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Abstract

On the basis of the genersl functional requirements of fire exposed
load-bearing structures, the characteristics of a differentiated
fire engineering design are summarily reviewed in application to
ordinary reinforeced and prestressed concrete structures. For struc-
tures with a reguirement on re~gerviceability after a fire, = di-
rect differentiated design constitutes the natural solution. On

_the presumption that realistic dats are available on fire exposure
- and materisl properties, a differentiated fire engineering analysis
" glsc offers the best way for a determination of the residual state

of a fire damaged structure with respect to stresses, deformations

and load-carrying capacity. The present state of knowledge and the

tendencies of development are briefly reported and discussed for

the main steps of the gdifferentiated design procedure. Finally,
some characteristics are illustrated and exemplified for a more
conventional estimation of the condition of a fire damaged struc-—
ture on the basis of data on the properties of thae concrete and
reinforcement , determined in tests in situ or on test specimens
drilled out or cut off of the structure. S



1. General Functional Regquirements of Fire Exposed Load-Bearing

Struciures

The primary objective of all active and passive fire protection
measures for a building, a group of buildings or a community is
to minimize the risk to life of long—term occupantis, casual visi-
tors, and fire fighting people. Occupants and visitors must be
protected at a fire with respect to structural collapse of the
building and jntolerable jevels of heat, smoke and toxlc gases
during an evacuation of the building or during a movement I'rom

- pire affected areas to safe areas of refuge within the building
and a subseguent stay there. Fire fighting people must be guaran-
teed an equivalent level of safety in connection to rescue and

fire fighting operations.

On the: ba31s ‘of this primary objective, the load-bearing . and
_separatlng structures of a building, which are the limited sub=
ject of thls state of art report, ought to be designed as an inte-
grateé COmponent.of-the overall fire protection system. Generally.
in a fire engineering design it then is to be proved that these
structures are able te fulfil the relevant functional requlre*
ments during the fire action. For a load-bearing structure that
means a proof that the load-bearing capaclty does not decrease
.bE¢OW the design load or some other prescrlbed load, mulflp¢1ed
by a stipulated loadfactor, during a required duration of the

fire exposure - the complete process of fire development or func-
tlonallj grounded parts of it. For a separating structure, ana-—
logously, the fulfilment of specified functional reguirements is

to be proved with regard to insulation and integrity.

A further explanation of the philosophy behind the, functional
peguirements within a fire engineering design of load-bearing
and separating structures can be given according to Fig. 1 in

the following way [1] .
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Figure 1. Relationship between cost C and fire load density g
for & given type of structure and at given characte-

rigtics of fire compartment

In this figure three basic curves (:) . (:) , and'(:) are shown
for the relatiquship between the cost C of a load-bearing or a
separating structure and the effective fire load density q. As

an alternative, the y axis of the figure could haﬁs been referred
tc the requisite time of fire resistance of the structure, but
using the cost C instead gives some s1mpllflcatlons of the dis-
cussion. The curves presuppose a given type of structure and

a given fire compartment, specified by its geometrical, ventila-

ticn and thermal characteristics.

The curve (:) expresses the cost C connected to the sheriest time
of fire'resistance, for which the structure must be designed in

order to guarantee the Pulfilment of the required'functiou during



the hesting period of the process of fire development. The ana-
logous curve (é} reiates to an increased regquirement of a ful-
filled functicn of the fire exposed structure guring a Lcmplete,
sndisturbed process of fire development, comprising the heating
thase zs well as the subsequent cocling phase. Applied to a load-
besring structure the curves (E) and (:) are characterized by the
condition that the lcad-bearing function is to be fulfilled with
respect to that level of loading which 1s representative to the
structure from a probabilistic point of view in connection with

8 rfire eXposure.

For buildings containing activities, which are particularly im-
portant from, for instance, an economical point of view, there
can be the motive for a further increase of the requirements on
the fire protection measures to such a level that the building
can be used again after a fire, almost immediately cr very soon,
for the current activities in a full extent. Fer a load—bearing
structure then it must be required that the initial lcad-bearing
capdcity either will remain approximately unchanged after an
exposure to a complele process of fire development or only will
"be reduced in such = limited extent that it can be restored to
its initial value in a short time by a moderate amount of work.
The curve (:) in Fig. 1 corresponds to a fire engineering design.
of a load-bearing structure which fulfils requirements of this
level. The design with respect to the re-use of the building
after fire then must be carried out for the same loading charac-
teristics as applied to the initiel, non-fire design. Fire engi-
neering requirements as expressed by the curve (:) introduce for
load-bearing structures and partitions re-service-ability cri-

teria as a complement to the conventional fire resistance cri-

teria [2]

In ordinary applications, the absolute minimum standard of the
LlTe prevention and the fire fightlng measures will be d@ter-

ned by the requirement of a safe emergency evacaatlon of people
at a .fire or a safe personal movement from fire affected areas
to areas of refuge. For most buildings a complete evacuation of

the people will be the actual alternative. In such a case, the
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vequirement cof a safe emergency evacuation of the building means
that a load-bearing structure or a partition has to fulfil its
function during the necessary evacuation time T,. In a presenta-
tion according to Fig. 1, this will lead %o & minimum fire resis-
tance and a corresponding cost C, determined by the curve (:) up
to the level Cp, and for larger values of the fire load density’

g by the horizonmtal line C = CT1-

For buildings with a content of vital and expensive egulpment,
there can be a financial motive for an increased minimum standard
of the fire prevention and the fire fighting measures corresponding
to a guaranteed combined evacuaticn of the people and parts of

the equipment. To such a goasl belongs a minimum evacuation time

T2 gnd a connected cost CTQ: which are generally larger than T1

and CT19 respectively. This gives a minimum fire resistance and

a cost C, determined by the curve (:) up to the level CT2 end fer

larger values of the fire loead density g by the horizontal line

C = CTQ‘

For some types of buildings, for instance tall buildings, the
necessary cccupant protection at a fire must be solved by a safe
personal movement to areas of refuge and a safe subsequent stay
there. As a consequence, the requirements of the load-bearing end
separating sbtructures must be inereased to guarantee their func~
tions ét a prescribed safety level during either the complete
process of fire development or the time T3 necessary for the fire
to be extinguished under the most severe conditions. With refe-
rence to Fig. 1, this will give a minimum fire resistance and a
corresponding cost € which will be determined by either the curve
(:) or the curve (:) or some other prescribed curve between them
up to the level CT3 and then for larger values of the fire load
density q by the horizontal line T = CTE' The cause for such a
requirement can also be dictated by. the necessity of a safety
against collapse of & fire exposed structure with regard to the
fire brigade people engaged in fire fighting. If then a fire
exposed structure has a larger residual load-bearing capacity after
cooling than the smallest load—bearing capacity of the heated

structure, the reguirement alsc guarantees the safety for the



people who have to clear the building after the fire. If, however,
the load-bearing capacity of a fire exposed structure continues
“to decrease during the cooling phase of a fire, the minimum fire
resistaﬁce of the structure must be higher than that correspon-—

ding to the level CTB in order to give the necessary safety for

the clearing people.

In those applications, for which requirements must be put for-
ward with respect to re—éerviceability of the building after a
fire, a determination of the residual capacity of the load-bearing
structures and partitions must be included in the primary struc-—
tural fire engineering design. For structures designed on the

- basis of very low requirements of fire resistance — according to
the level CT1 in Fig. 1 = it is tc be expected that the struc-
tures ordinarily will be damaged too strongly at a fire for enab-
ling & repair within a reasonable cost. For intermediate applications,
the residual state and strength of the structures after a fire
mist be analysed in each specific case for a judging of the pre-
requisites for a re-use of the building and of the extent of the
connected necessary repair. Such an analysis then can be made
either in a theoretical way according to the procedure of a diffe-
rentiated, structural fire engineering design or in a more con-
ventional way, which implies an estimation of the condition of the
fire damaged structure on the basis of data on the properties of
the concrete and reinforcement, determined in tests in situ or on
test specimens of the structure. For siructures with & regquire-
ment on re-serviceability after a fire exposure, a direct diffe-

rentiated fire engineering analysis constitutes the natural method

of solution.

2. Differentiated, Structural Fire Engineering Design

For losd-bearing structures or structural members, inside a fire
compartment , a differentiated fire engineering design has the fdl-

lowing characteristics [ﬂ , 3] - [6], Fig. 2.

The basis is constituted by a fully developed compartment fire

" exposure. Decisive entrance quantities then are
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+he nominal load and load factor for the fire load density,
<he combustion properties of this design fire load,

the size and geometry of the fire compartment,

the ventilation characteristics of the fire compartment, and

the thermal properties of the structures enclosing the fire com-

partment.

Jointly, these quantities are determining the rate of burning,
the rate of heat release; and the design gastemperature-time curve

of the complete fire process.

Together with

the structural dats of the proposed structure,
the thermal properties of the structural materials, and

the coefficients of heat transfer for the varicus surfaces of the

structure

this gastempersture—time curve of the fire compartment gives the
requisite information for a determination of the temperature—time

fields of the fire exposed structure or structural members. With

the mechanical properties of the structural materisls, and

the load characteristics

as further entrance quantities, then a determination can be carried
through of the time variation of the restraint forces and moments,

thermal stresses, and load-carrying capacity R. The lowest value

' of this load-carrying capacity R of the structure or structural

members during the complete process of fire development defines

the design load-carrying capacity Rd'

Over nominal loads and load factors for dead load, live load, etc,
statistically representative of a fire occasion, a design load

a is defined, interdependent on non-fire design

procedure.

A direct comparison between the design load-cerrying capacity R

end the design load effect at fire Sd decides whether the struc-—

ture or structural members investigated can fulfil their reguired



function or not at a fire exposure.

If the structural fire enginecring design also comprises a require-
ment on re-serviceability of the structure after fire, the design

procedure is to be expanded as follows.

From the time curve of the load-carrying capacity R of the fire
exposed structure or structural members, calculated on the basis

of the temperature-time fields and the time variation of restraint
forces and moments and thermal stregses, the design residual load-
carrying capacity er of the structure after fire is obtained

as an end irformaticn. This quantity er has tc be compared with
the design load effect at service, non-fire state for the structure
srd’ given by the corresponding ncminal leads and load factors for

dead load, live load, etec.

 The same differentiated procedure 'as described above according to

Fig. 2 can also be applied in those cases when the residuval state
and strength of a structure must be analysed, alter a fire has
taken place, for a judgement of the prerequisites for a re-use of

the building ard of the extent of the appurtenant necessary repair.

Usually, then the calculation can be based on comparatively accu-

rate, real values of the fire load density instead of design values,
determined with respect to the probabiliétic influences. As a con-
sequence, the design residual lcad—-carrying capacity will be re-

placed by a more distinet value.

For fire exposed, exterior, loasd-bearing structures, the procedure
of a differentiated design will be modified according to Fig. 3.
The temperature-time fields of such a structure or structural mem-—
ber is determined by a combined radiation and convection exposure
from the flames and combustion gases cutside the fire compartment
as well as by radiation from the interior of the fire compartment

through ‘its window openings. The procedure, summarized in Fig. 3,

~includes the influence on fire exposure of burning parts of exte-

rior walls of the fire compartment and the building.

Generslly, as concerns the load factors applied to the nominal
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values of fire leoad density, live load and dead icad, these cught
to be derived in a statistically consistent way to match a given

safety level, defined by, for instance, a safetly index [6].

A gifferentiated design sccording to Fig. 2 can be carried through
in practice today in a general extent for fire exposed, interior,
uninsulated and insulated steel structures. It is then alsoc possible
to caleculate the residual state after a fire with respect to
stresses, deformations, and load-bearing cspacity. The practical
application of the design procedure ia facilitated by the availa-
bility of tebles and diagrams which directly are giving the maxi-
mum steel temperature for a differertiated, complete process of

fire development and the corresponding load-bearing capacity [7],

[a].

In comparison with steel structures, fire exposed reinforced and pre-
'stressed‘concrete structures generally are characterilized by an
essentially more complicated thermal and mechanical behaviour. In
consequence, the basis of a differentiated, structural Tire engi-
neering anélysis snd design is considerably more iﬁcomplete for
conerete structures - ef, for instance, [9], [10], in which summary

reports are given on the present state of knowledge.

A theoretical determination of the transient temperature fields of
a fire exposed concrete structure requires a thorough knowledge of
the relevant thermsl properties — the thermal conductivity A and
the specific heat cp, alternatively the enthalpy I, connected to
the specific heat Cp through the relation

e

I=1c¢ Qv (2.1a)
° P

19is the temperature.
For normal weight conerete the thermal conductivity A decreases

“with increasing temperature. This is illustrated for a granite agg-—

regate concrete in Fig. b D13 which also shows the i variation
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Figure L. Thermal conductivity A for concrete with granité aggre=
' gate as & function of temperature under heating and sub-
sequent coocling. Cement: aggregate 1:6, w/e = 0.7 [1ﬂ

under cooling from different maximum temperature levels. The curves

are demonstrating the difference in temperature dependance of the

thermal conductivity for an initial heating process and a subse-

quent cooling process. This difference has to be taken inﬁo'agcount

in & theoretical fire engineering design, especially in calculating

the residusl state of a concrete structure after a fire exposure.

The effect of moisture on the thermal conductivity of concrete
presents special @ifficulties. This is relevant for temperatures
within the range up to 200°C. Well-defined measurements of X for

moist material in this temperature range are difficult to under—

- tske due to the complicated interaction between moisture and heat

flow.

As concerns the enthalpy of concrete, available methods of measure-
ment only can give this gquantity versus temperature under cooling.

The latent heat of various reactions isking place under the initial
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heating then is not included. Curve (:) in Fig. 5 shows the

25004 MJ/m>

/ /
w OO
o  F

o

0 200 400 600- 800 1000
TEMPERATURE® C

Figure 5. Enthalpy 1, per unit velume as a functioen of temperature'
for concrete with granite aggregate. Measured curve
under cooling [14], theoretical curve [13]

enthalpy I per unit volume measured in this way Béﬂ Curve C:)
gives that varlatlon of the enthalpy which can be expected during
heating of concrete without free moisture. The curve has been deter=
mined theoretically on the basis of stochiometric calculations ahd
simplified assumptions on the cherical reactlons Di] A significant

difference between the two curves exists for temperatures above 500 C.

The most important modification of the enthalpy curve measured
under cooling, howéver is due to the presence of evapcrable water.
As long as experimental ev1dence is lacking, the influence of mois-
ture on the enthalpy has to be included in a simplified way in cal~
culating the temperature-~time fFields at fire exposure. Usually,
then it is assumed that all the moisture "boils" at the tempera-
ture 100°C with the required heat of evaporation giving a discon=

tinuous step in the enthalpy curve at this temperature. Buch a
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simplification alsc gives scceptable results for most practical

purposes.

In reality, the evaporation of moisture in fire exposed concrete
is not comperable to that of a free water surface. Capillary for-
ces, adhesive forces, and interior steam pressure will increase
the temperature, when the evaporation takes place. In a fire ex-
posed concrete structure, the moisture.distribution is changing
continuously during the nesting. Principally, it is then nct

correct to include the effect of free moisture into the thermsal

properties.

Aveilable methods for a caleulstion of the transient heat flow
within & fire exposed structure are pased on the FOURIER equation
of heat conduction in non transparent, non porous materials. In

the general, three-dimensional case, this equation has the form

N S

3% T X 3X 55- N * Q= oe

2z 7 3% » et

%93 + 20 3721) ' 9—1} (2.10)

where‘JLis the temperature; Q the rate of heat generation per
unit volumes Ax’ Ay, and AZ the anisotropic thermal conductivities
with respect to heat flow in the x, ¥y, and z directions, respec-

tively; ¢ the density; ép the specific heat; and t the time coor-

~ dinate.

In application to concrete structures, Eg. (2.7p) constitutes an
gpproximation of the problem. Concrete is classed as a porous e~
terial which implies that a heat <ransfer occurs also by convection
and radiation in the pores of the materisl. Furthermore, the heat
transfer is‘connected to a simultaneous moisture transport and
from a strict thermodynamical point of view, these two transport
mechanisms have to be snalyzed parallelly over & system of partial

differential equations.

For a practical solution of the problem of a theoretical determi-
nation of the temperature—time rields in fire exposed structures,
numerical methods have been developed and arranged for computer

caleulations. Such numerical methods are based either on finite
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difference BO] . izl R [TLL] - [16)or on finite element approxi-
mations BT] -~ &Kﬂ , cf also [9]. In application to concrete
structures, the methods have to start out from approxiﬁations of
tﬁe thermal properties at elevated temperatures according to
above. The methods are opening the pessibilities for systematic
determinations of the temperature—time fields for varying condi-
tions of fire exposure and verying structural characteristics,
giving a basis in the form of disgrams and tables for facilita-
ting a differentiated structural fire engineering design in prac-
tice. The temperature in different points of the cross section of
a fire exposed concrete structure, then can be celculated with
sufficient accuracy without modeling the reinforcement of the

cross section, if the percentage of the reinforeing steel ig less

than zbout & per cent [15], [20].

A systematized design basis of the described type now successively
is produced. A fragmentary example ié-shown in Fig. 6, giving direct-
ly the maximum temperature in different points of a concrete beam
of rectangular cross section, fire exposed from below on three

: surfaces.i) The fire exposure 1s characterized by complete gastem—
peratﬁre-time curves according to Fig. T [ﬂ , fﬂ , 18] ,.Ezﬂ , [e21,
differentiated with respect to the fire load density q and the
 opening factor AJE/At of th. . & compartment. A is the total area
of the openings, h the mean vu.ue of the heights of the opehings,
weighed with respect to each individusl opening area, and At the
total area of the interior surfaces bounding the fire compartment.

The fire load density is referred to unit area of At.

A transfer of the temperature-time fields of a fire exposed concrete
structure to data concerning the structural behaviour and load-
bearing capascity requires an advanced knowledge on the strength

* and deformetion properties of concrete and reinforcing steels in

1) From a comprehensive design basis, computed by UlT Wickstrim,
Lund for a manual to be issued by the Nationsl Board of Urban
Planning in Sweden
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with & thermal conductivity A =

= 0.81 W/m®C and a heat capacity
pe,, = 1.67 MJ/m3 °C
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the temperature range assoclated with fires.

Comparatively detailed informations then are availaole for some
types of reinforcing steels, as CONCErns stress—-strain relation,

short—time creep, and residual strength [23] - [27].

For concrete, the deformation pehaviour at elevated temperatures

is much more complicated and far from sufficiently clarified |:9:|.3
BO]. The wvarious sources of deformation are controlled by a

large number of variables and the different types of deformation

are nct independent of each other. The strain increment in a certaln

moment depends on the preceding stress and temperature histories.

At elevated temperatures, the material structure of concrete passes
through alterations which have a direct influence on the mechani-
csl properties. These alterations are partly due to physical and
chemical changes of cement paste and-aggregate and partly to inte-
rior stresses and crack formations caused by differences in the
thermal dilatation of the cement paste and aggrggate particles.
Important factors of the first group of influences are the vapouri-
zation of the noneveporable water, the dehydration of calclumhyd-

roxide and the gquartz inversion, weakening the material structure

of conerete.

The possibility of applying an ultimate load approach on these ty-
pes of fire exposed concrete structures, for which the concrete
component has a decisive influence, depends on whether the deforma—
bility of heated concrete is sufficient for the redistribution of
stresses to take place. Another essential aspect in this connection
is the definition of the ultimate stress, since this quantity de-
pends on the previcus stress history. In EZS] then it is suggested
that for ordinary applications the ultimate stress might be deter-
mined from tests, where the specimens are first loaded to certain

stress levels and then heated until fallure oceurs.

An sccurate analysis of the complete stress and deformation beha~

vicur of a Tire exposed concrete structure implies that the consti-
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tutive relations between stresses and strazins are known, the time-
dependent behaviour included. In comparison with metallic or cera-
mic materials, stressed concrete then presents special difficulties
in that respect that during the first heating considerable deforma-

tions develop which do not occur at stgbilized temperature.

The First formulation of a realistic constitutive eguation for
concrete under transient, high-temperature conditions recently

has been published by THELANDERSSON [EQ] in connection with a com~
bined experimental and theoretical study of concrete in pure tor-
sion. The constitutive equation has been derived in terms of the
strain components: elastic strain, consbant temperature creep strain,
and transient strain. The elastic stralh is determined by the shear
modulusy which is & runction of the temperature. The constant tempe-
rature creep is the time-dependent strain measured under constant
stress and temperature. The third component, the transient strain, is
developed only if the temperature,inéreases'in the concrete under
load. Ordinarily, then the transient gtrain constitutes the major

part of the total deformation.

In EQQ] the different components of the constitutive equation are for—'
mulated methematically and applied, together with the eguilibrium and
compatibility equations, in & theoretical analysis of stresses and
strainsd in a concrete prism of circuler cross section under pure tor-
sion at transient, high-temperature conditions. A remarksbly good
agreement between experimental and theoretical results for a wide
range of loading and temperature conditions proves the reliability

of the mathematical model - Fig. 8 [29].

A development of qualitatively equivalént andrrealistic constitutive
models for concrete under other types of stresses, primarily com-—
pression and tensiocn, at transient, high-temperature conditions is
an important task for future research. Then the thermal expansion

and shrinkage have to be added as further strain components.
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Figure 8. Theoretical and experimental twist-time curves for
concrete prisms under pure torsion. Load level: 15
(c7), 30 (C8), 45 (C9), and 60 (C10) per cent of
ultimate load at 2000, respectively. Rate of hea-
ting 4°C/min E%ﬂ

From the present state of knowledge, as CONCErns the mechanical
properties of concrete and reinforeing steels at elevated tempera-
tures, it follows, that such phenomens easzily can be predicted

for fire exposed concrete structures,for which the strength and
deformation properties of the reinforcement are decisive. This

applies to the ultimate moment capacity of simply supported beams
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and slabs of ordinarily reinforced and prestressed concrete. Then
the losd-carrying capacity can be determined for the hot state as
well as for the residual state after fire exposure. Other types

of failure ~ as shear, bond and anchorage fallures - have not been
the subject of any systematic studies in connection with fire and

little is known about them at present.

For fire exposed, continous beems and slabs it seems Justified to
assume that the limit state theory can be applied in many cases
[3@]. T+ should be noted, however, that the rotations induced by
therms]l gradients are considerable and the rotation capacity requi—
red for a complete redistribution of moments therefore cen be grea—
ter than ot ambient conditions. The influence of thermal exposurs

on thé rotation capacity of concrete structures has not yet been
studied. In continuous beams, exposed to fire from below, porticns
with negative moments will be affected by the fire mainly in the
compression zone.. Here the possibilify, that concrete fallure occurs

before the reinforcement .yields, must be considered.

For nen-slender, centrically loaded columns and walls, the failure occurs
when the compressive strength of the conerete is exceeded. If suffi- )
cient plastic deformations can develop at fire exposure, then the
ultimate state can be analyzed according to the plastic theory. At

the present state of knowledge, it is difficult to say whether such
an.assumption slways is justified or not. Studies, made Dy BENGTSS0N

[3ﬂ , indicate the validity of the gssumption, as concerns a theo—
reticel determination of the residual, load-bearing capacity of con-

erete columns after fire, Fig. 9.

Also for more complicated applications, for instance a theoretical
analysis of the structural behaviour of fire exposed concrete fra-
mes , mathematical models and connected computer programs are avall-—
avle [19], [32], [33]. The most comprehensive program is that
presented inf[Bj], which is capeble of providihg a broad spectirum
of response date, including the time nistory of displacements, in-

ternsl forces and moments, stresses and strains in concrete and in
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Figure 9. Measured and calculated values of the residusl load-
bearing capacity of ron-glender, concrete columns as
function of fire exposure time at standard hesting
conditions ES?

ctecl reinforcement, as well as the current states of conerete with
respect to cracking or crushing and steel reinforcement with respécﬁ
to yielding. Instability phencmena and second crder effects are not
iicluded in the program. An example of results, calculated by using

the program in [3@], is given in Fig. 10.

The output of a mathematical model and a computer program according
to [33] depends on the reliability >f the applied dates on the mate-
rial properties under transient, high~temperature conditions. The
creep model, used in the program at present, 18 correlated with
creep data obtained st constant temperatures, i.e. the transient
strain component for stressed concrete under heating is aot inclu-
Ged in the model. At the same time, such & model and computer prog-
ram can be seen as a framework, which can be successively improved

as new msterial data are obtalned.
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Figure 11. Varistion in end bending moments with time for a oné-way
slab of reinforced concrete, fixed against rotation st both
ends, but free to expand- longitudinally, and exposed tO fire
on the lower surface. No exterior lcading. Differentiated
fire exposure, characterized by a constant fire load density
g = 60 Meal/m with17§rying opening factor A/ﬁ/At within the
range 0.01 — 0.08 m ‘< [3Y] - _
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‘Figure 12. Variation in erd bending moments with time for & ene-way slab
' of reinforced concrete, fixed against rotation &t both ends

but free to expand longitudinally, snd exposed to fire on the

lower surface. Fire exposure according to the gastemperature-

time curve shown. Exterior loading P in form of two symmebri-

cal, transverse point loads, defined in relation to the allo-

wable design loading Pgpq [34]
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As & further illustration of the differentiated behaviour of fire
expesed, hyperstaﬁic, cencrete strustures, some results are repro-
duced in Fig. 11 and 12 from tests on one=way slabs, fixed against
rotation st both ends, but free to expand longitudinally, and ex—
posed to fire on the lower surface Eﬂﬂ . The figures are giving
the variabion of the end bending moments with time for fire expo-
sures according to the gastemperature—time curves shown. Fig; 11
applies to slabs without any exterior loeding at a differentiated
fire exposure, characterized by a constant fire load density g =

= 60 Mcal/mg with verying opening factor Afﬁ/At. Fig. 12 refers

o slabs subjected to a transverse load P, defined in relation to
the allowable design load P 11° and to a flre exXposure correspon-
ding to the fire load denszty q = 60 Mcal/m and the opening factor

A/E/At - 0.08 u'/2,

Tn the figures slso are indicated the residual end restraint
moments after cooling down to ordinar& room temperature. The re-
sults demcnstrate that at low values of the exterior load level,
pogitive end restraint moments of considerable magnitude can remain

after a fire exposure.

An additionﬁl Pactor of uncertainty in an snalysis of a fire expo-
ced concrete Structure is the spalling phencmenon. When the spalling
seeurs, the geometry of the structure is changed and the tempera-
tures will increase more than expected from the calculations, based
on the original geometry. The spalling may also directly influence
the structural behaviour. Hence, & special estimate must be made,
as regards the risk of spalling, which constitutes an additional
problém in the application of a differentiated design. It should

be noted, however, that the same problem also is inherent in the
conventional schematic design procedure, related to clagsification

systems.

By experiente it is known that the disposition tc spalling incresa-
ses

at high moisture content,

at presence of compressive stresses fronm exterior loading or pre-

stress,
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gt high rate of temperature increase,
at highly unsymmetrical temperature distribution,
st thin walled cross sections, and

at high percentage of reinforcement.

The risk of spalling is greater for concrete with gquarte aggre-
gate than with, for instance, limestone aggregate. An increase of

the air content of the concrete gives an improved resistance against

spaliling.

Primarily, spalling is caused by one or several of the following
mechanisms [:351 - [ho]:

{1) Vapour pressure due to vaporisation of moisture in the material.
(2) Thermel stresses due to restrained temperature deformations,
including restraint stresses from differences in thermal elongation
of concfete and reinforcement.

{3) Structural disintegration of the.aggregate.

Further studies which can contribute to a petter functionsl under-—
standing of the spalling of concrete and its causes have high degree
of priority. A central concept in such studies is that concerning

the joined mechanisms of transient heat and moisture transfer.

In order to prevent the occurence of spalling, the dlagram in

Fig. 13 can be used as a simple guidence in the fire engineering
design of concrete structures [39]. The diagram 1s based on exten-
sive experimental studies covering a wide region of variations wit
respect to concrete gquality and temperature exposure. The diagram
gives a borderline, determined by the maximum stress o from exte-
rior loading and prestress and by the cross section width b or

web thickness t. Above this borderline a destruction by spalling
probably will occur at a fire exposure, and below, the structure
will be safe with regard tc spalling. The results are directly valid
for concrete structure with a low percentage of reinforcement. An

increase of the percentage of reinforcement results in an increased

risk of spailing.
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Figure 13¢ Borderline between gestructive and no destructive spal-
ling of fire exposed concrete structures with a low
- percentage of reinforcement. ¢p is the maximum compres-—
sive stress from exterior loadihg =nd prestresgs, b
wiath of cross section, and t web thickness [39]

3. Estimation of Condition of Fire Dafiaged, Concrete Structures Duﬂ

In the present state of art repoft, the primery importance is
attached $o a summary review of the‘characteristics of & differen-—
tiated fire enginéering design of ordinary reinforced and prestres-
sed concrete structures. This way has been chosen in the light

of judging the aspect of the future as the most éssential one, For
structures with & requirement on réﬁserviceability after a fire
exposure, a direct differentiated désign constitutes the natural
solution: If realistic data concerning fire exposure and material

properties are available, a Gifferentiated fire engineering analy-
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sis alsc offers the best way for a determination of the residual
state and strength of a fire damaged structure and for a judging
of the prerequisites for a re-use of the building and of the ex-

tent of the necessery repair.

The conventional way et present, as-concerns the latter case of
application, implies an estimation of the condition of therfire
damaged structure on the basis of data on the properties of the
concrete and reinforcement, determined in tests in situ or on

test specimens of the structure.

A thermal exposure on a concrete structure can give rise to the
following main types of damages:

(1) A permanent deterioration of the mechanical properties of the
concrete and reinforcement.

(2) Falling off of material by spalling etc.

(3) Remaining deformations and crack formation.

(4) Loss of prestress in prestressed concrete structures.

(5)

Chenges in appearance.

One way of an experimental reconstruction of the tempersature condi-
tions for a fire exposed concrete structure has been developed

by HARMATHY [91]; He shows, that the maximum temperatures attained
st various locations in a conecrete structure during a fire can be
determined with the use of thermogravimetric and dilatometric ana—
lyses. A thermogravimetric test then implies that small test samp-
les of crushed concrete are heated at a constant rate with a conti-
nuous recording of the weight decrease. By comparing the curves of
weight decrease for temperature exposed and unaffected concrete,

it is possible to find out the maximum temperature level, which

the former has been exposed to. The principal of the determination
is illustrated in Fig. ik. A condition for the use of the method 1s
that the test samples can be procured within 1 or 2 days of the
fipe in order to avoid the concrete receiving meisture of the air
in eny decisive extent. The taking of the test specimens must be

dohe without supplying any moisture or water, too.
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Figure 1b4. Thermogravimetric curves of a portland cement paste and :
some of its Mmodifications". Rate of heating 0.5°C/min [ﬁ{]

If the distribution of the maximum temperature is known for a fire
exposed concrete structure, the mechanical properties of the con-
crete and reinforcement can be estimated as well as the residual
load-carrying capacity of the structure. The mechanical proper—
ties also can be determined on concrete test speciﬁens drilled out
of the fire dsmaged structure and analogously for the reinforce-
ment. As concerns the test specimens of concrete, the influence of
sn evehtual post-conditioning must be observed. If, for instance,

the specimens are drilled cut under adding water, a favourable

" effect can be introduced by a rehydration of the concrete before

testing.

For concrete, there is a marked deterioration in strength at tem-—
peratures between about 450 and 60000, as & result of the dehydra-
tion of caleium hydroxide and the change in the structure of quartz.
Parts of a concrete structure, exposed to Lemperatures above this
level, as s consegquence, will be seriously damaged. Such sections

easily can be cut away and by this directly identified.

For hot-rolled reinforcing steels, the residual strength is not
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appreciably reduced in comparlson with the initial. strength when

hes
cold~streched prestressing steels,
h to & noticesble degree when the temperature sxceeds

ted in the temperature range from O to 600°C, For hardened and
the residual strength begins

to diminis
about 400 and SOOOC, respectively. A non*destructive determination
in situ of the residusl strength of, for instance, & prestressing

steel in a fire damaged concrete structure can be made by metallo-

grephic tests for microhardness D&ﬂ. Test results of the method

are exemplified in Fig. 15, showing the relaticonship between
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hardness (DPE) at varying exposure time f

Figure 15.

residusl strength-microhardness and exposure temperature-microhard-

ness, respectively Dﬁﬂ.

When the mechanical properties of a fire demaged conerete structure
sre determined, the structure usually can be analyzed according to

the design procedure, presented in chapter 2. Alternatively, experi-



mentel means for analyzing the residual state and load-bearing
capacity are constituted by 5 test loading of the structure, gi—
ving information on the residual stiffness, and by a loading to
failure of structural members or sections of them, cut out of the

fire exposed structure.

Generaliy, it is important to sscertain whether the bond of the
reinforcement is sufficient at splices and in anchorage zones

for & concrete structure during and after a fire exposure. For
prestressed concrete structures, even comparatively moderate tem—
peratures can give rise to a considerable residual reducticn in
the prestressing forces. This reduction may be very difficult to
estimate only on the basis of a known temperature history. As a
rule, a tHorough determinstion of the reduced prestressing forces
requires a test on a representative section, cut out of the fire
damaged Structure, or an investigation in situ on prestressing

bars and wires, made easlly accessiblé within limited lengths Dﬁﬂ,
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