fire Exposure and Conseguences

on. Mechanical Behaviour of Concrete".
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1. Introductiocn

When a fire starts and develops in a building the performarnce

of the load-bearing structure will soon be affected in one way
or another and structurai collapse.may aceur. This must be taken
into account in the design of the load-bearing system in szuch

& way that a reasonable safety is obtained in case of fire. Gene-
raily, the problem falls into two parts, the one is to specify
the fire exposure (e.g. in the form of a temperature/time curve)

end the other is to evaluate the structural consequences,

In the classical epproach the fire exposuré is characterized
with a standardized time-temperature curve and the Tire resis-
tance of a certain building element is defined as the length
of time during which the element can maintain its prescribed
function {defined through certain criteria), when exposed to
températures in sccordance with the standardized curve. The
fire resistance defined in this way is most oftenly determined
in laboreteory tests. The required fire resistance times under

various conditions are then specified in building cedes.

This classical approach is mainly based on work made by Ingberg
/1/, who gttempted to relate the severity of fire endurance
tests to the conditions occurring during actual building fires.
He showed that the major factor affecting the fire severity

was the fire load, given as the equivalent weight of wood per
unit floor area, and Tormulated explicitly = relation between
the fire load and the fire duration., He also recognized the
importance of ventilation in controlling fire behaviour but dig

net specify it as a separate variable.

This early work by Ingberg was for a long time the only syste~
metic investigation of the behaviour of fully developed Tires.
In the yeérs'following the second world war, however, funda-—
mental work wes made in Jepan by Fujite and others (reported
in English in e.g. /2/ and /3/). The influence of ventilation
on the fire behaviour was emphasized and it was suggested /2/

thet the rate of burning for fires in enclosures should be pro-



1/2

portional to the factor A*H , Where A = window area, and

K = window height. A theoretical model for the.behaviour cf
comprriment fires was developed in terms of a heat balance
equation /3/, where the amount of heat produced by combustion
was assumed te be proportional to the ventilatjon factor
A'Hl/z. In Sweden s similar model was developed simultaneously
by Odeen /f4/.

Perhaps the most important work in the field during the last

ten years has been made in U.K. at the Fire Research Station,

see for instance /5/ end /6/. Thomas, Heselden & Law /6€/ spe-
cified two mein regimes for the behaviour of compartment fires,
ventilation control and fuel bed control respectively. In the
ventilation controlled regime the rate of burning is roughly
proportional to the factor A-ﬁl/g, while in the fuel bed control-
led regime the rate of burning depends on various factors, the
most important of which is the expused area of the fuel., The dis-
tinction between the two regimes is not guite clear, since the
rate of burning depends somewhat on the fuel bed arrangément 8lso
in the ventilation controlled regime and vice versa. Thomas &
Nilsson /T/ have suggested a third regime, named crib control,
which gives an improved description of %he behaviour of wooden

crib Tires.

In spite of the progress made in fire research the design proce-
dure based on the standardizeé temperature-time curve is still
used ir most countries. At the time being, however, an interna-
tional development towards a more functionally based siructural
fire engineering design can be seen. The most important contri-
bution to this development has been made by Fettersson, who pro-
posed a design model based on the natural fire behaviour and

the actusl response of structural materials and structural cqm;
ponents to Fire exposure /8/. The prineiples of this design
model are illustrated in Figure 1 in form of a flow chart. A ge-
neral application of these design principles requires an ad-
vanced knowledge of the physical characteristics of the fire pro-
cess and its influence on building struetures. In order to in-
cite research and development in the area, the design system

was included in the Swedish Building code of 1967 as an alter-—
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native to the traditional fire engineering design.

Under the circumstances great research efforts have been made
in Sweden during the recent years, and the reports summarlzed
in this thesis are a1l simed at studying problems in conneckion

with the application of the design model shown in Figure 1.

2. Behaviour of fully.developed compartment fires,
pepers_/A&/. /B/ and /C/

As mentioned in the introduction an important problem in eva-
luating the effect of fire on structures is to specify the fire
exposure. In papers JA/, /B/ and /C/ a theoretical model is
employed with the purpose of predicting the gastemperatures
attained in fully-developed compartment fires under various con—
ditions. In /A/ the theoretical model is accounted for in detail
and its relisbility is checked against full scale tests from the
literature. Results are presented in the form of gastemperature—
time curves for different combinstions of fire lead density,
ventilation characteristics and thermal properties of surroun-—
ding walls, floor and ceiling. In the papers /B/ snd /C/ the
validity of the basic assumptions and the relevancy of the model
for the prediction of fire severity is further discussed, partly

on the basis of new information.

The theoretical besis for the work is the heat balance model

established by Kavagoe & Sekine /3/ and Odeen /b4/:

-
"
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+
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IC = reate of heat release by combustion

IL = rate of heat loss by convection in the openings

IW = yate of heat loss through bounding walls, ficor and ceiling
IR = rate of heat loss by radistion through the openings



The terms IL‘ IW and IR express the total heat transfer from

the fire compartment to the surroundings and are sll functicns
of the average gastempersature in the compartment. Thus if the
rate of heat release IC is known for a given instant the gas-
temperature can be obtained from Eg. (1), which expresses the
momentary heat balance. A computer program of a considerably

general vaiidity, written by Magnusscn, was used for the cal—

culations.

Of the three heat transfer terms on the right hand side of Eg. {1)
I, and IR could rather easily be determined with sufficient
accuracy, while IL’ which is directly proportional %o the rate

of gas flow, is more difficult to model mathematically. Under
simplified assumptions, the rate of gas flow Q iz shown to be
proportional to l\the ventilation factor AvE. The validity of

this relatior was to some extent verified experimentsliy by
Kavegoe /2/ in full scale fire tests and the relation was alsc
used in the heat balance equation derived by Kawagoe & Sekine /3/.
Later, Thomes et al /6/ pointed out that for large openings the
abovementioned assunption may give tco high values of the rate

of gas flow. A considerable uncertainty in the predicted rate

of gas flow is inherent in the choice of discharge coefficient u.
This factor probsbly depends on the size of the cpening and the
detailed arrangement at the boundaries, but no information is

available gbout this.

In default of a betier model, the relation Q -~ AVH was adopted
in /Af, though the influences of possible deviations from this
assumption was snalysed in /B/.

The term 'IC in Eq. (1) is the effective rate of heat production
in the burning compertmwent. Since the pyrolysis{production of
combustible volatiles) of the fuel is a hest-consuming reaction,
8 certain lportion of the heat produced in combustion must be
fed back to the fuel to sustain the burning. This is not inciu-
ded in Eq. (1) and IC is defined as the net production of heat

excluding the feed back.



The combustion of fuels like wood 1s a combined heat--and mass
transfer process of a very complex nature and our basiec knowledge
of this process is by no means sufficient for a direct predic-
tion of I,. But since we are here restricting our attention

to the fully-developed fire as a structural engineering problem
many details in the combustion process are of negligible im-
portance and IC can be treated on a more empiricel level.
Empirical information about the time variation of I, could in

the following way be indirectly obtained from full scale fire
tests. For tests with sufficient data for a calculation with the
equation of heat balance to be possible, & time graph of IC was
chosen on trial. On the basis of this a time~temperature curve
was caleulated and compared with the measured temperstures. If
needed, the time graph of Ic was changed and used for a new cal-
culation. This was repeated until the calculated and measured
time~temperature curves were in agreement. Such comparative cal-
culations were in /A/ performed for some 30 full scale tests. For

all trials of & certain tesi the following condition was fulfilled

f Iodt = MeW {2)
5 .

where

t = time

M = total weight of fuel

W = effective heat velue of the fuel.

By neglecting the combustion taking place outside the compsart—
ment and taking the value of W equal to the calorific heat value,
corrected with respect tc the moisture content, it was possible
to determine a t - IC curve leading to close agreement between
theoretical values and average measured gastemperatures. This
could be done for all 30 tests-in /A/; including some with fire
load of real furniture. Further tests were analysed in /B/ with

the same result.

The I - + curves given in this way will obviously be affected



by uncertainties in the heat transfer terms and may therefore
be inexact measures on the actusl heat release, Bub combined with
empirical information sbout the rate of weight loss R and its
dependence on various parameters, useful cconclusions could be

drawn from the said sralyses.

A given IC -t curve can in its main features be characterized
by two quantities, the maximum velue Ic,max and the duration T
of maximum burning intensity. For a given value of I[C,m&x T is
approximately givern by the fire load density‘which is a prede-
termined quentity in this connection. Accordingly, the in-
filuence of various parameters on the rate of heat release in
compartment fires can be discussed in terms of the quantity

IC,max'

IC e in turn is in some way or another connected to
>
the maximum rate of weight loss or rate of burning Rmax’ which

can readily be measured in fire tests.

As mentioned in the introducticn the behaviour of fully-developed
fires broadly falls into two categories, ventilation-controiled
‘and fuel bed controlled respectively. In the ventilation controlled

regime the rate of burning is given by /2/:

_ . -1
Ry =55 AYE - A{kg'min ) (3)
vhereas in the Tuel bed controlled regime the rate of burning de-—
pends on a number of parsmeters, of which the most significant is

the exposed surface area of the fuel.

In a deterministic prediction of the fire exposure for design pur-—
poées, we have to start from a given compartment geometry, a given
ventilation factor, and & given fire load density. Generally spea-
king, with these parameters predetermined the fire can be either
ventilatién'controlled or fuel bed controlled depending on the pro-
perties of the fuel bed. If the fire is ventilation controlled

the fire burns rapidly during a short time while in the case of
fuel bed control the rate of burning will be lower but the duration
longer. Since the severity of & fire with respect to an exposed

structural member is 1argely'an integral effect, the difference in

T



this sense between the two kinds of behaviour is not very merked.
Tt is quite obvious, however, that the fuel bed controlled fire
will in general be less severe than the ventilation controlled
fire, the difference depending on the thermel performance of

the exposed structure.

For the purpose of specifying the fire exposure with regard to
its impact on structural members, it was found appropriate to
assume ventilstion control in all cases. Under this assumption
generalized IC - t curves were constructed {psper A) with IC,max
given by
I = W MIemin (k)

C ,max ert e .
.vhere R was taken from (3). On the basis of the information
cbtained from the burn-cut tests asnalysed weff was taken to

10,8 MJ»kg_l (This value expresses the net producticn of heat
excluding the feed back snd has nothing to do with the calorific
heat value of the fuel}. ’

Phe generslized curves were used to compute gastemperature-time
curves for a systematic varistion of fire load density, ventila-
tion opening and type of structure bounding the fire compartment.

The design curves are compiled in an sppendix to paper A.

The reasonableness of the assumptions made was further discussed
in paper /B/. The fact that a ventilatlon controlled fire is gene-
rally wmore severe than a fuel bed controlled fire, was directly
demonstrated for fire exposed steel structures with varying degree
of insulation. The consequences of &ifferent conceivable devia-
tions from the assumptions regerding the rate of heat release

and the rate of gas [low were examined. The general conclusions
arrived st were that the application of the design curves gives

a reliable descripbtion of the fire severity with regard to struc-
tursl members and that the favourable effect of Tuel bed control,

if any, could at the time not be taken into account. The resason
for this is that the main paremeter of interest in the fuel bed

controlled regime, the exposed surface area of the fuel, can not



be specified for the type of fire loads occurring in real life.

In e later work by Nilsson /9/ the heat balance model Eq. 1, in
the form used in /A/, /B/ and /C/, wes employed in an snalysis

of a large number of model fire tests. The usefulness of the model
was then further demenstrated for a wide range of conditions. As

a result Nilsson presented a basis for the prediction of the va-
riation in rate of heat release for weod crib fires, valid also
for the fuel bed coatrolled regime. Basic parameters were ven—
tilation, fire load density, crib porosity and stick dimensiens.
Nilsson proposed-that fires occurring in practice could be de-
seribed jin terms of equivalent crib paremeters, which may be de-
termined from systematic calibrating tests with practically repre-

sentative fire ioads.

Further progress of any importance as regerds the behaviour of
compartment fires cam only be made on a basis of & better physical
understanding of the combustion process. A problem of immediate
practical interest is how the fire process is affected by the in-
creasing use of plastic in furniture and linings. The knowledge

80 far is on the whole limited to fuels of wooden type.

The design curves presented in /A/ heave been accepted by the Swe-
dish National Board of Urban Planning as a base for a design of
fire—exposed structural elements. The curves are employed in a
general design prodedure for fire exposed steel structures, recent-
ly developed and published in & manuel /10/. The design proce—

dure is essentislly following the principles in Figure 1 and is
systematized and presented in charts, diagrams and tables, ready

to use inm practical design.

3. Mechanical behaviour of concrete under fire exposure

conditions. Papers /D/ and /R

The publishing of /10/, implies that the design of Tire exposed
steel structures now can be made in s sophisticated mamner in

accordance with modern concepts of safety /11/. In the design



of reinforced and prestressed concrete structures under Fire
exposure one still has to resort to the traditiomnal classifica-
tion system, which is greatly simplified in comparison. Im this
situaticn it is important that research efforts are made in order
fhat concrete and steel may be put on equal foéting in this

respect,

Any attempt to anelyse the structural behaviour of & reinforced
or prestressed concrete member under thermal exposure and statie
load involves an estimate of stresses and deformations in the
concrebe and the steel. For steel the mechanical behaviour st
high temperatures is rather well-known, while an analysis of
stresses snd deformations in loaded, heated concrete, is very
difficult to meke. This is due to the fact that a realistic con-—
stituﬁive equation for concrete under transient, high-tempera-—
ture conditions has not yet been formulated. To achieve this end,
Further information is required about the deformation under load

of conerete exposed to high temperatures.,

In paper /D/ the problems involved in making & theoretical stress
analysis of conerete structures at high tempetatures are formula-
ted and discussed to some extent. The information available in
literature on deformation properties of concrete at elevated
temperatures is reviewed from the point of view of high tempe-
ratures and rapid processes of heating, i.e. the conditions
characterizing fire exposure. Possible methods of caleuwlation
are briefly outlined and the needs of data for applying these

methods are accounted for.

Relatively much information was found in the literature regar-
ding creep at temperatures below EOOOC; while practicelly no
studies of time-dependent deformetions have bteen performed st
higher temperatures. The results in literature clearly showed
that the influence of moisture content, moisture change and
meisture migration is very significant for lower temperatures.

It was estabiished that the deformations became much larger under
changing temperature and moisture state then under stable condi-

tions. This is & parallell to the distinction between basic creep

ig



and sorption creep which is 2 vell-known feature for creep st

nermal temperaturés.

As regards the instantaneous strains the most important aspect
is the marked influence of the previous stress history. Concrete
which has been subjected to stress during heesting exhibits
different strength and accordingly different stress-strain re—
lation compared with concrete which have been unstressed during

heating.

The possibility of applying an ultimate load appreach on concrete
at high temperatures was briefly discussed. The main question in
this context is whether the deformability of heated comcrete is
large enough for the redistribution of stresses to take place.
Another aspect is the definition of the ultimate stress, since
in tests, this quantity has been found to depend on the previous
stress history. It was suggested that the ultimate stress might
be determined from tests, where the specimens are Tirst loaded

to certain stress levels and then heated until failure ccenrs.

The problem of calewlating the complete stress and deformation
behaviour of a fire exposed concrete structure can be tackled by
using & stepwise procedure. In this case thorough knowledge of
the constitutive relations between stresses and strains inclu-
ding time-dependent behaviour is needed. These relations must

be valid at transient as well as steady-stabe conditions.

Paper /E/ is devoted to = study of this complex problem. The in-
tention is to make a fundemental study of the deformation beha-
viour of concrete under lead at transient high-temperature
conditions. The study is made on the basis of tests of plain
concrete in pure torsion, which makes it possible to study the
deformations under changing temperatures without simultanecus
thermal eipansion being included. The test series coﬁprises Tor
four different types of tests, viz. torque vs, twist at constant
temperature, creep &t constant stress and temperature, heating
to failure under constant lead and heating to & maximum tempe-

rature level under constant load.

11



Compared with metal or ceramic materials, concrete_exﬁibits a
special feature, namely that the deformations under transient
conditions can not be predicted from tests made at constant
temperatures. During the first heating of stressed conerete
éonsiderable deformations develop that do not occur under

stabiliged temperature.

This has been shown for moderate temperatures (< lOOOC) by
several investigators. In /E/ the same was found for tempera-
tures st least up to BOOOC and the effect was found to be even
more pronounced at higher temperatures. The results show that
the deformations cccurring as a result of heating constitutes

the major part of the total deformation.

Based on the test results, & constitutive eguation is formulated

in terms of the following three strain components:

Elastie strain
Constant temperature creep strain

Transient strain

This is velid for conerete in pure torsioni in the uniaxisl case

we alsc have to include thermal expansion and shrinkege.

The elastid strain is determined by the shear modulus, whichk is a
function of temperature. The constant temperature creep is the time
dependent strain measured under constant stress and temperature,
whereas the transient strain component occurs only if the tempera-~

ture increases in the conerete under load.

All three strain components are linearly related to the stress,
which gives good agreement between theory and experiments. The
model can, however, easily be modified to a non-linear stress

dependence when and if this is recessary,

The different components sre formulated mathematically in a con-
stitutive equation; which is employed in a thecretical analysis
of stresses and strains in circular cross sections under pure

torsion. The agreement between tests and theory is remarkably good

12



for a wide range of loading and temperature conditions, a fact

which proves the reliability of the model.

The suthor believes that the suggested constitutive model in a
qualitative sense also can be used to deseribe the strain be-
haviour in compressiocn and direct tension, though ip these cases
the thermal expansion must be taken into account. In a coming
paper by the author and Anderberg the strain behaviour in com~
ﬁression will be anelyzed on the basis of a comprehensive test
series involving the same types of tests as those accounted for

in /E/.

The purpose with these studies is to establish a realistic and
accurate constitutive model of the conerete at high temperstures,
valid in compression and tenmsion, for steady and non-steady
thermal conditions. This knowledge is fundementsl for an anelysis
of the structural behaviour of reinforced and prestressed concrete
structures under thermal exposure. Arn advance understanding of
this behaviour is in turn necessary for the development of simpli=

fied methods which can be used for design purposes.
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