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THECRETICAL DESIGN OF FIRE EXPCSED STRUCTURES

Ove Pettersson, Dr. Techn., Professor in Structursal Mechanics and Concrete
¥ B

Construction, Civil Engineering Department, iund University, Sweden

Abstract

On the basis of the general functionsl requirements, s differentisted
procedure is presented and exemplified for a structural fire engineering
design of losd-bearing structures and partitions. Thé procedure consti-
tutes a direct design method based on gastemperature-time characteris-
tics of the complete process of fire development which depends c¢n the
fire load density, the ventilation of the fire compartment and the ther-
mal properties of the structures enclosing the fire compartment. The
design method bas been approved for =& general practical use in Sweden

by the National Board of Physical Planning and Building. For facilitating
the practical epplication, desipgn diasgrams and tsbles are systematically
produced, giving directly, on one hand, the design temperature state of
the fire exposed structure, on the other, a transfer of this informstion
to the corresponding design load-bearing capacity of the structure.
Exemples are referred of such systematized design basis svailable.

1. General Funciional Requirements of Fire Exposed Load-Bearing

Structures and Partitions

The primery objective of all active and paésive fire protection messures
for a building, a groupof tuildings or a community is to minimize the

risk to life of long-term occupants, casual vigitors, and fire fighting
people. Occupants and visitors must be protected at 1 fire with respect

to structural collapse of the building and intolersble levels of heat,
smoke and toxic gases during an evacuation of the tuilding or during a
mnovement from fire affected sress to safe areas of refuge within the
building and a subsequent stay there. Fire fighting pecple must be guaran-
teed an equivalent level of safety in connection to rescue and fire

fighting operations.

Within this primary objective, the load-besring structures and parti-
tions of a building ought to be designed as an integrated component of
the overall fire protection systenm. Generally, in a fire engineering
design it then is to be proved that these structures are mble to fulfil
the relevant functional requirements during the fire zction. For s load~
pearing structure that means a proof that the load-bearing capacity does
not decrease below the design load or some oither prescribed load, multi-
olied by a stipulated load factor, during a required duration of the
fire exposure - the complzte process of fire development or funectio—

aally motivated parts of it. For a partition, analogousliy, the fulfilment
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“'of specifieé functional reguirements is to be proved with regard to

insuletion and integrity.

L further sxplanation of the philosophny hehind the funeticnal require-

&
U ]

ments within a Tire engineering design of losd-bearing structures snd

artiticns can be given eccording to Fig., 1 in
oy 9 fr]

In the figure, three bagic curves @, @, and @ ere shown for the
relationship between the ecost C of a losd-bearing structure or & parti~
ticn and the effective fire load density ¢. The curves presuppose 2
givern tyre of structure and & given f{ire comparitment, specified by its

geometrical, ventilation, and thermal charscteristics.

CORT ¢

por}
Edl

FIRE L GAD DONRTY

re losd density g for a

Fi
iven characteristics of fire

Figur& 1, a,\eld.l.j onsl

given cype of structure and at g
compartment

The curve (:) expresses the cost C connected to the shortest time of

-

fire resistance, for which the structure must be designed in order to
: guarantee the fulfilment of the regquired fumciion during the heating
b period of the process of fire devalopment. The analogous curve (%}
reletes o an increased reguirement of a Tulfilled funciion of the
fire exposed structure during a complete, undisturbed process of fi re
development, comprising the heating phase as well as the subsequent
cooling phase. Applied to a load-besring structure, the curves {E} and

(E) are charecterized by the condition that the load-bearing funcilon

[

repres

is to be fulfilled with respect to that level of loading whieh 1

sentative to the structure from a Urohabllxst [ POlPt of view in




connection with a fire exposure.

For buildings containing activities, which are particularly importent
from, for instance, an eccnomiesl point of view, there can be the

motive for a further increase of the regquirements on the fire protection
measures to such a level that the building cen be used again after =
fire, almost immedistely or very soon, forthe current activities in a
full extent. For a load-bearing structure then it must be required

that the initial loed-bearing capacity either will remain approximately
unchenged afier a fire exposure or only will be reduced in such & limited
extent that it cen be restored to its initial value in a short time by

a moderate amcunt of work. The curve (:) corresponde to a fire engineering
design of a losd-bearing structure which fulfils requirements of this
level. The design with respect to the re-use of the bullding after fire
then must be carried ocut for the same loading characteristics as applied
to the initial, non-fire design. Fire engineering requirements as
expressed by the curve (:) introduce for load-bearing structures and
partitions re-servicesbility criteria as s complement to the conventional

fire resistance criteria [4].

In ordinary applications, the absolute minimum standard of the fire
prevention and the fire fighting measures will be determined by the
requirement of a ssfe emergency evacuation of pecple et & Tire or &

safe personal movement from fire affected areas to areas of refuge.

For most buildings a complete evacuation of the pecple will be the actual
alternstive. In such a case, the requirement of a safe emergency eva-
cuation of the building means that a structure has to fulfil its function
during the necessary evecuation time T,. In a presentation according

to Fig. 1, this leads to a minimum fire resistsnce end a corresponding
cost C, determined by the curve (:) up to the level Oy and for lerger

values of the fire load density q by the horizontal line C = CT1'

For buildings with a content of vitsel end expensive equipment, there

can be & financisl motive for an increased minimum standard corresponding
to 8 guarenteed combined evacuation of the people and parts of the
equipment. To such & goal belongs a minimum evacuation time T, and &
connected cost CTQ’ which are generally larger than T1 and,CT1, respec-
tively. This gives & minimum fire resistance and a cost C, determined

by the curve (:) up to the level Cp, and for larger values of the fire

lead density g by the horizontal line C = Crpe



For some types of buildings, for instance tall buildings, the necessary
cceupant protection at & fire must be solved by a safe personal movement
to areas of refuge and = safe subsequent stay there. As a conseguence,
the requirements of the structures must be increased to guarantee their
functions at a prescribed safeby 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 reference to

Fig. 1, this gives a minimum fire resistance snd a corresponding cost

C which will be determined by either the curve (:) or the curve (:)

or some other prescribed curve between them up to the level CT3 end
then for lsrger values of the fire 1oad density q by the horizontal

line C = CTB' The cause for such & requirement can also be dictated by
the necessity of a safeiy against collapse of a fire exposed structure
with regard to the fire brigéde people engaged in fire fighting. If then
a fire exposed structure has a larger residual load-bearing cepacity
after cooling than the smallest load-besring capacity of the heated
structure, the requiremeni also 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 resistance of the structure
must be higher than that corresronding to the level Cm_ in crder to give

2
the necessary safety for the clearing people.

In those epplications, for vwhich reguirements must Y- put forward with
respect to re-serviceability of the building after a fire, & determination
of the residual cspacity of the lcad-beering structures and partitions must
be included in the primary structural fire engineering design. For struc-
tures designed on the basis of very low reguirements of fire resistance -
according to the level CT1 in Fig. 1 - it is to be expected that the
structures ordinarily will be damaged too strongly at a fire for enabling
& repair within a reasonsble cost. For intermediste applicsations, the
residual state and strength of the structures after a fire must be ana-
lyzed in each specific case for a judging of the prerequisites for s
re~use of the building and of the extent of the necessary repair., Such

an snalysis then can be made either in a thecreticel way according to

the procedure of s differentiated fire engineering design orin a more
conventional way, which implieg an estimation of the condition of the

fire dameged structure on the basis of dats on the materia} preoperties,
determined in tests in situ or on test specimens of the structure. For

structures with a reguirement on re-servicezbility after a fire exposure,.



a direct differentiated engineering analysis constitutes the natural

method of solution.

2. Principles of & Differentiated Fire Engineering Design

For load-bearing structures or structursl members, inside a fire
compartment, a differentisted fire engineering design has the following
characteristics [j] - [3], [5] - [8], Fig. 2.

The basis is constituted by a fully developed compartment fire exposure.

Decisive entrance quantities then are

the nominal load and load fector for the fire load density,
the 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 properiies of the structures enclosing the fire compartment.

Jointly, these quentities sre determining the rate of burning, the rate

of heat release, and the design gastemperature-time curve of the complete

fire process.

Together with

the structursl data of the proposed structure,
the thermal properties of the structural materials, and
the coefficients of hest transfer for the various surfaces of the

structure

this gastemperature—time curve of the fire compartment gives the requi-
site information for a determinstion 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 veristion of the restraint forces and moments,
thermal stresses, and loasd-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 lcad-carrying

capacity Rd.

Over nominal leads and load factors for dead load, live load, etc,

statistically representative of a fire occasion, a design load effect
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at fire Sd is defined, interdependent on non-fire design procedure.

4 direct comparison betweern the design load-carrying capscity Rd and
the design load effect at fire Sd decides whether the structure or
structural members investigated can fuifil their required function or

not at a fire exposure.

If the fire engineering design also comprises a requirement on re-
servicegbility of the structure after fire, the desizn procedure is

to be expanded as follows,

From the time curve of the load-carrying capacity R ~ calculated on the
basis of the tempersture-time fields and the time variation of restraint
forces and moments and thermal stresses - the design residusl load-
carrying capacity er of thé structure after fire is obtained as an end
information. This quantity er has to be compared with the design load
effect at service, non-fire state for the siructure Srd’ given by the

corresponding nominel loads and load factors for dead load, live load, etc.

For fire exposed, exterior, load-bearing structures, the procedure of

a differentiated design will be modified according to Fig. 3. The tem-
perature-time fields of such a structure is determined by & combined
radiation and convection exposure from the flames and combustion gases
outside the fire compartment as well as by radiation fromthe interior of
the fire compartment through its window cpenings. The procedure, summa-
rized in Fig. 3, includes the influence on fire exposure of burning parts

of exterior walls of the fire compartment apd the building.

Generally, as concerns the load factors applied to the nominal values
of fire load density, live lcad and dead load, these ought to be derived
in a statistically consistent way to match a given safety level, defined

by, for instance, a safety index [8}.

3. A Systematized Design Basis for a Differentiated Fire Engineering

Design of Load-Bearing Structures

A differentiated design according to the described procedure can be
carried through in practice today in a comparatively general extent for
fire exposed steel structures. It is then also possible to caleulete
the residual state after a fire with respsct to stresses, deformations,

end load-bearing capacity. The practical application is facilitated by



-

. P - .l . o s
the availsbility of a manuszl {2], compr rising a comprshensive design

o

basis in the form of tgbles snd dlagrams which directiy asre giving the
maximim sheel temperature fov a difrerentiated, complete process of
rive development end the corresponding lomd-bearing capacity. The

+ical uee in Sweden by

v}
=}
(D
H
av)
]
kel
g}

menzal has been approved for

& &
the Nationsl Board of Physical Planning and 3uilding.

In comperison with steel structures, fire exposed reinforced and pre-
k]

stressed concrete structures generally are characterigzed by an essen-

tielly more complicated,the*ialandnwchanical vehaviour, In consegquer
the basis of a differentiamted, structural fire engineering analysis ant
design is considerably more incomplete for concrete strustures - ¢f,
for insteance, [3}, {9}3 ﬁgj, in whieh summary reports are given on
the presept stage of knowledge. Besides the mentioned marmal on fire
exposed steel structures E?j, another manual is inp course of Freperts
tion ~— to be edited by the Netiomel Board of Physicsl Planning end
Building -~ with the purpose to facilitate the prectical application

~ T

the differentiated design procsdure also to other Iypss of lomd-

bearing structurss — reinforced and prestressed concrste structures,
sluminium siructures, and wooden stractures. A design gaidence fo five
expesed partiticns of various meterials is inecluded, too.

In the Fcliowing, the e exemplified fragmen-

tarily, primarily fo of the character of

basis and of the difl

-2, Ag concerns load-

to steel and

p "
ES
F_}
|...J
U.'
]
t

;_J
a
I.-J. -
(-*-
Iy
)

bearing structures, the exarplificats

veinforced concrele siructures.

3.1, Fire Lozd Density =nt Frogens of Fire Developmers in & Compertme

b o Fe

Tn the current Svedish building codes and regulations the fire load
density o of a compartient ig defined according to the formula

1 - . , -2 :
g = L m FE BEL SR } {3.1a}

vV

(2]

where A = the tosal interior srea of the suriaces Tounding the corcaro-
=] .

< Ca =
mert, opering srezs included {07}, m

¥ = the effertive neat value (NI - kg

with resvect to en

q of the fire compari-
ment and T .merily of ithal reesdn, this definition now is generaily

used iv. Sveden instesd of the internaticnally conventional cne.
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With reference to the definition sccording to Egq. {3.1a}, a largs
rumber of probabilistic investigetions have been cerried through in
Sweden of the fire losd density in dwellings, of"ices, schools, hospi-
tels, and hotels., Bome results of the investigations are referred in
Teble I, giving the average and the standard deviation of the fire
icad density g &5 well &s the appurtensnt design value, corresponding
to the 8o parcent level of the distributicn curve and authorized

Sweden as a temporary regulstion.

Generally, the Bwedish Standard Specificaticns permit a structural
Tire engineering design on the basis of a gastemperature-time curve,

e hezt and mass balmnce sgus-—
ticns of the fire compariment with regard taken %o the combustion
charscteristics of the fire icad, the ventilaticn of the fire compari-

t
ment, and the thermsl properties ¢ ths siructures enciosing the fire

compariment - Fig. k.

1’7 -

A% &

o k§\‘§“

wi i

1 --1——:\ \\{/ {r

L M\} "/I'(f,lf [
(\\b\% | [

AN I L W
Ve \\1” - f"i“'"""" e
‘ Ly A
/ \ ? H W

Figure 4. Energy balance eguation Ip = Ip + Iy + Iz of & fire compart-—
ment. Ip is the hest relesse per unii time from the combustion of the
fusl, and IL, I, and Ip the guantities of energy removed per ynit time
by chenge of hot gases sgainst cold air, by heat trensfer to the sur-
rounding structures, and by radiation through the openings of the
compartment , respectively

As a provisionel sclution, the differsntisgted Tire engineering deslign

of losd~bearing siruciures rmay be based on the gastemperature~time

. d a0 = 1 5 Py | = m P -k

curves él — % according tc Fig. 5, ﬁﬁ} - B?ﬁs and Table II Lé], [652

l" by Pl Frog 3
[ 1y 4 7
LT]. Fig. 5 then applies

i
. . - -1 o -
made of a material with a thermal cozductivity 3 = 6,81 W - m S
.. - - -3 o~ ;. ) -
and a heat capscity pce_ = 1.67 Mf < m « C (Pire compartment, typs 4l
Entrapce perameters of the diagrams are ths fire lead density g, and

ventilation characterictic
iy

opening factor AYR/A. ('’ %), A = the total area of the window and door
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Figure 5. Gastempersture—time curves J% - t of the complete process of
fire development for different values of the fire load density q and
the opening factor A/ﬁ/At. Fire compartment, type A



g 2, . . . . - -
openings {m ), h = the mean value of the heighte of window and door

openings, weighed with respect tc sach individusl opening ares
3 +

and A_ = the totel interior arza of the surfaces bounding the com-
. ¥ 3 > - - 2 A 3
partment, opening areas included {m") - of. Fig. é. For a determina-

m

tion of the opening factor, when the fire compariment slso comprice
-

i

. - - 3 r~
horizontal openings, reference can be given to [2}, [61, Lf] or ﬁ e

L, E b, h, H13§ by
By b o Bay By
;‘
A Ay sAgmbihiebty, oo oy OPENING
h—é%p..pqd v FACTOR.
LI N RS Y W Y

Figure €. Definiticn of the cpening factor of = fire compariment 2% A,

A transfer in the design procedure betwesn fire compartments of different
thermal properties of the surrounding structures can be done according

to simple rules, summarized in Table II and bassd on fictitious values

of the opening factor (&VLR/A ) nd fire 1o Qs By intro-
ducing such & transt Feten ign &z il f : - facilitating
a practical epplicetion n he limited 1 type of fire compsriment,

viz type A.

+ should be stressed that the gastemperature-time curves according <o
Fig. 5 generally have been determined on the assumption of ventilation
controlled fires. As a conssguence, the curves are not intended Lo be
used directly for theoretical comparisons with experimentally cbhtainesd

results from wooden crib compartment Firves of sirongly marked fuel he

]

controlled iype. Dne principle reason Tor choosing ventilation contrell
fire cheracteristics as a generel assumption for the determination of

the desizn gastempersture-time curve

difficulty in finding represeniziive

the porssity propertier of real fire Ioads of furniture, textiles,

e essentizl guantiities For & can-

cther interior decorasiions.
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bustion descripiion cof & fuel bed controlled fire but of minor impor—
tance for the development of ventilation controlled fires. Ancther
principzl reasen is related ©o the fact thst the gastemperature-time curves
themselves do not constitute the primasry interest of the problem in

this connection but an intermediate part of a determination of the
decisive quantity, viz. the minimum load-bearing cepacity of the fire
exposed structure during a complete fire process. For fuel bed controlled
fires, the assumption of ventilation control leads td a structural fire
engineering design which will be on the safe side in practically every
case, giving an overestimation of the meximum gastemperature and &
simultaneous, partly balancing underestimation of the fire duration.

For the minimum loed-bearing capacity or the fire resistance time,

the gastempersture~time curves according to Fig. 5 give reasonably

correct results, which has been verified in [2], [6], and [8].

3.2, Meximum Steel Temperature and Minimum Load-Bearing Cepacilty of

-
el e e e s e i e ok e n

On the basis of & differentis-ed fire expocure accordirg to Fig. 5 and
Table II, the manual [2] gives a great number of design diagrams and
tables, enabling a direct deterrmination of the maximum steel temperature
during & complete process of fire development and the corresponding
minimum load-bearing cenacity for different types of fire exposed steel

structures. This design basis is exemplified in the following.

For a fire exposed, uninsulated steel structure, the maximum steel

temperature during & complete Tire process can be directly cbtained

q
Vhnax

h

according to Tzble III at varyinz values of the fictitious fire load
density'qf,the fictiticus opening factor of the fire compartment
(A%E/At)f’ the structural parameter FS/VS, and the resultant emissivity
€. FS is the fire exposed suriace of the steel structure and VS the

volume of the stesl strueciure, per unit length.

For the resultant emissivity €,» spproximetely the value 0.7 can be
chosen for & column, fire exposed on all sides, the value 0.3 for a
column, outside a facede, and the value 0.5 for a floor structure,
composed of steel beamsz with a concrete slab, supported on the lower
flange of the beams. For a floor structure of steel beams with a slab,
supported on the upper Tlenge cf the beams, accurate values can be deter—
mined of the resultent emissivity €. from the diagrams of Fig. 7 and &,

applicable to floor structures with the flames completely below the steel
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beams and reaching the slsb, respectively.
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Table IV gnalogously gives the maximum steel temperature Qﬁax during

8 complete process of fire development for a fire exposed, insulated
steel structure at varying velues of the fictitious fire losd density
dp» the fictitious opening factor of the fire compartment (AVE/At)f,
and the structural paremeter Aili/(vsdi). A, is the interior jacket
surface area of the insulation per unit length, d; the thickness of
the insulation, and Ai the thermael conductivity of the insulating
material, corresponding to an average value for the whole process of
fire exposure. Approximately, this average value of Ai coincides with
the value, determined for an insulation temperature equal to the mexi-

mum steel temperaturemg .
mex

Figure 9. Floor structure, composed of a reinforced concrete slab,
load-bearing steel beems, and an insulating ceiling

For a steel beam construction according to Fig. 9 ~ composed of a
reinforced concrete slab, load-bearing steel beams, and an insulating

ceiling ~ the maximum steel temperaturquaax during a complete process

of fire development can be determined directly from Tsble V for varying
values of the fictitious fire load density Qs the fictitious opening
factor of the fire compariment (Afngt)f, the structural parameter
FS/VS, and the insulstion parameter di/Ai. The values within paren-
theses in the table denote the corresponding maximum temperature at the
centre level of the ceiling. It should be stressed that the design
values given in Table V can be applied only to a steel beem construction
with the slab made of coucreie. For other slab materisls, the steel

temperature-time curve at & fire exposure can be guite different.

At a known value of the meximum steel temperature‘zéax, the correspon—
ding load-bearing capacity of a fire exposed steel structure can be
determined by design disgrams of the type exemplified in Fig., 10 and 11.

Fig. 10 then shows two diagrams, giving the load-bearing capacity

(Mkr’ qkr) for two different types of loading st a simply supported
beam of constant I cross section [é], Eiﬂ . Above 8 steel temperature

level of mbout 450°C, the disgrams are differentiated with respect to
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Figure 11. Veriation with the steel temperature &% of the relaticnship
between the buckling stress o) and the eguivalent slenderness ratic A
for fire exposed, axially compressed steel columns, partially restraincl
to. longitudinal expans’on and made of steel with & yield point stress at
ordinary room tempersture og = 260 MPa
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temperature, received in tension testis at a very slow loading rate,
This implies that a considerable influence of short-time creep at

elevated temperatures is included.

3.3. Design Temperature Fields snd Minimum Load-Bearing Capscity

of Fire Exposed Reinforced Concrete Structures

As mentioned earlier, fire exposed concrete structures generally are
characterized by an essentially more complicated thermal and mechanical
behaviour than fire exposed steel structures., In consequence, the design
basis of a differentiated fire engipeering approach is considerably more

incomplete for concrete structures.

A theoretical determination of the transient temperature fields of a
fire exposed concrete structure requires s thorough knowledge of the
relevent thermal properties - the thermal conductivity A and the speci-
fic heat c_, alternatively the enthalpy I, connected to the specific

heat Cp through the relation

e
=1 ) att (3.3a)
8]

2 is the temperature.

THERMAE CONDUCTIVITY Wm oC

[ 200 il £00 800
TEMPERATURE °C

Figure 12. Thermezl conductivity A for concrete with granite aggregate as
a function of tempersture under heating and subsequent cocling.
Cement: aggregate 1:6, w/e = 0.7
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For normal weight concrete the thermel conductivity A decreeses with in-
creasing temperature. This is illustrated for s granite aggregete ccncrete
in Fig. 12 ﬁﬂ which slso shows the X variation under cooling frem
different meximum tempersture levels. The curves are demonstrating the
difference in temperature dependence of the thermal conductivity for an
ipitial heating process and a subsequent cooling process. This difference
hes toc be teken into account in a theoretical fire engineering design,
especisily in celculsting the residual state of & conerete structure after

a fire exposure.

e effect of moisture on the thermel conductivity of concrete presents
special aifficulties. This is relevant for temperatures within the range
up to 200°¢. Well-defined measurements of » Tor moist material in this
temperature range are difficult to undertske due to the complicated inter-

action between moisture and heat flow.

As coneerns the enthelpy of concrete, available methods of measurement
enly can give this quantity versus temperature under cooling. The latent
weat of verious reactiocns taking place under the initial heating then

is not included. Curve (:) in FPig. 13 shows the enthalpy Iv per uait

le
2550 < Mifm”
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yd

f‘}

L]

£l Ll L ] F
G 200 400 60D BOD 100D
TEMPERATURE®C

Figure 13. Enthalpy I per unit volume &5 & function of temperature ﬁgr
concerete with granite sggregate. Megsured curve under cooling 1§j,
theoretical curve [Tﬂ

volume in this way [16} . Curve @ gives that variation ofthe enthaloy
which can be expected @uring heating of concrete without free moisture.
The curve has been determined theoretically on the basiz of stochlometric
calculations and simplified assumpticns on the chemical resctions [fﬂ .
A significant difference between the two curves exists for temperatures

ahove SOGOC.
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nosr

The most important medificaticn of the enthalpy curve measured under
cooling, however, is due to the presence of evaporazble water., 4s long &0
experimental evidence is lacking, the influsnce of moisture on the
enthalipy has Yo be included in a simplified way in csleulating the ten—
re exposure. Vsualir, then it is assumed

that all the moisture "boils" at the temperature 100°C with the reguires

heat of evaporation giving & discontinuous siep in the enthalpy curve

Th

gt this temperature. Such a simplificstion alsc gives accepitsble resnl

for meost practical purposes.

In reality, the evapcration of meisture in fire exposed concrete is n
comparable to that of a free water surface. Cepillsry forcesg, edhesive
forces, and interior steam pressure will increase the tempersture, waen

the evaporation takes place. In & Tire expossd concrete structure, the

i}

trivution is changing continuocusly during the heating. Pri:

[

moistuare a1

5 then not correst to incliude the effect of free nolzture

e
ot

cipally,

o

intc the thermsl properties.

Available metncds

a fire exposed giructure are based corn the FOURIER equation of hest con-—
duction in nor transparent, non porous msaterizls, In the general , three—
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where onf iz the temperature; § Tthe rste of heat gereration per

4
volumsy »_, A _, and A the anisoircopic thermsel conductivities witk respsct
Yo heat flow in the x, y, and & directions, respectively; p the denszity,

¢ the specific heat; and t the time coordinate.

In application te concrete structures, Eg. {2.3b) constitutes an approxi-

i
WaiiiioEe

maticn of the preoblem. Conerete is elassed as a porcus materis
implies that & heat trapsfer cccurs alsc by convection and radiaticn iz

ri.

the pores of the materizl. Furthermore, the heat

+ *

tc = simultencous moisture transport and from =
point of view, these two Lransport mechanisms have to be anslyzed parci-

lelly over & system of partisl differential sgustions.

For e practical deterninaticn of the temperature-ii

exposed struchures, numerical methods have been deve

for computer calculstions. Such numerical methods are based elther on
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finite difference [10] s [16]’, [18] - [eci or on finite element spproxi-
mations [21] - [2@ , ef also [9] . The methods have fo start out fram
approximations of the thermal properties at elevated temperatures accor-
ding to sbove. The methods are opening the possibilities for systematic
determinations of the temperature~time fields for varying conditions of
fire exposure and varying structural characteristics, giving a basis in
the form of diagrams and tables for facilitating a differentiated fire
engineering design in practice. The temperature in different points of
the cross section of a fire exposed concrete structure, then can be
calculated with sufficient accuracy without modeling the reinforcement
of the cross section, if the percentage of the reinforcing steel is less

than about 4 per cent [195] . [alg .

A systematized design basis of the described type now is successively
produced. Examples of this basis are referred in Tables VI and VIIT).

Teble VI then gives the maximum temperature of the reinforcementq%éax
during a complete process of fire development for a reinforced concrete
slab, fire exposed from below. Entrance quantities are the fictitious

fire load density Qps the fictitious opening factor of the fire compart-
ment (AJE/At)f, the thickness of the slab h, and the distance c from the
fire exposed surface to the centre level of the reinforcement. For each
1%£ax-value, the table.also gives the simultaneous temperaturelat three
additional reference levels for the slab thickness 10 em and at six addi-
tional reference levels for the slabthickness 20 cm. This ensbles a

direct determination of the decisive temperature gradient of the slab.
Table VII analogously mekes up the meximum temperature J;ax during a
complete process of fire development in twelve different cross-sectional
points of s rectangular concrete beem, fire exposed from below on three
surfaces. The top surface of the besm is assumed to prevent upwards heat
transfer which implies that the temperature values can be applied to, for
instance, rectangular concrete beams with a connected upper slab of concrete
or lightweight concrete. From the temperature values of the table , a
design temperature profile of the cross—section can be determined directly -
as & solution somewhat on the safe side - at varying fictitious fire load
density Qs fictitious opening factor of the fire compartment (AVE/At)f,
and cross-sectional width b. The table has been computed for a cross—sec-

ticnal height h = 20 om but can be sapplied with sufficient accuracy also

1)From a comprehensive design basis, computed by UL Wickstrém, Iund for
& manual to be issued by the National Bosrd of Physical Planning and
Building in Sweden
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between stresses and strains are known, the time-dependent behaviour
inecluded. In comparison with metallic or ceramic materials, stressed
concrete then presents special difficulties in that respect that during the
first heating considerable deformations develop which do not ocecur at

stabilized tempersature.

The first formulation of arealistic constitutive eguation for concrete
under transient, high-temperature conditions recently has been published
by THELANDERSSON [3@ in connection with a combined éxperimental and
theoretical study of concrete in pure torsion. The constitutive equation
has been derived in terms of the strain components: elastic strain, con—
stant temperature creep strain, and transient strain. The elastic strain
is determined by the shear modulus, which is a function of the tempera—
ture. The constant temperature creep is the time-dependent strain measured
under- constant stress and temperature. The third component, the transient
strain, is developed only if the temperature increases in the concrete
under load. Ordinerily, then the transient strain constitutes the major

part of the total deformation.

4 development of equivalent constitutive models for concrete under other
types of stresses, primerily compression and tension, at transient, high-
temperature conditions is at present in progress, including the thermal

expansion and shrinkage as additional strain components.

?rom the present state of knowledge, as concerns the mechanical properties
of concrete and reinforcing steels at elevated temperatures, it follows,
that such phenomens easily can be predicted for fire exposed concrete
structures, for which the strength and deformation properties of the re-
inforcement are decisive. This applies to the ultimate moment capacity of
simply supported beams and slaﬁs of reinforced an&.prestressed conerete.
The transfer from tempersture to load-bearing capacity in the hot state
then can be done via Fig. 14 E3ﬂ , giving the decrease in strength, caused
by heating, in some typical reinforcement and prestressing steels. Other
types of failure - as shear, bond and anchorage failures - have not been
the subject of any systematic studies in connection with fire and little

is known about them at present.

For fire exposed, continuous beams and slabs it seems justified to assume
that the limit state theory can be applied in many cases [?% . It should
be noted, however, that the rotations induced by thermal gradients are

considersble and the rotation capacity required for s complete redistri-
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‘bution of moments therefore can be grester than at amblent conditions.
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inodels and connected computer programs are available [‘rq] s [31§ R [35] .
The most comprehensive program is that presented in [?i], vhiech is
capable of providing a brozd spectrum of response datsa, including the
time history of displacements, internal forces and moments, stresses and
strains in concrete and in steel reinforcement, as well as the current
states of concrete with respect %o cracking or crushing and steel re-
inforcement with respect to yielding. Instability'phenomena and second

order effects are not included in the program.
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Figure 15. Measured and calculated values of tne residual load-bearing
cepacity of non-slender, concrete columns as function of fire exposure
time at standard heating conditions

The output of a mathematical model and & computer Program sccording to

EBﬂ depends on the reliebility of the applied data on the material proper-
ties under transient, high-tempereture conditions. The creep model, used
in the program at present, is correlsted with creep date obtained at
constant temperatures, i.e. the transient strain component for stressed
conerete under heating is not included in the model. At the same time,

such a model end computer program can be seen 85 a framework, which can

ve successively improved as new materisl data are obtained.

An sdditionsl factor of uncertainty in an enalysis of & fire exposed
concrete structure is the spalliﬁg phenomenorn. When the spalling occurs,
the geometry of the structure is changed and the temperature will increase
more then expected from the calculstions, based cn the origiral geometry.
The spalling may also directly influence the structural behavicur. Hence,
a special estimate must be made, as regards the risk of spalling, which
constitutes sn additional problem in the application of = gifferentiated

design. It should be noted, however, that the same problem also is in-—
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herent in the conventionsl schemetic design procedure, releted to classi-

fication systews.

Primarily, spalling is caused by one or several of the following
mechanisms [36] - [141] :

{1) Vapour pressure due to vaporisation of moisture in the material.

{2) Thermal stresses due to restrained temperature deformations, including
restraint stresses from differences in thermal elongation of concrete

and reinforcement.

{3) Structural disintegration of the sggregate.
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Figure 16. Borderline between destructive and no destructive spalling of

fire exposed concrete structures with a low percentsge of reinforcement.

g is the maximum compressive stress from exterior loading and prestress,
bwidth of cross section, and t web thickness (L0

In order toprevent the occurence of spalling, the diagram in Fig. 16
can be used as a simple guidance in the design [ﬁ@ . The diagram is based

on extensive experimental studies covering 2 wide region of variations

with respect to conerete quality and temperature exposure. The disgrsm
gives a borderline, determined by the maximum stress S from exterior

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 regsrd to spalling.
The resulits are directly valid for concrete structures with a low per-

centage of reinforcement. An increase of the percentage of reinforcement

results in an increased risk of spalling.
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%, Structural Fire Safety

In a design of & fire exposed 1sad~bearing structure, genarslly it is
to be proved that the load-carrying capacity dces not decrease below &
prescribed loed, mzltiplied by a required Tacter of safety, during
neither the heating period nor the subsequent cooling period of the
process of fire development. The connected problem of structural firs

-

safety then can be described prinecipally in the following way — Fig. i .

q 7

_F:_La—'ﬁi"e DF e aeRAGEIL
rentiated firs

problew at & diffe-

strucitures

The load-bearing structure is escted upon by =& losding which, for inst:
can be a combination of the dead load end & live loed. This loading it

cherascterized by a probsbilistic freguency curve, comprising a1l th

1oad levels L which will cccur Tor the actual structure durin
time. At ordinary room temperature, the losd-rearing structure hes = luzd
pearing capacity B with a provarilistic varistion, determined by the

gistribution properties of the structursl meterials and

+the production and described by & Tregquency curve. A T3
give rise to & decrease of trh2 1sad-besring capacity. At m given £l

on the Fire load density g,

&7
u

coppartment this decresss depen

& given type of building cr iocality has & probabilistic variation TIn
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a corresponding frequency curve. Jeintly, the Tfreguency curves of a
the load-bearing capacity at crdinary rcom terperature and the fire
load density constitute a basis for & determiration of the frequency
curve of the least load-bearing capacity at a fire exposure. In such a
determination, that change in the variation of relevant structural
naterial properties mst be included, which will be caused by the
heating due to the fire exposure. Further, that uncertainty must be
taken into account, which at a given spplicstion characterizes a theo-
retical determination of the process of fire development, and the con-
nected temperature-time fields and load-bearing capacity of the fire

exposed structure,

If the frequency curve of the loading L and the frequency curve of the
reduced load-bearing capacity of the fire exposed structure Bf are in-
dependent, the probability of failure at chosen levels of L and Bf can
be calculated via a frequency function (L, Bf), given by a direct multi-
plication of the two frequency curves of L and Bf. This frequency function

describes & surface sbove the horizontal L-B_ base plane. By a vertical

f
plane L = Bf through the origin, the volume between this surface and

L—Bf base plane is divided into two parts. The volume within the range
L>Bf then gives the probability of failure, valid for a fire develop-

ment not influenced by any Tire-fighting activities.

This probability of failure is ccunected to & probehility = 1 for a fire
outbreak leading to flashover within the fire compartment. Consequently,
the calculated failure probability must be corrected by a multiplication
by the probability of a fire giving flashover in the compariment. Further
reductions of the probability of feilure in fire will be caused by, for
instence, an installation of detection, alarm and automatic extinguishing

systems with'a probabilistic variation of operstion security.

A methodology for a probebilistic analysis of fire exposed steel struc-
tures according to the deseribed principles hsas been developed by
MAGNUSSON [8]. The procedure is connected to the basic probabilistic
concepts used in normal structural Gesign, as explained and derived in
@@]. The procedure comprises 2 general systematized scheme for the iden-
tification and evaluation of the various sources and kinds of uncertainty
in the differentiated, structural fire engineering design. The system
variance is evaluated in twc ways: by a Monte Carlo simuletion and by use
of a truncated Taylor seriss expansion. The derivstion in the total va-

riagnce in the load-carrying caspacity R is divided into two main stages:
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variability Var?%nax) in paximur steel temperatureQE;éx for & given type
of structure and a given design fire compartment, snd variability in

strength theory and material properties for known value quégax'
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Figure 18. Decomposition of total variance in12hax into component varian-
ces as a functionof insulation parameter €

The results received sre exemplified in Fig. 18, giving the decomposition
of the total veriance in maximum steel temperature»diax into the component
variances as a function of the insulation parameter K ='Aiki/(Vsdi}. In-
creasing X then expresses & decressed insulation cepacity. The component
verisnces refer to the stochastic character of the fire load density g,
the uncertainty in the insuletion meterial properties «k, the uncertainty
refiecting the prediction errcr in the theory of compertment fires and
heat flow analysis A1é, and & correction term reflecting the difference
between s netural fire in & laboratory end under real life service con-

ditions Mﬁé .

Analogously, Fig. 19 exemplifies the decomposition of the totel variance
in the load-carrying capacity R into component variances as & function
of the insulstion parameter K The component variances refer to the
variability in the maximum steel temperatureqj;ax, the uncertainty in

the losd-carryi cavacity measured bty & comparison between the thecre-
Ying P ¥

tical value snd laboratory tesis ﬁjﬁ, and the uncertainty due to the

difference between laboratory tests and in situ fire exposure Afg.




30

% ver (R

s e

//,/,:’//"’_-i
NN I %7 et
| N T 1T

// ////’/’//‘{,d/éf = 5"

] ’ _ T ek

S Jal .
4 ppi = T
X T i H i
- _‘_——u‘—'—h—. H
Vor (#4) - 1
o d Y Y T 3 y
Wad it 000 000 S000Wm= 5

F¢gurc 19. Decomposition of total variance in lcad-carrying capacity §
into componert varisnces as a Tunetion of insulation parsmeter Kr L@;
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-

r
The structure of the methodology developed in 8] for a systemetized

s

safety analysis is guite general and applicable to 2 wide class of struc-
tures and structural members. Numerically, the approach is exemplified
in [8] for ar insulsted, simply supported steel beam in office buildings.
5 computation eccording to the Monte Carls simulstion of the mesan and
varignce of the load-cerrying capacity B and the load effect 8 is repcr-

~

ted for differens walues of the opening Tactor of the fire compariment
AVh/A_ . the insulsticn paremeter Ko gnd the ratio DﬁfL , where Dn =

= nominzl dead load and L = pominal live load used in the normal tempe-
rature design. The second mome?* reliability iz evaluated sz & function
of these design parameters by the CORWELL and BESTEVA — ROSEWBLUETH safety

index formulations iﬁﬂ .

The reliasbility levels are compared between the standsrd fire design

procedure and the differentisted fire engineering design method, as

described in Fig. 2. The compsriscn dsmonstrates how the Tlexibility of
12

the @ifferentisted design method results in a drasticelly improved con-

sistency for the failure probebility. The studies also emphasize that the

differentisted desizn method ~ in corntrast to the standard design proce-

i

improved as knowie

h
o
@
2
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&
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o
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a
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dure — has the capsbility o

increases.
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Table I. Fire losd characteristics according to recent Swedish inves-
tigetions -~ fire load density g according to Eq. (3.1a)

Type of fire : Average Standard Design
compartment - deviation value_%2
MI-m MJ.m2 MI'm

1)

i Dwellings

1a Two rooms and
a kitchen 150 2L.7 168

b Three rooms and .
a kitchen 139 20.1 149

2 Officesc)

28 Technical offi- {

ces 124 . 31,4 145
2b Administrative

offices 102 32.2 132
2¢ All offices,

investigated 114 | 39.4 138

i

3 Schoolse)
3a Schools — Junilor

level Bu.z 1h,2 08.4
3% Schools - middle

level 96.7 20.5 117
3¢ Schools — senior

level i 61.1 18.k 1.2
338 A1l schoéls,

investigated 80.4 23.4 _ 96.3
L Hospitals 116 36.0 T

2) ' '

S Hotels 67.0 12.3 81.6
L

1} Floor covering excluded

2) Only moveable fire lozd components included
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Fire_compertment, type F: 80 % of the bounding structures of sheet
steel, and 20 % of conerete. The compartment corresponds to a sto-

rage -space with a sheet steel roof, sheet steel wells, and a con-

crete flocr.

Fire_compartment, type G: Bounding structures with the following

percentage of bounding surface area:
20 % concrete,

80 % of from the interior to the exterior: double plasterboard penel
{density p = 790 kg'mﬁs), 2 x 13 mm in thickness ~ air space, 10 cm
in thickness - double plasterboard panel (density p = T9C kg-m'3)

2

2 x 13 mm in thickness.

For fire compartments, not directly represented in the table, the
coefficient_Kf can either be determined by 2 linear interpolation
between applicable types of fire compartment in the table or be
c¢hosen ir such & way as to give results on the safe side. For fire
compartments with surrounding structures of both concrete and light-
welght concrete, then different values can be obtained of the coef-
ficient Kf, depending on the choice between the fire compartment ty-
pes B, C, and D at the interpolation. This is due to the fact that
the relationships, determining Kf, are non—linear. However, the Kf*
values of the table are such that a linear interpolation always gives
results on the safe side, irrespective of the alternative of inter-
polation chosen., In order to avoid an unnecessarily large overesti-
mation of Kf, that alternative of interpclation is recommended which

gives the low=st value of Kf
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1/2
(A?ﬁ/ﬁt)f 0.02 m

F /V

Ry €r £ _.5
25 50 75 100 125 150 200 300 LoU
0.3 | 85 125 { 160 | 190 215 235 265 315 355
13 6.5 | 95 140§ 175 | 210 235 255 290 345 375
0.7 | too | 150 § 195 | 225 250 275 305 365 k0o
0.3 | 155 | 225 { 275 | 315 345 370 410 k€5 L85
25 0.5 | 170 | 250 | 305 | 3Ls5 380 405 s k8o 510
0.7 190 | 275 330 | 375 Los 435 470 505 525
0.3 | 210 | 305 | 365 1 Lio 440 470 500 535 550
38 0.5 235 340 Los 450 k75 500 525 550 560
0.7 | 260 | 370 | 435 | L75 505 520 545 555 565
0.3 | 260 365 k30 | LTS 505 525 550 575 580
50 | 0.5 | 295 | k10| b75 | 510 1 sho 1555 | 575 | 585 | 585
0.7 | 330 | M5 | 505 | sko | 555 570 580 | 585 | 590
0.3 | k25 | 545 | 595 | 620 635 6L0 650 655 655
100 | 0.5 | k75 | 585 | 625 | 640 645 650 655 655 655
0.7 | 515 | 610 | 640 | 645 650 €55 655 655 660
0.3 | 560 | 650 | 680 | 690 695 700 700 705 705
150 | 0.5 | 610 {675 | 690 | 700 700 700 705 705 705
0.7 | 640 | 690 | 695 | TOO TOO 705 705 705 705
0.3 665 T30 TUo L5 Th5 T50 150 750 750
200 | 0.5 | 705 |70 | TH5 | 750 | 750 | 750 1750 | 750 | 750
0.7 | 725 | 745 | 750 | 750 | 750 750 | 750 | 750 | 750
0.3 | 730 {770 | 780 | 780C 780 785 785 785 785
250 1 0.5 {760 1780 | 780 | 785 785 785 785 785 78¢5
8.7 | 770 780 | 785 785 785 785 785 785 785
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g — ?/2
(Afh/At)f = 0.08 m

'SWiCEN k
1 1 5 1 ] 5
£ [55 1700 200 | 00 | 600 | 1000 [ 1500 | 2000 | 3000 | kooo | 600G | 8600 | 10000

410 thsg

Lot
Ut
A%

50 130 135 55 180 100 | 135 170 | 205 |260 300

100 |35 155 [85 |130|170 {235 |295 {350 |L2s |uB5 |560 625 {675

150 |45 |70 115 | 180 | 230 | 310 | 390 | 455 545 610 | 695 | 755 800

200 |55 185 | 140 | 2201280 {380 |L70 | 3535 635 | 700 780 |835 |87C

400 | 90 {145 { 230 | 350 | bu0 | 565 | 67C 7hs | 835 | BoD

600 | 1201 195 | 305 | 460 | 565 1 705 | 803 865

800 | 150{ 245 | 380 | 565 | 675 | 810

1000l 180! 295 | k55 1 650 | 76O

{AJE/At)f =0.12 m

£ 50 1100 | 200 | 400 | 60C | 100¢ | 1500 2000 1 3000 | Logo {6000 {80C0 | 10000

300 3 55 {90 1hs { 230 | 300 | 405 500 575 680 735 gho

600 | 95 | 150 | 2h0 | 365 | L65 A00 | 710 | 790 890

906 | 125/ 200 | 315 1 480 § 595 | 735 | BLS

1200 155} 250 | 395 | 585 | 705 | B45

1500 185§ 305 { 570 | 670 } 785
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Taple V., Maximum steel temperaturetﬁmax for a steel beam
construction according to Fig. 9, fire exposed from below,

at varying fictiticus fire load den§}5y Qpo (MI'm™), fic-_1
titious opening factor (A¢£/At}f (m*"%), Qquotient Fg/V. (m ),

and gquotient &d3/A{ (m2.%cWw 1}, The corresponding maximum
temperature of the ceiling is given within parentheses. Slab

of reinforced concrete. At fictitious o??ging factor (AVE/At)f>O.12
m1/2 use values corresponding to ¢.12 m' /€
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P Maximum steel temperature 77 and { ) maximum
n' (.&.’/_?l) ’s temperature of the ceil’ing *
1 At t Vs (ui” ;\i)f
0.05 0.10 .20 0.30
50 | 255 180 120 85
0.02 100|315 (gh0) 1220 (ngs) | 1P0 w60y |70 (ubo)
200 ] 3us 255 175 130
300 | 350 265 185 135
50 | 205 130 90 50
0.0k 100 1275 (g5 {180 (sgo) 1P (sus) | TP (s20)
200 335 230 160 105
300 355 255 170 120
150 _
50 145 1] 60 Ls
0.08 1001205 o5y 1130 qausy | B0 (ero) | 0 (se)
200 290 185 12 80
300 13235 220 140 90
50 1110 70 50 35
0.12 100 1170 a5y 195 (gas) | 0 (6so) | 7 (610)
260 | 245 155 105 65
300 | 290 185 125 75
50 1335 240 155 110
0.02 100|380 (sasy 1270 (sagy 1190 (ugs) 1130 (us)
200 | 395 295 205 160
300 | L0o0 350 210 160
50 | 260 165 115 80
0.0k 100 1330 g0y (225 (g00) |0 (s65) | %0 (530)
200 | 380 270 185 125
“300  ]390 285 195 140
200
50 | 200 110 80 55
0.08 1001265 (7p0) |65 (er0) |10 (e30) | O (59%)
200 |345 220 150 100
300 | 385 255 175 110
50 1140 85 60 Lo
0.12 100 1215 o0y 135 (ggs) | 90 (es0) | 77 (625
200 310 190 120 80
360 1355 225 155 85
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- P Maximum steel temperature?” _ and { ) maximum
Avh 5 tempersture of the ceiling ax )
= e | T, (d;/3;)
* t s Qi/hiip
0.05 G.10 0.20 0.30
50 350 285 185 H
0.02 100 1425 pney i 315 sgny 1220 (mpgy | 197 (uss)
200 L35 325 235 180
300 | 435 325 235 180 i
50 3i5 200 135 95 3
ol 17 P ‘
0.0k 100 1380 1500y 1 260 (gppy 11T (sssy [TV (sus)
200 | bu10 295 205 140
300 1420 305 215 ihsy
50 {230 140 g5 £5
3 :) 3 % 20 1?‘ Fl 1 A > Y
0.08 1001315 (0403 | 290 (g00) | (@) | B (es)
200 | 390 255 175 110
306 | 420 285 155 130
=0 75 105 75 55
e~ Iy PR )
6.12 1001265 quoy |65 (g10) 1105 g5y | (6s0)
200 | 350 220 145 90 |
300 | 3295 260 70 100 5
50 | X70 240 160 11 :
's] ~ . 2 | _ 7 ¢ . F " I
0.0k 100 1420 gony 1290 (gasy 1200 rego) (M5 (ses) |
200 1 hhe 315 205 165 !
300 | L50 325 235 170 ‘
5 275 165 110 75 E
00 & , 6 , = P i
0.08 1001300 g65) 123% (700) 5 (esey 190 (e2s) |
200 | kL20 285 190 120 |
|
30C | hho 310 210 135 i
50 | 465 315 195 130 !
s ; cg Ty . 161 '
0.0 1001560 ey 1355 (gr5y 1240 (gps) |10 (se5) |
200 | 505 265 260 190
200 | 510 370 265 195
501330 205 120 90
10 Y10 . | 965 . 8o 1 § A
0.08 00 18I0 (g0 1285 (qz0y 1790 (e15) [TB° (eu0)
200 | W60 310 215 150
300 | 47s 335 24D 160




= Meximum steel temperature o . and { ) maximum
— F . s o nax
~ (A:”h> s temperature of the ceiling
= AT v (d./h. ).
T 5 1 1oL
0.05 C.1i& .20 8.30
50 1530 365 2L0 176
o 5L - 28 N 7 N 18 .
0.0k 100 1540 (ngey 1385 a0y [2TY (gs0) | 17 (610) |
200 | 5h5 390 280 195 i
300 | 545 390 280 195 ?
500
50 1395 250 L5 100
. 0 1 -
0.08 1001465 g0y | 310 735y |10 qess) |17 (e6o)
200 | 490 340 235 170
300 | h9s 255 2ko 180
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Teble Vi. Maximum temperature of the reinforcement %%max - underlined
values — during a complete process of fire development for a reinforced
concrete slab, fire exposed from_Belcw, at varying values of the ficti-
tious fire load density qp (MJ'm “}, the fictitious opening factor
(&vh/ay)r (m1/2), the slab thickness h (em), and the distance c (cm)
from the fire exposed surface toc the centre level of the reinforcement.
Values, not underlined, are giving the simultaneous temperature at other
reference levels of the slab

h-mcm . . h
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h = 10 cm
a4, (AfE/At)f f?
2 H 6 8
72 | 298 [-153 | 90
600 0.12 k58 | 339 | 227 | 151
333 | 299 | 246 | 192
: 111 | 96 | 339 | 235
750 0.06 657 | 525 | 398 | 29k
591 {505 [ 405 | 308
693 | k7 1279 | 18%
80¢ 0.08 623 | 489 | 361 | 262
530 [ 4863 | 372 | 283
652 1 374 [ 267 112
300 0.12 615 § 392 | 231 142
426 | 380 | 309 | 238
k1 {508 | 340 | 233
1000 | 0.08 TOT | 541 | 397 | 287
60z | 513 | 411 | 313
729 | LT 295 192
1200 | 0.12 T02 | L9T | 338 | 231
531 | 466 | 376 | 288
175 | 533 | 358 | 2Lk
150C | 0.12 75k 58 | ko 285
g2k | s2h | L7} 317

T20
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h =20 cm

a,  |(ak/m), Y
2 L 6 8 1k 16 18
k18 | 20k | 97 52 26 25 25
- 315 | 227 | ke ;88 32 28 26
300 0.2 o7 | 206 | 152 | 103 | M1 33 | 29
137 ¢ k1 P28 | 410 | 59 Ly L2
601 | 396 | 2k& ] 156 | 51 40 35
550 | 419 297 {201 {71 56 W7
0.0k 458 { 393 | 310 {228 | 88 71 €0
356 | 333 {289 }235 | 106 88 Th
500 523 | 271 | 138 |71 29 27 26
0.08 L9 | 321 201 (118 k1 33 29
’ 340 | 289 | 215 | 155 |58 45 38
2hz | 227 1196 | 161 | 81 66 56
8L | 351 | 200 | 106 | 38 31 28
j 519 | 384 1259 | 167 | 56 L3 36
450 j0-06 hoz | 3RE |27t le7 176 1 s | ks
33L | 306 | 258 1203 187 71 60
650 1 L50 1298 1191 165 51 3
- 634 {1 h71 | 3by 245 | B8 70 53
500 j0.0h 515 | T3 |3s7 |eth {108 | 83 | 75
1409 | 387 338 | 279 | 134 104 88
658 | k26 1263 {162 | 51 40 34
0. 06 801 | hsh (318 [213 | 73 56 46
) Lo8 | k26 | 333 (243 | 91 T2 60
381 | 360 | 311 | 252 | 107 89 75
613 [ 350 [ 197 (104 |36 30 27
2o 538 | 398 1268 | 172 | 56 Lk 37
600 10.08 418 | 361 280 203 77 60 Lo
sz | 316 | 267 ;208 | 88 T2 €0
1572 (296 {149 | 82 30 27 2€
.12 ¥75 | 335 | 207 ;121 | 41 33 25
’ 355 | 302 | 228 {150 |58 45 36
253 1237 | 204 | 166 | 81 66 55
705 [ L83 [ 216 [ 200 | €5 51 2
€51 | 506 | 370 | 259 | 90 71 59
750 0.06 551 | 475 | 381 | 291 | 110 g0 76
438 | L16 | 362 | 297 | 138 105 89
689 1 ko | 266 [162 | 53 39 33
5 626 {47k | 332 221 | Th 57 b7
Boo .08 519 |Gk | 385 {251 |93 | 73 | 60
396 | 377 | 325 | 261 | 108 { 89 | 75




T2h

ho= 20 cm

L (AJE/At)f ¢ z
2 b 6 8 1h 16 18
651 [ 371 |202 | 105 | 36 30 27
613 | 388 | 221 | 120 | 40 32 29
700 0.12 17 1362 | 283 {206 |78 61 50

35 1320 270 {211 | 88 T2 60

736 | 495 | 317 | 197 | 63 49 41
713 | 522 {365 | 2Ls | 81 63 52
1000 10.08 s55 |79 | 286 {296 {117 | 92 | TT
k38 %19 | 365 | 301 |0 | 107 | 91

1;%_ Leg [ e8o | 170 | 5t Lo 3h
71 483 | 311 191 |39 L& 38

1200 0,12 se3 |TE0 |52 | 257 | 96 75 P
o2 | 385 332 | 266 | 109 89 T5
770 [519 | 333 | 207 an 50 L1
Ths  pShs 1381 1256 | &3 65 53
1500 10.12 577 thog 398 | 305 | 120 3 78

k55 {436 | 378 |310 | 1ke 107 91
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a5 bv/2 11 2 3 i g 6 7 & 9 10 11 12 13
¢.0h {570 147 525 (a5 1459 |k2s | L20
0.06 }550 [365 |325 L1 1355 325 {355 | 270 | 270
0.08 [550 [335 {260C 365 280 255 {250 | 210 | 195

1150 1 0.10 |550 |330 1230 {355 {235 1210 1355 {235 {210 {350 | 200 | 150
C.1251550 1330 1220 [350 [220 (185 [35C (200 1165 {350 | 195 135
Q.15 $1550 {330 |220 ;350 [210 {170 |350 [195 1145 350 | 165 | 135
0.20 550 1330 [220 {350 {205 {165 1350 {195 135 {1350 | 195 | 135
0.30 |550 {330 }220 {350 {205 |i65 {350 [195 {130 350 | 195 | 135
0.04 {770 }680 735 1680 |650 |635 | 615
0.06 1730 {5h5 |s0% £1G 1535 {505 (515 { k35 | 435

. 0.08 725 iLkgs {kic 540 ko (ko5 [Los | 3ko | 320

300 | 0.10 {725 {485 |370 [570 '}375 {335 |{510.{37% {335 {Lg0 | 305 | 250
0.1251725 {480 |350 i500 {355 [30C (k00 1325 {265 (ko0 | 300 | 220
0.15 |725 [4B0 1350 (k95 |335 |275 [h30 [305 (230 (k85 | 300 | 215
0.20 725 480 350 [hkgs |33C 260 [LBs {300 |210 {4BS | 300 | 210
0.30 (725 {480 {350 [ho5 1330 (260 |485 |295 |210 [h85 | 295 1 210
G.o0h [BBC {815 855 1815 {790 |T75
C.06 |835 {685 1635 The 1670 1635 640 | 565 | 565
0.08 {825 (625 {52 660 (560 1525 [595 | bS50 | k25

LS50 | 0.10 (820 (600 [47e 1620 hSo iLhs (620 (koo {kis 1585 | koo | 34s
0.125{820 |600 [k50 610 {460 {395 {590 (k25 355 i580 | 385 | 295
0.15 [820 |600 [uhs |525 1430 1355 |580 (395 (310 {575 | 380 | 285
0.20 | 820 |60C |[k4S [595 thes {345 [575 [380 1275 [575 | 380 } 275
0.30 {82¢ 1600 1445 595 theo 1345 {575 (375 {270 {575 | 386 | 275
0.04 {960 {915 g4 1915 (Bes 1880 70
0.06 {910 790 750 8ko {780 750 1745 | 680 | 675
0.08 | 895 1725 {6L0 T€0 (670 |630 1685 { 555 | 530

600 | 0.10 | 895 {700 {575 1715 (590 1545 {715 1590 [SL5 {665 | koo | k35
0.125!895 |690 |54o |700 |555 (W85 [68C 515 (kL5 [660 | 465 | 370
0.15 [890 1690 {535 (685 |[520 luko 665 [L7s {390 [655 | 6O | 355
0,20 (890 690 {530 (680 |510 h2e [655 (455 [345 (€55 | hss | 3h5
0.30 {890 |690 530 (680 505 [Lk2o 650 (Lis5 [3hko [€55 | L35 | 3s
0.0k [100G!970 990 1970 {955 {90 | 935
0.06 {960 {865 [830 200 855 1830 {815 | 765 | 765
0.08 {olo {795 |T720 825 750 715 (748 | 6o | 615

750 { 0.10 ju35 [765 {655 | 785 670 [630 {785 {670 €630 (715 | 565 | 515
0.125[935 {755 1615 |760 [630 [560 [T735 |590 |525 [710 { S25 | LiQ
0,15 [935 {750 (600 740 {595 |510 | 715 [Sk5 |60 {710 | 515 | 420
0.20 1935 [75@ [600 {735 {575 {490 |705 {510 {405 |705 | 510 | LoOS
0.30 {935 [750 {600 {735 {570 {485 {700 {hkos {380 1705 | 510 | koo
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q. b/2 |1 2 3 h g 6 7 g 9 10 11 12 13
0.04 [hio [330 75 1336 1290 [2%0 | 270
0.06 koo {240 |210 285 |230 {210 250 | 175 | 175
0.08 koo j225 |16% 255 1175 {160 {250 | 135 | 110

100 | 0.70 thoo 225 | 150 {250 |45 1125 (250 |145 }125 (250 | 130 | 10C
G.125{k00 {225 |145 250 |7L5 [115 {250 1130 [105 {250 | 130 95
C.15 1hoo [225 [14s 125¢ 1135 [105 [250 113G [ 100 (250 1 130 95
0.20 koo [ze5 1145 1250 1135 [105 (250 (130 | 95 {250 | 130 95
C.30¢ [hoo J225 [1h5 250 (135 105 (850 11301 95 |250 § 130 95
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G {bB/2 |7 2 3 Jbk 15 & |7 8 1% 10 11 12 i3
0.0k {450 355 LOs | 3551 3151 320 305
0.06 {4351 255 | 220 310 {245 ) 2201 270 1 190 | 175
0.68 | k351 245 | 170 275 1 1851 170 270 | 1ks 120
150 | ©0.10 {435 | 2ho | 155 2761 150 135 | 270§ 150 | 130} 270 | 145 | 105
0.125/ 435 { 240 {1 1501 270 1 1501 125 [ 270 | 1o} 10571 270 | 145 | 100
0.15 1435 250 {1 156 2701 15| 115 1 270 | 10| 106 270 | 1k0o { 100
0.20 (k351 240|150 270} ths ) 110 {270 | 1k0 ] 100 27C | 146 | 100
0.20 {435 ] 240 ] 150 | 270 | 145 | 105 (270 1 k0 | 100 270 | 140 | 10C
G.04 | 5801 Lés 515 [ hé6s | kEs ] ko 4 385
0,06 5601 350 300 koo 1325 0 300 350 1 2hg | 2hs
0.08 {560} 320t 235 355 1255 z20 4 3k5 1 195 | 165
205 1 0.10 15601 315 12108 350 1 2051 190 {330 {205 | 190 385 | 190 | 135
0.125/ 560 | 315 L 200 ¢ 350§ 2001 170 1345 1190 | 145§ 345 | 185 | 125 :
0.15 1560 315 | 200 ¢ 354§ 195 1 150 [ 345 | 185 | 125§ 345 185 | 120
0.20 | 5601 3153 200 1 350 | 195 | 155 | 3L3 [ 155 ) 115 345 | 185 | 118 .
0.30 15601 315 1 200 | 350 | 195 | 145 | 345 | 1851 1251 345 | 185 | 115 5
G.0L 670! she 605 15451 310 koG | LTS i
0.06 | 645 h2G | 370 75 [ 4OC | 3701 ¥15 | 305 | 305 !
0.08 [ 640! 380 | 290 25 13151285 1 Los | 240 | 215 :
300 | 0.10 {640 375 | 260§ 410 { 265 [ 235 (410 | 265 | 235 Los | 220 | 1€S f
0.125/ 640 | 275 | 245 | 416 1 250 | 205 {405 | 2251 180 0S5 | 220 | 150
0.15 { 6ol 375 | 245 1 k10 ;235§ 185 [405 1220 160 kos | 220 | 150
0.20 16401 375 | 245 L h10 1230 ) 180 1405 {220 1 150] ko5 | 220 | 15C
0.3G [ELn T 375 0 245 1 L10 | 2305 180 [hkes f2p0 1 1451 koS | 220 | 150
0.0k | 875 | 765 830 176517251 715 | 620
0.06 | 835 610 | 555 690 } 595 | 555§ 530 | k85 | LBO
.08 | 830! 555 | 455 610 § L85 | bL5 | 565 | 37 345
600 | 0.10 | 830 5o i Los 1580 [ L5 370 |580 k15 1 3701 555 [ 340 | 275
0.125 820 ] 540 | 385 1575 | 350 | 330 |560 {3601 290} 560 | 335 | 2k0 ‘
0.15 | 830 540 | 385§ 565 1 3701295 {560 {340 ¢ 2501 555 | 330 | 235 ]
0.20 | 8301 5G| 380 {565 ! 360! 285 |555 330 [ 230! 555 | 330 | 230
0.30 ] B3G1 545G 380 (565 | 360 [ 285 [555 1 330 | 230} 555 330 230
0.0 | 8501 903 950 1905 | 875 | B6O | BLO
0.06 | 30| 755 | 695 820 1735 1695 { 710 1620 | 615
.08 i 920 69G | 580 T35 | 615 |1 570 ] 665 | LoG | 460
S99 | 0.10 1920 €651 520 16565 1530 § k80 1695 | 5301 LBO { 650 | L35 | 370
0.125 920| 665 | 485 | 680 | 500 | 430 16560 {460 | 320 650 | k25 | 32¢
0,15 1620 6601 kB5 [ 65 1 L70 1 385 (650 (430|335 645 | k20 | 310
0.20 [ 92G | 660 | L85 | 665 | LB0C | 375 (645 [Lh20 | 205 [ 6Ls | 420 | 305
0.30 [ 920 | 660 | 485 | 665 [ 460 1 370G 643 [ k15 1 290 { 645 | 420 | 300
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G.04 |1055]110CO 1035{10C0|98C 1965 | §50
0.06 1005|865 |815 920 {B5C [815 1815 | ThO | 735
0.08 |90 (790 {690 B35 {725 |685 {750 | 600 | 570

1200 [0.10 {985 765 [625 1785 i6Lo |585 |785 (640 (585 (730 | 530 465
0.125/985 |755 {585 I770 1600 {525 |TL5 {560 |480C {725 | 500 400
0.15 1085 1755 {575 {755 [560 {k70 {730 {515 {k20 {725 | 495 | 380
0.20 1985 |755 {575 {75C [550 |k55 {725 (490 1365 [725 Lop | 365
0.30 985 755 {575 {750 [550 1455 {720 |85 (360 [725 Loo | 360
0.0k 17095{1055 10801 1055 104011030} 1025
0.06 {10k5{935 |895 980 {g2s |Bgs {880 | 825 | 820
0.08 11030{860 |T75 8o5 |810 |770 |810 | 685 | €55

1500 |e.10 [1025(6830 {705 |Bus |720 |670 |BLS {720 670 {780 | 605 | 555
o.125{ 1025|820 |660 |B25 |675 |600 |8CO |635 |560 (775 565 | 76
G.15 110201815 {650 {805 |630 |5k5 | T80 |583 hgo 1770 | 560 | hLas
a.20 1020|815 {645 [800 |620 |525 | 770 {550 [L3D i77G | 350 430
0.20 ]1020(815 {640 {800 |620 [520 [T765 |SkO |L25 {770 ghs | 425







