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A DIFFERENTIATED DESIGHN OF FIRE EXPOSED STEEL STRUCTURES
By Sven Erik Magnussona, Ove Petterssona, and Jorgen Thor

1. Intreoduction

At present, a clear trend can be seen of a development of the buil~
ding codes sand regulations in many countries towards an increased
extent of functionally based requirements and performance criteria.
As concerns the design of buildings with respect to fire exposure,
an essential step in the direction of such a develcpment was taken
in the Swedish Standard Specifications of 1967 [1] by introducing
different alternatives of structural fire engineering design, lea-
ding to a different degree of accuracy and a different amount of
engineering design work. This differentiated view of fire enginee-
ring design will be underlined further in the new edition of the

standard specificaticns, planned to come into force during 1975.

The alternative design methods are connected tc different basic

characteristics of the process of fire development.

One alternative is related to the internationally prevalent standard
heating curve for the gastemperature of the fire compartment combined
with a subsequent cooling period, specified by a linear rate of tem-

perature decrease which depends on the time of fire duration accor-

ding to [2].

A second, more differerntiated alternative is characterized by a gas-—
temperature~time curve of the complete process of fire development
which varies with the fire lcad density g, the ventilation charac=
teristics of the fire compartment, and the thermal properties of

the structures, enclosing the fire compartment. This basis of design
is exemplified in Fig. la which shows the gastemperature-time curves

ﬁ%—t of a certain type of fire compartment, as concerns the thermal
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Figure la. CGastemperature-time curveS‘ﬁt—t of

the complete process of fire development for
different values of the fire load density g

‘and the opening factor AJE/At. Fire compsart-—

ment, type A, cheracterized by surrounding

structures made of & material with a thermal
N i -1 o.~1

conductivity A = 0.81 W - m ¢ C ' and a

-3, 0,1

heat capacity pe_ = 1.67 MF * m c



properties of the surrounding structures. The ventilation charac-—
teristics of the fire compartment are specified by the opening fac-

torrAVE/At, where

At = the total area of the interior surfaces bounding the compart-
ment (me),

A = the total area of the window and door ocpenings (mg)3 and

h = the mean value of the heights of window and dcor openings (m)

weighed with respect to each dindividual opening ares.

This second alternative is permitted for use when the fire load is

mainly of the wood fuel type,

As a third alternative, the Swedish Standard Specifications permit
a structural fire engineering design on the basis of a gastempera-
ture-time curve, calculated for each individual case from the heat
and mass balence equations (Fig. 19) — or determined in some other
way — with regard taken to the combustion characteristics of the
fire load, the ventilation characteristics of the fire compartment,

and the thermal prcperties of the surrounding structures of the fire

compartment.
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Figure 1b. Energy balsnce equation IC = IL + Iw + IR of a fire
compartment. IC is the heat release per unit time from the com-
bustion of the fuel, and IL’ Iw, and IR the quantities of energy

removed per wunit time by change of hot gases against cold air,
by heat transfer to the surrounding structures, and by radiation
through the openings of the compartment, respectively

In the subsequent sections, the main steps of a differentiated de—
sign of fire exposed steel structures are presented and discussed

in a summary way, related to the second and third design alternative
according to the Swedish Standard Specificetions. Parallelly, examp-—

les are given of diagrams and tables from a comprehensive design



3], [4] ang intended to facilitate

fire engineering design

2. Principles of a Differentisted Fire Engineering Design

For load-besring structures or structural members, a differentiated

design can be characterized according to Fig. 2a [5] - [8]4

The besis is constitute

o

Ly the characteristics of a fully develo-

&
ped compartment fire. Decisive entrance guantities then are

the fire load,

fire compartment,

Tics of the fire compartment, and

tne structures enclosing the fire com-

Jointly, these guantities are determining the rate of burning, the

rate of heat release, and the gastempersture—time curve of the fire

compartment during the complete process of fire development.

proposed structure,

of the structural materials, and

at trensfer for the various surfaces of the

of the fire compariment gives the
etermination of the temperature-time

structure or structural members.
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temperature'fields which can be allowed with respect to the required
function tc be fulfilled by the structure or structural members.
This determination then must he done with regard taken to a reasonab-

ly chosen level of the risk of failure introducing a factor of safe-

.ty which depends on

the cccupaticn, building height and volume, impertance of structure,

probabilistic influences etec.

A direct comperison between the actual temperature fields and the
allowable ones decides whether the siructure cor the structural mem-—

bers investigated can fulfil their function or not at a fire expo-

sure.

3. Structural Fire Safety

In & fire engineering design of a load-bearing structure, it is to

be proved that the load~bearing capacity does not decrease below a

prescribed load, multiplied by a reguired factor of safety, during

neither the heating period nor the subsequent cocling period of the
process of fire development. Summarily, the connected problem of

structural safety then can be principally described in the following

way.

The load-bearing structure is acted upon by & loading which, for in-
stance, can be a combination of the dead load and a live load. This
loading is characterized by a probabilistic variation which can be
described by a freguency curve, comprising all those load levels L
which will occur for the actual building or the actual structural
member during its lifetime (Fig. 3a). At ordinary room temperature,
the load-bearing structure or structural member has a load-bearing
capacity B with a probabilistic variation, determined by the distri-
bution properties of the actual structural materials and the accuracy
of the actual production and described by a freguency curve. A fire
exposure will give rise to a decrease of the load-bearing capacity.
At a given fire compartment this decrease dependscn the fire load
density q, which for a given type of building or locality has a pro-

babilistic varistion with & corresponding frequency curve. Jointly,



the frequenc& curves of the load-bearing capacity &t ordinary room
temperature and the fire load density constitute the basis for a de-
termination of the freguency curve of the least load-bearing capaci-
ty at a fire exposure. In such a determination, that change in the
variation of relevent structural material properties must be inclu-
ded, which will be caused by the heating due tc the fire exposure.
Further, that uncertainty must be taken into account, which at & gi-
ven practical application characterizes a theoretical determination
of the process of fire development, and the connected temperature-
time fields and lcad-bearing capacity of the fire exposed structure

or siructural member.
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Figure 3a. Summary survey of the structurszl safety problem at a dif-
ferentiated fire engineering design of load-bearing structures

If the freguency curve of the loading L and the frequency curve of
the reduced load-bearing capacity of the fire exposed structure Bf

are independent, the corresponding probability of failure at chosen
levels of L and B, can be calculated via a freguency function (L, BfJ,
given by a direct multiplication of the two freguency curves of L and
Bf. In a presentation according to Fig. 3a, this freguency function
(L, Bf) describes a surface above the horizontal L-B. base plane. By

a vertical 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 corresponding probability of
failure, valid for a fire development not disturbed by any fire-
fighting activities.

This probability of fsilure is connected to a probability = 1 for

a fire outbreak leading to flashover within the sctusl fire com-
bartiment. As a consequence, the calculated probability of failure
must be corrected by a multiplication by the probability of a fire
giving flashover in *the compartment for the actual structure or
structural member. For this latter probability, [9} gives the fol-

lowing representative values:

0.3 for industrisl buildings,
0.0k for office buildings, and
0.02 for residential buildings

at a lifetime of the building of 50 years. The referred values are
valid for a complete building and not for a single compsartment of
the building. Further essential reductions of the probability of
failure in fire will be caused by, for instance, an installaticn
of detection, alarm and automatic extinguishing systems with a pro-

babilistic variation of operation security.

A computerized procedure for an analysis of the failure probability
in fire of a lcad-bearing structure according to the principles de-~
seribed above, is presented in ﬁd]. The procedure, which is hased
on the Monte-Carlo method, is connected to a differentiated struc-
tural fire engineering design according to the principles outlined
above. At present, the procedure can be applied in practice only in
special cases. A more general application in a structural fire engi-—
neering design is for the time being rendered impossible as a conse—
quence of insufficient knowledge concerning several of the varisbles
entering into the procedure. In spite of these circumstances, the pro-
cedure ought to be successfully applied already, for instance, for g
determination of such information which can facilitate an elsbora—
tion of prescriptions in building codes and regulations concerning

reasonable levels of loading and fire load for a structural fire en—



gineering design of load-bearing structures or struetursal menbers.,

On the basis of & sSummary survey of the structural firesafety prob-
lem; temporary regulations now have been worked cut and authorized
in Sweden concerning loading values to be applied in a fire enginee-
ring design for different types of fire compartments. The loading
values are connected to a load factor system and have been diffe-
rentiated with respect to whether a complete evacuation of the oceu-

pPants certainly can be anticipated or not - ¢f Table 3a.

L. Fire Load snd Process of Fire Development in a Compartment

In most countries, the fire load (fire load density) qc,constituting
& measure of the total guantity of combustible materials in = compart-

ment, is defined according to the relation

2

I mE (Mcal-m"e) {MT-m <} (Le1a)

1
q —_ e—
c Af ARV

where Af = the floor aresz (mg), m\J = the total weight (kg), and Hv =
= the effective heat value (Mcal'kghg} {MJ'kg_2} for each individual
material v. In some countries the fire load dersity 9, is giveh alter-—

natively as the equivalent amount of weod per unit floor area Af.

In the current Swedish building codes and reguiations the fire load

density q of a compartment is defined according to the modified for-

mula

s . -
q =—i-z m H (Mcal-m °) {MTem 2} (k.ib)
" vy

where At = the total area of the surfaces bounding the compartment
(me}. Such a definition is more natural with respect to an applica-
tion to the heat and mass balance equations of the fire compartment

and primarily of that reason, this latter definitior now is genersally

used in Sweden.
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With preference to the definitions according to Egs. (4.1a) angd
{4.1b), internationally a large number of probabilistic studies
nave been carried through of the fire load density in dwellings,
offices, administration buildings, schools, stores, and hospitals.
A fregmentary exemplifying of resulis is referred in Table k.1la,
giving a summary of the average and standard deviation of the fire
load density g from recent Swedish investigations. In the table
also is shown the appurtenant design fire load, corresponding to

the 80 percent level of the distribution curve and authorized in

Sweden as a temporary regulation.

Ordinarily, the combustion will not be complete for all fire load
components at a compartment fire. This can be taken into account

by determining the fire load density q from the modified formulia

q = %; vamvHv (Mcal«m—g) {MJ-mmg} (L. ic)

in which My, denotes a fraction between O and 1, giving the real
degree of combustion for each individual component v of the fire
load. The coefficient My, then is a function of the type of the fuel,
the geometrical properties of the fuel and the position of the fuel
in the fire compartment, among other things. For some types of fire
load components, the coefficiént M, will be dependent on the time

of fire duration and on the gastemperature-time characteristics of

the fire compartment.

An example of a repfesentation of fire load statistics in conformity
with the idea of Eq. (b.ic) is given in Fig. 4.1a DT]. which refers
some distribution curves, representative to dwellings in the suburbs
and the central parts of Stockholm. In the figure the fire load den-
sity is specified on one hand by a minimum value, which only inclu-
des the highly inflammable ccmponents, and on the other hand by a

meximum value, corresponding to all combustible material in the com-

partment, excluding floor covering.
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Figure L.7a. Distribution curves for the fire load density gq, defined
according to Eg. (k.1b), representative to dwellings in the suburbs

and the central parts of Stockholm

4.2, Characteristics of Compartment Fires

Simplified, fully developed compartment fires can be divided into two
types of behaviour ﬁ2]; BB] - ventilation controlled and fuel bed
controlled. Ordinarily, the determination of the behaviour then is
related to the average burning rate R for the active part of the fire,
given as the weight loss per unit time. On the basis of results of
full and nmodel scale compartment burning tests, available from nume=~
rous reports, a plot according to Fig. L.2a was presented in [1@ of
the burning rate R in the form of R/AS versus ¢/As. AS is the initial

free surface area of the fire losd and ¢ a ventilatioh parameter, de=

fined by the relation
b = pa@ AV (L.2a)
P, is the density of air and g the acceleration due to gravity. The

results are based on tests with fire loads of wooden crib type.

The data, given in Fig. 4.2a, are characterized by a considerable
scatter, indicating also other essential influences than those La-
ken intc account. In spite of this, two different regimes are recog?
nizable, viz. the ventilation controlled regime, marked by an ine1li-
ned line, and the fuel bed controlled regime, marked by a horizontal

line. For the first type, the combustion during the flame phase is
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controlled by the ventilation of the compartment with the buraing
rate R approximately proportional to the air supply through the
openings of the compartment and not in any decisive way dependent
on the characteristics of the fuel. For the second type, the com~
bugtion during the flame phase is controlled mainly by the fuel
bed with the burning rate R determined by the amocunt, porcsity,
and particle shepe of the fuel and largely independent of the air
supply through the openings.

10-1 - ] 1 LR R T 1 1 IFEFI H T T 1T T T TL]
102 b -
° - -
o~ ud i
£ N N
Sy - -
£} i -
vi
:1.'_ .
[rd
10-3 -~
. a -
s | .
a ]
[ ] -
Q
- s } -
el <7
10‘-4 Lt a sl L taaad L L L1l
1072 107! 1 10

R kg!:’ﬁ2 s

Figure L.2a. The ratio R/AS between the average burning rate B and
the initial free surface ares of the fire load A versus the ratic
/A where ¢ is a ventilation parameter according to Eq. {k.2a).
Firg loads of wooden crib type
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For a theoretical determination of, for instance, the gastempera—
ture-time curve of '‘a fully developed compartment fire over heat and
mass balance equations - cf [h] and BB] 50 Ba] - a differentiated
knowledge on the heat release per unit time from the combustion of
the fuel IC is of essentially higher interest than information on
the burning rate R. For not well-defined fuels - for instance, fire
loads of wooden type - an experimental determination of the time-
variation of Ic during a complete fire process is connected to great
technical difficulties and, as a conseguence, for the time being di-

rect test data are lacking on this quantity for real fire situations.

Approximately, the time curve of the rate of heat release IC can be
determined over a heat and mass balance analysis, based on the ex-
perimentally received gastemperature-time curve for compartment fi-
res with accurately specified test conditions. Very extensive analy-
ses of this type have been carried out in a systematic way by MAG-
NUSSON - THELANDERSSON [17], [18], and NILsSON [1g] for fire loads
of wooden crib .type. As a result of these investigations, the pre-
requisites now exist of a differentiated theoretical determination
of y for instance, the gastemperature characteristics of the complete
process of a compartment fire for this type of fire load with an accu-—
racy, which is sufficient for ordinary practical purposes. Regard
then can be taken to whether a compartment fire is ventilation con-

trolled or fuel bed controlled.

Going over from fuel of wooden crib to more realistic fire loadé of
furniture, it can be stated, that the results of wooden crib fires
can ﬁe transferred with satisfactory accuracy for ventilation con-
trolled fires. The main reason for this is that the burning rate and
the rate of heat release are not dependent in any deciéive extent on
the‘amount, porosity and particle shape of the fuel for this type of
fires._For fuel bed controlled fires, however, these fire load influ-
ences can be of great importance, which introduces considerable diffi-
culties in transferring test data of wooden crib fires to real fire
loads in practice for this type of fire. At present, the only way to
consider the specific, favourable characteristics of a fuel bed con-
trolled fire in a practical fire enginéering design seems to be to

calibrate at first the real furniture fire lead in full gcale tests,
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leading to, for instance, an egquivelent porosity factor and an equi-
valent stick thickness DQ}. Such systematic calibration tests for
real fire loads in frequent types of fire compartments have high

degfee of priority.

Waiting for the results of such calibration tests, the present state

of knowledge forces, as a provisional basis for a differentiated struc-
tural fire engineering design, a systematic determination cf gastem-
perature-time curves for the complete process of compartment fires
under the general assumpiion of ventilation control. The total energy

condition of fire exposure

f T, 4t = M (h.2%)

then always must be fulfilled, where M is the total energy content of
the fire load {(Meal) {MJ}. For fuel bed controlled fires, the sssump-—
tion of ventilation control together with the fulfilment of Eq. (L.2b},
leads to a structural fire engineering design which will be on the
safe side in practically every case, giving an overestimation of the
maximum gastemperature level and & simultaneous, partly balancing
underestimation of the fire duration. For the minimum load-bearing
capacity or the Tire resistance time of fire exposed structures or
structural elements, the gastemperature- time curves determined in
this way ordinarily give reasonably correct results, which has been
verified in [k, (7], ana [1q].

An extensive basis of design, comprising differentiated gastemperature-
time curves of the type mentioned for the complete process of fully
developed compsriment fires, is presented in [h] and ﬁ?]. Influences
are the fire load density g, the opening factor of the fire compart-
ment Afﬁ/At, and the thermal characteristics of the surrounding strue-
tures, This design basis is exemplified in Fig. la, valid for a com-
partment with surrounding structures made of a material with a ther-
mal conductivity A = Q.81 T«\T-m"j-o(}“1 and = heat capacity oc = 1.67
MJ*m_S'OC—1 (fire compartment, type A). Approximately, compértments
with other thermal properties of the surrounding structures can be
transferred to the fire compartment, type A, via fictitious values

zceording

iy

of the fire load density q. and the opening factor (AfE/At
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to Table k.Pa.

The gastemperature—time characteristics, as presented in Fig. la

and Table L.2a, constitute a provisional, detalled basis of a dif-
ferentiated fire engineering design of load-bearing structures and
partitions. The chosen technigue of transferring between fire com~
partuwents of different thermal properties via fictitiocus values of
the fire load density and the cpening factor has the great advan-—

tage that the computation of design diagrams and tables can be 1li~
mited to the fire exposure characteristics of one type of fire com-

partment, viz. type A.

Ag Tound above, the opening factor of & fire compartment is a fun-—
demental concept in calctlating the gastemperature-time curve of the

process of fire development.

defined by the quantity A#E/At, where — c¢f. Fig. h.3a

A

the total area of the window and door openings (mg),
h the mean value of the'heights of window and door openings {(m),

weighed with respect to each Individual opening area, and

It

At = the total interiocr area of the surfaces bounding the compart=

ment , opening areas included (m2).

_".'_
B
M:T
B
N
=

2

A At Ayt tBgmbih byhy o+ bghy QPENING

1 [ } FACTOR
A= | A+ Aghy + .+ Agh

A LA Aaliat -+ s AR
Ar2 [Ly*lbgrbls] B,

Figure L.3a. Definitions of the total opening area A, the weighed
mean value of the opening height h, the total intericr area of the
surrounding structures At, and the opening factor AJE/A* of a fire
compartment N
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valent opening factor (A/E/At)e can be determined by the formuls ET}

(A/E/At)e = £ (AV’E/At)v (L.3a)

where (A#E/At)v is the opening factor, corresponding to the verti-
cal openings of the compartment, calculated according to Fig. kL.3a,
and f, a dimensionless multiplier, given by the alignment chart in

k
Fig. L.3b. For the notations used in this chart, then see Fig. L4.3c.

Area: K\h
A by 4
AfR A .
Area:A~|
20
s
Ay: 15k 1000°C
A
0.1

e e —

Figure 4.3b. Aligmment chart for a determination of the eguivalent
opening factor (AJE/At)e of a fire compartment with vertical as well

as horizontal openings. For notations, see Fig. L.3c

Figure 4.3¢c. Gas flow mechanism
for a fire compartment with ver-

tical and hecrizontal openings
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A determina£ion of the equivalent opening factor over Eq. {(k4.3a)
and Fig. 4.3b présupposes that the gas flow through the horizon-—
tal openings of the roof is not predominant. This can be examined
_vié the quotient AhJEE/A/E, which has an upper limit at which the

applied gas flow model ceases to be valid. This upper limit is given

by the values

— O
Ahv’hg 1.76 st #’t 1000°C

(L,3b)

Avh .37 at b, 500°¢

At these limit values, the neutral zone coincides with the upper

edge of the vertical opening and tests have indicated the validi-

ty of the model up to these upper limits EE].

5. Bteel Temperature #s aof Fire jFxposed, Uninsulated Steel

Structures

For a fire exposed, uninsulated steel structure, the energy balance
equation directily gives thé follow{ng formula for a determinaticn of

the steel temperature-time turve %S“t ~ Fig. 5a

v

IR T T R o
mfs = T . 7 “7’1-, ?f‘s)f_\t (°2) (5a)

where
A = the change of the steel temperature ﬁ; during the time step At,

a = the coefficient of heat transfer at the fire eﬁposed surface of
the structure,

= the density of the steel material,

= the specific heat of the steel material,

the fire exposed surface of the steel structure per unit length,

the volume of the steel structure per unii length, and

]

< = oo v
C‘f‘% n wn g o]
1

the gastemperature within the fire compartment.

Eq. (5a) presupposes that the steel temperature ﬁg is uniformly dis-
tributed over the cross section of the structure at any time t and

that the heat transfer is cne—dimensional.
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bty ettt

Figure S5a. Fire exposed, uninsulated steel
structure. ¥, = gastemperature within the fire

compartment, , #S = steel temperature

The coefficient of heat transfer o can be calculated from the app~

roximate formulsa

.77 ¢ .+ 273 of, + 273 -
. r t L Vs L __=2.0.,~1
o =23 + g | (s =5) (Wem =-7C ") (5b)

giving an accuracy which is sufficient for ordinary Hractical pur-
poses. €, then is the resultant emissivity, in the case of radia~

tion between two parallel, infinite surfaces given by the equetion

1

e = ' = (5¢)
r 1/Et + l/ss 1

where

€, = the emissivity of flames, and

€, = the emissivity of the fire exposed steel surface.

For practical applications, the resultant emissivity €, can be chosen
according t¢ the following table, giving values which generally are

on the safe side.

1. Column, fire exposed on gll sides g =
2. Column, outside a facsade

3. Floor structure, composed of steel beams with
a reinforced@ concrete slab, supported on the lower
flange of the beams 0.5
L. Steel beams with a flocr slab, supported on the
upper flange of the beams

ha, Beams of I cross section with width/height 2

2 0.5 0.5
Lb. Beams of I cross section with width/height <

< 0.5 .7
Le. Beams of box cross section and trusses 0.7
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Figure 5b. Resultant emissivity €, Tor steel beams with a floor
slab, supported on the upper flange of the beams., Flames complé-
tely below the steel beams.

Epj = emissivity of the slab, £y = emissivity of the steel beams, ,
£ = emissivity of the {lames.
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Figure 5c. Resultant emissivity £, for steel beams of I cross sec—
tion with a floor slab, supported on the upper flange of the beams.
Flames reaching the slab.

g, = emissivity of the flames
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More accurate values of the resultant emissivity £, can be deter-
mined for the application alternative L4 - steel beams with a floor
slab, supported on the upper flange of the beams - from the dia-
grams of Fig. 5b and c, applicable to floor structures with the
flames completely below the steel beams and reaching the slab, res-—
pectively [éﬂ . For the emissivity of the flames € s the value 0.85

is to be inserted, if not any other value can be proved to be more

correct.

At a given gastemperature—time curve of the fire compartment ﬁ%—t,
the steel temperature ﬂ; can be directly calculated from Egs. (5a)
to {5¢) with regard taken to the temperature dependence of the spe-
cific heat of the steel and of the coefficient of heat transfer. A
systematization of such computations then can result in a design
basis of the type, shown in Table 5a and giving the maximum value

of the steel temperature #max during a complete vrocess of fire de-
velopment for varying values of the fire lcad density q., the opening

the structural parameter FS/VS, and the resultant

SR

factor Avh/A
L
emissivity €. The values of the table are connected to gastempera-—

ture characteristics according to Fig., 1la, fire compartmeni type A.

Some guide-lines for the determination of the structural parameter

FS/VS are summarized in Fig. 54 for different types of application.

5. BSteel Temperature #S of Fire Exposed Insulated Steel Structures

For a fire exposed, insulated steel structure, a simplified energy
balance equation gives the following relation for a direct deter-

mination of the steel temperature—time curve'ﬁs-t - Fig. 6a

A = i (¢ — 2 )t (%) (6a)
5 {1/a + di/Ai)p c vV ,

where

ﬂﬁ; = the change of the steel temperature ﬂg during the time
step AL,

o = the coefficient of heat transfer at the fire exposed surface

of the insulaticn,
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G. = the thickness of the insulation,
A. = the thermal conductivity of the insulating material,

= the density of the steel material,

4
s
c é = the specific heat of the steel material,
A. = the interior jacket surface area ¢of the insulation per unit length,
V = the volume of the steel structure per unit 1ength, and

ﬁ% = the gastemperature within the fire compartment.

Figure fa. Fire exposed, insulated steel struc-
ture. ., = gastemperature within the fire com=-

partment,-#s = steel temperature

Bq. {6a} presupposes that the steel temperature é; is uniformly
distributed over the cross section of the structure at any time t,

that the temperature gradient is linear and the heating contri-

bution negligible for the insulation, and that the heat transfer

is one—dimensional.

A somewhat more accurate formula for a numerical calculation of the
steel temperature Jé can be achieved by taking intc account the ener-—
gy corresponding to the heating of the insulation in an approximate

way. By that means, the following expressicn can be deduced [?é

o (zf‘t 'zﬁ;) ot )
= Vs dlpl UlAl)
(1/0 + Cli/)\i)ps Cps_ET'(?.+ ep c ¥ )
i s ps s
A
_ v (61)
20 ¢ v
g ™3 8 ¢
d. p. ¢ _. A

where not previously defined quantities are
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0, = the density of the insulating msterial, and

Cpi = the specific hest of the insulating material.

At a given gastemperature-time curve of the fire compartment ﬁ%*t,
the steel temperature ﬁg can be directly determined from Egs. (5b),
(5¢), and (6a} or (6b). Ordinarily, then the term 1/a can be neg-
lected at the side of the term di/Ai, indicating that variations

of the resultant emissivity €, are of minor importance at fire ex~

posed, insulated steel structures.

Computaticns, originating from Eg. (6a) or {6b), enable a construc-
tion of systematized diagrams and tables, facilitating a differentia-
ted, structural fire engineering design in practice. An example of
such a design basis is presented in Table 6a, giving the maximum
value of the steel temperature d;ax according to Eq. (6a)} during a
complete process of fire development for varying values of the fire
load density g, the opening factor A/E/At, the siructural parameter
Ai/VS, and the insulation parameter di/hi. The values of the table

are connected to gastemperatiure characteristics according to Fig. 1la,

fire compartment type A.

The values of Table 6a were calculated on the assumption of & con-—
stant thermal conductivity of the insulating masterial Ai. As a rule,
however, Ai varies with the temperature in an extent which cannot be
neglected in & fire engineering design. This can be considered by
applying Table 6a with a value of Ai corresponding to sn average va-
lue for the wheole process of fire development. Calculations, syste-—
matically carried through, then are verifying that this average value
of Ai approximately coincides with the value, determined for an insu-—

lation temperature equal to the maximum steel temperature ﬁ;ax'

For a specific insulating material, systematized design diagrams

and tables can be computed very accurately with regard taken to the
temperature dependence of the thermal properties of the steel mate-—
rial as well as the insulating material. The influence of an initial
molsture content and of a disintegration of the insulating material
then can be taken into consideration, too. Practically, such a de-
termination can be carried through over & numerical data processing

by meesns of computers on the basis of heat balance eguations, dedu-
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ced Tfor the structure divided into finite elements. A great number
of design diagrams and tables, calculated according to such an accu-
rate procedure, are presented in {3], and [h}. Tgble 6b constitutes
_an example from this, giving the maximum steel temperature ﬂhax du-
ring & complete process of fire development for a fire exposed steel
structure, insulated with mineral wool of density P, = 150 kg~m_3,
8t varying fire load density g, opening factor AVﬁ/At, quotient
Ai/VS, end thickness d, of the insulation. The gastemperature-time

curves according to Fig. 1a, fire compartment type A, are the ba-

sic characteristics of the fire exposure.

The determinaticn of the structural parameter Ai/VS ig exemplified
in Fig. 6b for some different types of fire exposed, insulated sieel

structures,

7. Bteel Temperature ﬂg of & Fire Exposed Steel Beam Construction,

Insulated with a Ceiling

A determination of the steel temperature—time curve?ﬁs-t for a steel
beam construction according to Fig. Ta - composed of a reinforced
concrete slab, load-bearing steel beams, and an insulating ceiling

- is essentially more complicated than the ccrresponding determina-
tion for steel structures with an enclosing insulation. In the latter
case, the gastemperature of the fire compartment ﬁ% is entering di-
rectly into the energy balance equation of the problem, cf. Egs. (5a),
(fa)}, and (6b). For a steel beam construction with an insulating cei-
ling, the surface temperature of the upper side of the ceiling and

of the underneath side of the slab must be determined in a first step

for enabling a calculation of the steel temperatufe'ﬁs in a second

step.

[ e+ —— e+ g

Figure Ta. Floor structure, composed of & reinforced concrete slab,
load-bearing steel beams, and an insulsting ceiling



A model for a determination of the temperature—time fields of a
structure sccording to Fig. Ta, exposed to & fire from below, has
been developed in [h]. The model is characterized by a division of
the slab into & number of finite elements and a formulation of the
energy balance equations of these elements and of the ceiling for

& calculation of the time curves of the surface temperaturesmqyE
andqﬁy3 -~ ¢of. Fig. Tb. In this first step of calculation, the heat
capacity of the steel beams, the air space, and the ceiling is neg-
lected. In the second step, the energy belance equations are for-
mulated for the steel beams with regard to convecticn and to radia-
tion from the upper side of the ceiling and the underneath side of
the slab. The resultant emissivity €. required for this formulation,
then can be determined from Fig. 5b. The computational procedure is

giving the steel temperature-time curve ﬁ;*t a5 the final result.

g
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Figure 7b. Model for a determination of the temperature—time fields
of a steel beam structure according to Fig. Ta, fire exposed from
below p

By applying this computational model in a systematic way, a designh
basis can be determined, faciiitating a calculation cf the steel
tempersture #g. Such a design basis is exemplified in Table Ta, gi-
ving directly the maximum steel temperature #%ax during a complete
process of fire development for varying values of the fire loasd den-—
ity g, the opening factor Afﬁ/At, the structural parameter Fs/Vs’
and the insulation parameter di/Ai. FS/VS 1y defined according to
Fig. 5d. The values within parantheses in the table, denote the cor-

responding maximum temperature at the centre level of the ceiling.
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The values of the table are connected to gastemperature~time cha-

racteristics according to Fig. 1a, fire compartment type A.

It is to be stressed, that the design values put together in Table
7a can be applied only to a steel beam construction according to

Fig. Ta with the slab made of reinforced concrete. For other slab
msterials, the corresponding steel temperature-time curve at a fire
exposure can be quite different. This is illustrated by Fig. Tc,
giving a comparison between the steel temperature-time curves ﬁs-t,
computed for the two alternatives with the slab of reinforced con-
crete and of lightweight concrete, density 500 kg - m_B, res?eCH
tively. The curves refer to a fire exposure according to the standard

fire resistance test.

¢
500

400

]

300

200

05 10 15 20 h
t

Figure Tc. Calculated time curves of the steel temperature @S~t for

& steel beam construction according to Fig. Ta, fire exposed from be-
low in conformity with the characteristics of the standard fire re-
sistance test. Steel beams of IPE 330. Ceiling of mineral wool, den-
sity 150 kg-m"B, thickness 25 mm. Slab of reinforced concrete (curve(:))

or lightweight concrete of density 500 kg-m > (curve(@ )

For several types of ceiling insulated steel beam constructions,
the fire resistance of the ceiling and its fastening devices will
be the decisive design component instead of the steel beam tempe-
rature. For instance, the ceiling can get a serious crack forma-
tion or ‘fall down, partially or completely, after a comparatively
short fire exposure. Under such conditions, the maximum steel tem~
perature cannot be estimated“soiély on thé basis of the thickness

d; and the thermal conductivity As of the ceiling. If results are
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availsble from standard fire resistance tests, then the differen-—
solved in the following way in the

tiated design proﬁlem can be

cases described.
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Figure 7d. Calculated time curves of the steel temperature for
a steel beam construction according to Fig. 7a at varying FS/VS
(m—1} and d./x. (me-h‘OC'kcalmj). Fire exposure from below accor-—

ding to the standard fire resistance test. The dash-line curves
are giving the corresponding temperature at the centre level of
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For the actual guotient FS/VS, the steel beam temperature-time
curve from the fire resistance test is compared with the correspon-
ding time curves in Fig. Td, which have been computed for really a
fire exposure with a furnace temperature-time curve according to
the standard fire resistance test. The comperison leads toc a fic-
t£iticus value of the insulation parameter di/Ai - (di/)\i)fict -
determined from the condition that the agreement between the steel
beam temperature—time curves from the test and of Fig. 7d shall be
as good as possible. In the fire resistance test also can be deter-
mined the critical temperature of the ceiling with respect to its
fire resistance or the intactness of its fastening devices. 1f such
messurements have not been made, the critical temperature alternati-
vely can be found from the dash-line curves in Fig. T4 for the ac-
by inserting the time of da-

1'fict
mage of the ceiling obtained in the test.

tual values of FS/VS and (di/A.)

After the determinaticn of the fictitious di/Ai—value and the criti-
cal temperature of a ceiling, the differentisted fire engineering
design can be carried out by the application of Table Ta. Parallelly,
then the maximum temperature at the centre level of the ceiling accor—

ding tc the table is to be controlied against the critical tempera-

ture of the ceiling.

8. Load-Bearing Capacity of Fire Expoged Steel Structures

A determination of the load-besring capacity of a fire exposed steel
structure in bending, tension or compression at a negligible risk of
an instability failure can be carried through according to the limit
state theory with the yield stress replaced by the 0.2 % proof stress.
However, such & determinaticn has certain drawbacks, since the stress-
strain curves of steel are very softly rounded at elevated lempera—
tures, giving as a consequence that the stress can often be raised
considersbly above the 0.2 % proof stress without the strains beco—-
ming critical. Furthermore, an estimation of the load-bearing capa—
¢ity on the basis of the 0.2 % proof stress mekes it difficult to

teke into account the creep strain of the material which begins to



30

be noticeable for crdinary structural steels st temperstures in

excess of about L150°C.

Bofh these influences - the softly rounded shapes of the stress—
strain curves, and the creep strain = can be taken into conside-
ration, if the load-bearing capacity is estimated on the basis of
the defermations. A model has therefore been deduced for an accu—

rate calculaticn of the deformation process of fire exposed steel

beams [?ﬂ .

In applying the model, the process of fire development is divided
into a number of finite time steps and the central deflection of
the beam in the beginning of each time interval is determined for
the actual temperature during this interval on the basis of the
stress-strain curves of the material. These curves then have been
obtained in tensile tests at elevated temperatures, performed at
such high rates of loading that the influence of the creep strain
may be considered negligible. The effect of creep at elevaied tem—
peratures is teken into account by a separate calculation, starting

from the creep equation according to DORN %h], and HARMATHY @ j.

Scme twenty fire tests have been performed on loaded steel beams

in order to verify the calculation model. The results are exempli-
fied in Fig. 8.1a, showing a comparison between during a fire test
recorded {full-line curve) and calculated (dash-line curve) cent-
ral deflections ¥, of a simply supported beam, under twec symmetri-
cally epplied point loads, as & function of the time t. The tempe-—
rature— time curve #S—t for the top and bottom flange at the mid-
section are shown by the lower and upper chain line, respectively.
The satisfactory sgreement, generally obtained between calculated
and recorded deflection curves, confirms the usability of the model
for theoretical determinations of the deflections of fire exposed,

isostatic asnd hyperstatic, steel beams.
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Figure 8.1a. Recorded {—) and calculated (-————- ) time curves

of the central deflection y, of a fire exposed, simply supported
steel beam under two symmetrically applied point loads. The tempe-
rature—time curve:ﬁswt for the top and bottom flange at the mid-
section are shown by the lower and upper chain line, respectively.
The insets show the calculated stress distribution at the beginning
and end of the test. The curves are representative tc a slow pro—
cess of fire development

Principally, the load-bearing capacity of a fire expcsed beam can
be considered exhausted when its rate of deflection is infinitely
high. However, such a failure criterion is impossible to use in a
practical design based on real fire characteristics, especially if
the influence of creep at elevated temperatures is to be taken into
sccount which means that the deflection of the beam continues to
increase during its cooling down period. From a practical point of
view, it 1s necessary to use a failure criterion connected tc a
finite deflection or a finite rate of deflection. Experimental and
thecretical investigations then have confirmed that the deflection
criterion according to ROBERTSON and RYAN [?q is suitable to be
applied to fire ex?osed steel beams. For g fire exposed heam, loa-
ded by & ccnstant bending moment along its entire length, this de-—
flection fallure criterion 1s eguivalent to a strain of 0.5 § at
the bottom of the beam. For a simply supported beam under & uni=-
formly distributed load, the corresponding strain at the botion of
the midspan cross section is 0.8 to 1.0 %, and for a simply suppor-—
ted beam under & central point load 1.5 to 1.9 % [?ﬂ . The range

of variation of the referred strain values then reflects the influ-

ence of varying maximum temperature and rate of heating.
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By & systematized approach according to the principles, ocutlined above,

design disgrams have been computed for a direct determination of

Disgrams for a determination of the load-bearing ca-
pacity (Mkr’ qkr) for two different types of loading at a simply
supported steel beam of constant I cross section. The curves I,

II asnd III correspond to different rates of heating and subseguent
cooling according to the definitions in the text. o_ is the yield
point stress at ordinary rcom temperature and W the elastic modulus
of the cross section

nT

the

lcad-bearing capacity (critical loads) of fire exposed steel beams

for different loading and support cenditions at varying values o
the maximum steel temperature'ﬁmaxe The diasgrams are exemplified in

Fig. 8.1b for two different types of loading at a simply suppors

e
L

beam of constant I cross section. The diagrams are differentiated

with respect to the rates of heabting and subseguent cooling above

"




33

g8 steel temperature of about hSOOC, which means that the influence
of creep at elevated temperaturss is included. The curves I, II and
I1I correspond to a ratée of heating of 100, 20 and 4°c per minute,

respectively, and a rate of cooling which is 1/3 of the rate of heating.

The rate of heating can be roughly estimated with the help of Fig.
8.1¢ which gives the average rate of heating of the beam a as a
function of the fire load density g for different values of the ope-

ning fTactor AJE/A and the maximum steel temperature vP .
k? mna

X
100 L
\
\
a \
C/min T —— gy 450°C
"\ \\, —— Mhas 850
i b
80 ‘.\_ \\
Voo
)
|} 1Y
\ \
\ \
80 \ \
\
R
AR V2
\\ \ \:§$,12m ‘
\ \ \
\ \ \
\ \ N
\ \ \
40 ¥ X N
\ \ N
\ \\9.08 \\
\ b
AV N - \\\
\\ N N
NN ~ \.\
20 A2 T N
“ T
Ot~
oor——t | ]
—-_“'.""—'—-
20 40 Meal/m? 60

q

Figure 8.1c. Aversge rate of hesting a of & fire exposed, unin=-
sulated or insulated, steel beam &5 = function of the fire locad
density gq for different values of the opening factor A/E/At and
the maximum steel temperature #ﬁax

As concerns structural design methods with respect to buckling of

axially compressed steel columns at grdinary room temperature, the
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present state on the whole can be characterized by two main groups

of methods.

For the methods of the first main group, the following fundamental
way of tackling the problem then is representative. In a first step,
the buckling lcad ﬁk is determined for the ideslized case of g cen-
trically compressed, initially straight column with the real stress-
strain curve of the material tasken into account. In the second step,
+he corresponding permissible compfessife load ﬁk,perm is calecula~
ted by dividing the buckling load Nk with a safety factor s. For an
adaptation to real practical conditions, this safety factor must in=-
clude the influences of practically representative imperfections ef
the column snd of unintentional eccentricities of the load. This

lesds to & safety factor which varies with the slenderness ratio of

the column.

In the methods of the sécond main group, the buckling load Nk ig de=
termined directly on the assumption of & column with an imperfection
and & compressive load with an unintentional escentricity which are
representative for practical conditions. For this case, the maximum
compressive stress Cax of the column is calculated with the influ-
ence of additional deflections taken into account. As critical with
regard to the lvad-bearing capacity, that compressive load Nk is
defined for which O ez resches a decisive value, ordinarily the
yield point stress g, or the 0.2 % proof stress On.p° The permigsible
compressive lcad Nk,perm then is given by dividing the blickling load
N, by a safety factor 5, which is independent of the slenderness

ratio of the column.

For a theoretical determinaticn of the buckling load or the eriti+
cal temperature with respect t¢ buckling of a fire exposed steel
column, an attachment to the second group of methods comes natural.
This is.especially obvious for a theoretical analysis of a column

with a partial restraint to longitudinal expansion during the fire.

N

g - X
k A



35

can be determined from the formula

NEE
o= —o'o 5 —é-- (8.2B)
MDY

02 - é' g + ﬂZE (h.8'10_5 +

k k |0.2

p- S Y
o

The formula presupposes 8 material, for which the stress=strain
relstion can be approximated in a satisfactory way by & stress-
strain diagresm for a perfectly elastic~plastic msterials In the
relstion, the total amount of the initial deflection of the column
and the unintentional lcad eccentricity is taken into consideraticn
by assuming only an initial deflection with the same mathematical

form as the ideal buckling deflection end with a maximum value T
of [?ﬂ
2

f = h48'10—5 '(_B'g—)-— (8.20)

In Egs. (8.2a) to (8.2¢)

A = the c¢ross section of the column,

F= 4he modulus of elasticity in the corresponding, perfectly elas-
tic-plastic stress—strain diagram for actual Steel temperatulé ﬁg,
S5 = the 0.2 % proof stress for adtual steel temperature &sg

L = the length of the column,

BL = the equivalent buckling length of the columi, referred to the
EULER buckling case with hinged ends of the column,

g = a dimensionless coefficient, which depends on the end conditions
and the variation along the cclumn ¢f the cross sectionh and of the
axial load, and which directly can be taken from ordinary manuals

in a large number of cases,

d = the distance from the gravity centre axis to the edge of that
crocss section of the column with maximum compressive stress,

A = the equivalent slenderness ratic of the column, defined by the

formila

_ 8L | |
A= T (&.2d)

i

i = the radius of gyration of the cross section with regard td ben<

ding of the column in the plane of buckling.
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Figure 8.2a. Variation with the
steel temperature i, of the rela~
tionship between the buckling stress
Ui and the eguivalent slenderness
ratic X for fire exposed, axially
compressed steel columns, free to
expand longitudinally and made of
steel with a yield point stress at
ordinafy room temperature Oy =
= 2 200, 2 60C and 3 200 kp/em®,
respéctively
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After an approximation of the real stress-strain curves for diffe-~
rent steel temperatures ﬁ; by corresponding stress—strain diasgrams
of a perfectly elastic-plastic material, the buckling compressive

stress o, can be determined for a fire exposed steel column with-

out any longitudinal restraint bty solving Eq. (8.2b) [3]5 {?ﬂ .
As a consequence of the softly rounded form of the stresdg<strain
curves of steel at elevated temperatures, funftionally better ba-
sed values of the buckling compressive streds o, are obtained if
the initial modulus of elasticity E and the 0.2 % proof stress

Oy, p 8T replaced by the secant modulus and the C.5 % proof stress

g
0.5
in this way are exemplified in Fig. 8.2a for axially compressed co-

at the evalustion of Rg. (8.2b). Design diagrams, calculated

lumns made of steel having a yield point stress at ordinary room
temperature o, = 2 200, 2 600 and 3 200 kp/cmz, respectively. For
steel gualities with intermediate os~values, the design diagrams
can be applied over a linear interpolatien. The buckling stress
o, is given as a function of the steel temperature ﬁg and of the

k
equivalent slenderness ratio of the column A.

The diasgrams are based cn a bemperature and stress level dependence
for the secant modulus E and the 0.5 % proof stress 00.5 according
to Fig. 8.2b., These material quantities then have been received in
tension tests at a very slow loading rate which implies that a con-

siderable effect of short—time creep has been included.

E.0yg
%
100
Sy
% NS 1
ITANN
5 AN
o/a08]0 RN
LTI
L1 N
20 \ \06\ ENENER
VAL NN
W ""“‘:==:?" N
0 X0 5 400 ~600C

Figure 8.2b., Secant modulus E as a function of the steel tempera-
ture ¥, at varying stress level o/og where og is the yield point
stress at ordinary room temperature (full-line curves). 0.5 %
proof stress Gg,5 &8 & function of the steel temperature ﬁ% (dash-

line curve)
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Figure 8.2c. Variation with the steel temperature ¢ of the rela-
tionship between the buckling stress o, and the equivalent slender-
ness ratio LA for fire exposed, axially compressed steel columns,
partially restrained to longitudinal expansion and made of steel
with a yield Boint stress at ordinary room temperature og =

= 2 600 kp/em
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With the actual, eguivalent slenderness ratic of the column A and
the actual design load in connection with & fire exposure, o, =
O a8 entrance quantities, the diagrams in Fig. 8.2z directly
give the critical steel temperature'ﬁscr. As a design ecriterion,
it is to be proved that this critical steel temperature ﬁ;cr at
least 1s as much as the maximum value of the sctual steel tempe—
rature #max during the fire exposure. This maximum steel tempera-

ture’tﬁmaX then directly can be taken from the Tables 5a, 6a and 6b.

10 =
s it M e = a
T~ ‘-"‘*-....:h":-..,-.. \
¥ \\“ \\. \\\.\\ " \\\
\\\ Moy \\ \\*\j\
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1c 10 10 K= .EEQ
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A

Figure 8.2d. The coefficient y, defining the degree of axial restraint
for a fire exposed column, exemplified for a simply supported or a
built in beam as the adjoining structure. In the dimensionless para-—
meter K, E, is the modulusg of elasticity of the beam for actual steel
temperature1ﬁs, E the secant modulus of the column for actual steel
temperature'ﬁs and sctual stress level o/o. (Fig., 8.2k, additional
stress from the axial restraint inciuded), Ly, the total length of

“he beam, L the column length, I;; the moment of inertia of the beam

and A the cross section of the column

The design curves in Fig. 8.2a are valid under the presumption that
the column is unrestrained with respect to longitudinal expansion

during the fire. A complementary illustration of the influence on

of steel having a yield point stress at ordirary rocm tempersture
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o = 2 600 kpycm2. The different diasgrams then refer t6 varying
degree of axial restraint, cheracterized by a dimensionless coef-
ficient vy, giving the quotient betweer the possible loagitudinal
exPahsion and the completely unrestrained elongation of the fire
exposed column. Accordingly, v = 1 corresponds to no longitudinal
restraint at all, and v = 0 to a full restraint to sxial expansion
of the column. For y ¥ 1 the S relationship varies with the

guotient 1/d, and the curves reproduced are for i/d = 0.5.

The coefficient of longitudinal restraint y is determined by the
guotient between the stiffness of the column and the stiffness of
the adjoining structures in connection with the fire exposure. An
example of a design diagram, facilitating a determinstion of the

restraint coefficient v is shown in Fig. 8.24.

Summary

A differentiated procedure is presented for a fire engineering de-

sign of load-bearing steel structures. The progedure isg a direct de-
sign method based on gastemperature—time characteristics of the pro-
cess of fire development which depend on the fire load, the ventilation
of the fire compartment and the thermal properties of the structures

enclosing the fire compartment.

For the practical application of the design procedure, a manual has
been worked cut comprising a comprehensive designh basis in the form
of diagrams and tables which directly are giving the maximum steel
temperature for a differentiated complete process of Tire develop-
ment and the corresponding load-bearing capacity. The design basis

is fragmentarily exemplified in this paper, primarily for giving a
rough impression of the character of the manual and the differentiated
design procedure. The practical use of the manual has been approved

by the Naticnal Board of Urban Planning in Sweden.

The differentiated design procedure presented 1s to be seen as an
attempt to bulld up a logical system for a structural fire engineering

design, based on functional requirements. Fundamentally, such a sys-
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tem is in agreement with the present development of building codes

and regulations. It is well devoted to stimulate the mrchitects and

the structural engineers to solve the fire engineering problems in

a qualified way over a design procedure which is equivalent to the

design procedure, conventionally applied with respect to, for in-

stance, static loading. The presented design system is not homoge—

neous, as regards the present basis of knowledge for the different

design steps, which could be put forward as a criticism of the sys-

tem. However, such a remark is not essential. Instead, this fact ought

to be used as an impertant information on how to systematize a future

research for enabling a successive improvement of the system.
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Table 3a. Loading values to be appiied in & differentiated structu-

ral fire engineering design

It is to be proved that the load-bearing structure or structural mem-
ber does not collapse during the complete process of fire development
for the most unfavourable combination of

(1) the dead load,

(2) the snow load, multiplied by the load factor 1.2, and

{3) the live load, multiplied by the load factor 1.4,

The dead load is determined conventionally. For the snow load, values
are to be applied for the permanent and movable parts corresponding
to 80 percent of the values according to the current standard speci-

fieations. For the live load, the following values are to be applied.

Permenent Movable
loading part iloading part
. -2 -2 -2 w2
Type of fire compartment kp'm © {kN.m ~} kp-m © {kN.m °}
(a)_Complete evacuation of occu—
pents _not_certainly anticipated
Dwellings, hotels, and hospitals | 35 £0.351} 70 {0.70}
Offices, and schools . 35 {0.35} 100 {1.00}
Stores, and assembly-rooms
(excluding rooms with compact
disposed loading) 35 {c.35} 250  {2.50}
{p)_Complete evacuation of occu-
pants _certainly anticipated
Dwellings, hotels and hospitals 35 {0.35} 35 {0.35}
Offices, and schoois 35 {0.35} 55 {0.55}
Stores, and assembly-rocms
- (exeliuding rooms with compact
disposed loading) 35 {0.35} 76 {0.70}




Table 4.ia. Fire load characteristics according to recent Swedish

investigations - fire load density g defined according to Eq (L.1b)

16.0 {67.0}

Aversge Standard Design

Type of fire e —p_ | deviatign o | velue _ -5
compartment Mecal-m -~ {MJ-m }Mwagmﬁm} Mcal-m {MI'm "}
. ‘ 0
1 Dwellings
la Two rooms and

a kitechen 35.8 {150} 5.9 {2h.7} 4o.0o {168}
1k Three rooms and

& kitchen 33.1 {139} k.8 {20.1} | 35.5 {1h9}
2 offices?!
2a Technical offi- :

" ces 29.7 {124} 7.5 {31.4} 34.5 {1453

2b Administrative

offices 24,3 {102} 7.7 {32.2} 31.5 {132}
2¢ All offices, £

investigated 27.3 {114} 9.k {39.4} 33.0 {138}
3 Schoolsg)
3a 8chools - junior

level 20.1 {8L.2} 3.k {1Lk.2} 23.5 {98.4}
3b Schools = middle

level 23.1 {96.7} k.9 {20.5} 28.0 {117}
3¢ Schools — senior
© level 4.6 {61.1} L4 {18.4} 17.0 {71.2}
34 All schools,

investigated 19.2 {80.4} 5.6 {23.4} 23.0 {96.3}
L Hospitals 27.6 {116} 8.6 {36.0} 35.0 {1473

2)

5 - Hotels 4.6 {19.3} 19.5 {81.6}

1) Floor covering excluded

2} Only moveable fire load components included




Table k.2s. Coefficient Kf for transforming a real fire load density
q and a resl opening factor A/E/At of a fire compartment to & fic~-
titicus fire load density Ao and & fictitious opening tactor (Afﬂ/At)f,

corresponding to a fire compartment, type A

e =K, q (AVE/At)f = K. A/ﬁ/At
Type of fire Opening factor A/E/At mu2
compartment 0.02 0.0k ¢.06 0.08 0.10 0.12
Type A 1 1 1 1 1 1
Type B 0.85 0.85 0.85 0.85 0.85 0.85
Type C 3.0 3.0 3.0 3.0 3.0 | 2.5
Type D 1.35 1.35 1.35 1.50 1.55 1.65
Type E 1.65 | 1.50 1.35 1.50 1.75 2.00
Type F' 1.00- | 1.00-| 0.80-| ©.70-! 0.70- | O.7O-
0.50 0.50 0.50 0.50 0.50 0.50
Type G 1.50 1.45 1.35 1.25 1.15 1.05

1) The lowest value of Ko applies to a fire load density g 2 120
Mcal-mmg, the highest value to a fire load density g = 15 Mcal-m_g.
For intermediate fire load densities, linear interpolation gives

gufficlent accuracy.

The different types of fire compartment are defined as follows

e e e e v e e B e i e e e e ey e s

Eiﬁ?-ﬁQ@EﬂEi?EEingIEE_Q: Bounding structures of lightweight concrete
3

(density p = 500 kg'm

e i s e e e i e W s s e e e e o e

gnd 50 % of lightweight concrete {density p = 500 kg-m"3).

— A A

centage of bounding surface area:!
50 % lightweight concrete (density p = 500 kg-m—s)

3

33 % concrete,

17 % of from the interior to the exterior: plasterboard panel (densi-

ty ¢ = 790 kg'm_S), 13 mm in thickness -~ diabase wool (density p =
3
)

= 50 kg-mu3), 10 cm in thickness = brickwork (density p = 1800 kg m
20 cm in thickness.



Table k.2a cont.

steel, and 20 % of concrete., The compartment corresponds tc & sto-

rage space with a sheet steel roof; sheet steel walls, and a con-

créte floor.

percentage of boﬁnding surface area:

20 % concrete,
80 % of from the interior to the exterior: double plasterboard panel

(density p = 790 kg-m_3), 2 x 13 mm in thickness « air space, 10 en
in thickness - double plasterboard panel {density p = 790 kg-m_3),

2 x 13 mm in thickness.

For fire compartments, not directly represented in the table, the
coefficient Kf can either be determined by a linear interpolaticn
between applicable types of fire compartment in the table or be
chosen in such a way as to give results on the safe side. For fire
compartments with surrounding structures of both conerete and light=
weight concrete, then different values can be cbtained of the coef-
ficient Kf, depending on the choice between the fire compartment
types B, C, and D at the interpclation. This is due to the fact that
the relationships, determining Kf, are non-linear. However, the Kf—
values of the table are such that & 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 interpolation is recommended which

gives the lowest value of Kf.



AVnl| £ Prnax . AVH| Fs Fmax AVA | Fs Proax AVR | Fs Frnax
Ky v, | & & R -SRI S T A v (v & e i Aclv (& & &
03 65 07 fi03 05 07 03 G5 07 ‘103 opp 07
50 [325 345 370 50 | 400 420 440 25 [890 425 445 25 455 450 500
75 | 365 383 403 75 | 435 445 460 50 (463 480 490 50 510 525 830
100 {395 410 423 100 | 450 460 470 75 [483 500 300 75 (523 330 535
0,01[125 {410 425 435 0,01 |125 | 460 470 475 0,01 [LOO |485 505 3505 0,01 [100 [530 535 535
150 {425 435 440 150 | 470 475 480 125 |500 505 510 125 [530 535 640
200 | 435 445 445 200 | 475 480 480 150 |55 510 310 150 [535 540 540
400 [450 450 450 400 | 480 4B5 483 200 {505 510 515 300 585 340 540
50 [335 880 410 50 | 425 480 513 400 |5l0 515 515 100 {540 540 540
75 | 4310 445 475 75 | 500 540 565 50 |500 530 575 50 {556 600 625
100 |445 490 3520 100 | 540 575 595 75 |560 600 620 75 {610 €40 650
0,02| 125 |480 520 345 0,02 (125 | 565 GOC G1C 100 |595 620 630 0,02 |100 {640 650 855
150 {500 540 555 150 | 585 605 615 6,0z125 (613 630 o400 | 23 12:5 650 655 680
200 |540 560 5735 200 | 605 620 625 150 628 640 845 | fjuq | gy | 301870 645 700
400 /575 585 583 400 | 625 esc_ eso | 20 200 |636 645 850 75 |850 720 _76C
50 [285 320 363 50 | 400 455 510 | {84} 400 {650 G50 650 25 |355 420 610
75 | 350 400 450 75| 490 550 600 50 [496 565 825 6,06 | 50)525 600 700
100 405 460 510 0,04 (100 | 550 61C G655 0,04{ 75 {585 650 700 75 {640 690 780
0,04| 1256 |450 515 555 15 125 | 600 655 GO0 160 |650 700 740 50 [480 590 659
150 1495 3555 595 150 | 635 680 710 25 |2856 840 41a 0,08 | 75(530 700 770
10 200 {550 605 sa5 | 183} 50 | 340 400 476 50 (140 505 GO 100|660 775 -
{42} 300 1625 680 590 75 | 425 490 575 6,06| 75 |540 6l0 700 :g iﬁg 323 222
50 245 275 330 o0.pg |100 | 560 550 630 100 |615 675 755 é
75 |305 370 425 ' 125 | 550 60C GBO 50 [390 490 550 0,12 | 75|50 BBO 700
0. 05| 100 |365 10 485 150 | 590 630 720 o0 75 | 185 590 670 100 | 590 655 800
1125 [415 450 545 200 | 650 700 755 * 100 {565 670 T3S 1251656 720, -
150 |450 485. 580 50 | 300 375 430 125 {630 7L5 790 25505 525 64D
300 | 520 55( GGO 75 [ 380 465 535 25 1300 235 Aa05 50| 548 555 560
300 {615 G680 735 o gg 1100 | 450 3545 603 50 | 8310 375 500 751555 560 560
50 {200 250 300 ! 125 | 500 585 G670 75 | 425 480 610 100} 560 860 560 |
75 {270 330 400 150 | 535 650 710 0,1z|100 [ 490 560 700 0,01 |125{ 560 565 568
100 {330 406 450 200 | 625 725 785 125 | 550 620 775 150 | 360 5c§ 565
123 [360 450 510 50| 260 290 400 150 | 600 683 - 300) 365 365 570
0,08 2 - - = 4001 565 570 570
150 [410 510 580 75| 340 380 500 25 1430 46C 480
200 [480 590 660 0,12 [100 | 390 460 6o 50 {400 505 515 | 30 [ 50} 600 640 6&7;0
300 [600 700 740 ' 125 | 450 540 675 75 | 510 518 520 | 454 0,02 | ¥5;650 B70 670
50 {170 200 260 150 [ 500 600 750 100 | 520 520 5290 100{ 660 675 675
75 |220 260 350 200 | 575 &80 - 0.0l 55 | 520 s25 828 o.0a| 50| 630 105 TH0
o 121100 220 310 400 35 | 855 385 410 150 | 525 525 525 75 7ie 780 8400
*Tl25 (260 386 540 50| 430 450 465 200 | 530 530 530 25[ 416 500 580
150 1310 430 620 75| 460 475 480 490 | 530 530 530 0,06 | 50| 595 680 760
200 [380 500 700 0,01 [100| 475 480 485 50 | 530 575 605 75 765 715~
300|450 620 800 125 | 480 485 490 75 | 530 620 635 o.gg | 90 585 865 T4A
50 365 385 405 150 | 485 490 485 002100 | 615 635 650 ' 75| 660 775 -
75 |410 425 433 200 | 485 495 500 125 | 630 645 650 25| 280 - 440
100 {430 445 450 406G | 490 500 500 150 | 645 650 655 o.12| 50f 480 B4 650
GO0 o5 |44e 450 60 50| 460 515 550 200 | 650 GG 665 ! 75 590 660 TVO:
150 |450 455 460 75| 530 570 595 50 | 525 G600 660 io0] 665 744G -
200 {455 460 465 0.q2 |100] 565 oo 615 0,04 75{620 690 T35 o 4, o) 25425 560 640
400 [465 470 470 ' 1251 595 610 §30 100 | 680 740 760 ! 50f 640 780 -
50 (M0 435 470 150 | 610 620 645 | 22+8 25 | az0 mso 460 | ied 35 210 270 435
75 [455 500 535 200 | 625 635 545 | 94,5} 50 [ 480 550 645 50} 360 440 620
0, 0z}100 [500 540 560 400] 635 645 643 0,08 75 585 650 740 0,30| 75| 450 555 840
*T7lizs {525 555 575 50{ 450 515 575| 160 | 655 725 785 100} 535 650 730
i 150 [550 570 580 ¥5] 545 600 653 50| 430 540 603 125] 595 785 1790
200 |57C 590 GO0 0,04 1100 600 6BO 705 0,08 75) 540 @50 725 a0 25/ 425 546 635
400 |6CC 605 605 125| 650 700 740 100 | 610 730 7RO 0,30 50l 650 790 899
50 340 400 450 251 255 300 370 o5 | 715 285 550 1 78 790 - -
75 1415 485 540 30) 390 455 550 50| 360 415 540
100 {485 5350 600 0,06 | 75| 480 555 655 75| 465 540 650
0, 041125 {535 600 G40 100 | 565 620 710 0,12} 100 | 540 615 1730
150 |570 625 065 i7,5 125} 620 670 750 125 | 625 675 800
12,5 200 [630 6653 700 50| 345 435 450 150 [ 650 740 -
52,5} o [0 555 Zoo ] 1158 o.0s | T3] 440 530 coo
' 75 265 425 495 : 100| 500 605 G0
0,06{100 1425 80 560 125 | 565 650 740
125 7480 525 Glo 150 | 615 705 7G5
150 |52 560 G50 25§ 180 200 275
200 {580 623 705 50} 275 330 450
300 {670 T40 770 75| 350 430 550
50 [250 315 360 .12 | 1001 425 505 650
75 |325 400 453 521 135] 475 575 725
0,08 100 [385 475 335 150| 525 G645 795
125 (435 530 60O 200 | 600 725 -
150 (485 585 650
200 {330 &G0 730
300 1655 770 - Table 5a. Maximum steel tempersture ¢ for a fire ex~
5¢ |200 250 380 ———— Max
75 |240 320 410 . . . ;
00 |280 00 sl pesed, uninsulated steel structure at varying fire load
D1210s |346 450 620 . -2 ] 1/2
150 {380 510 690 density q (Mealm “), opening factor AME/At (m "7}, cuo-
200 1300 GOG 760 . -1 . L .
500 (600 720 - tient FS/VS (m '), and resultent emissivity €. Fire

compartment, type A




AVR| A Fmax o |AVE| A Frmax g |AYE| A Fmax g | AR A Fmax
A | Ve Taly dibe ditd; diiky Ac | Veldia; dilty il diidy Ae N Vel dilly diid; ol ajld; Ac | Vs ity diidy diid; diidy
0,05 0,10 0.20 0,30 0,05 .10 0,20 0,30 0,05 010 0,20 0,30 0,086 01C 0,20 0.30
10G | 380 328 285 215 . 50 430 360 275 230 25| 360 260 185 145 25 | 445 330 230 180
123 1 405 360 280 240 75| 470 410 330 275 S50 | 490 380 270 225 50 1 570 460 340 275
0,01 130 | 420 355 300 260 100 | 493 445 370 320 75! 550 445 340 28C 75| 640 540 415 340
200 | 440 395 335 280 0,01}125 508 465 595 350 100 595 490 385 325 100 | 670 580 47¢ 395
300 | 4606 430 375 2335 150 ) 515 480 420 375 125 | 625 535 425 289 G,02] 225 | 605 620 510 440
400 {470 446 405 370 2003 528 300 450 410 0,02) 156 ] 645 555 460 395 130§ 71¢ 650 530 475
100 | 3%0 300 22¢ 180 400 | 535 530 505 480 | 200 | 665 600 510 445 200 | 725 680 600 530.
125 | 420 340 . 250 205 30| 395 300 225 189 300 | 68C 640 580 315 300 | 740 TL0 655 600
150 | 450 380 275 225 75 | 485 360 28¢ 230 400 { 700 870 610 56C 400 | 745 730 680 640
0,021200 | 500 400 310 260 100 | 500 495 310 260 25| 2756 200 130 1060 25 | 330 245 180 125
15 300 ; 550 460 370 320 125} 540 445 350 300 50 ¢ 410 300 205 160 50 | 48¢ 360 250 195
400 § 575 505 415 355 0,02 ]150 | 560 470 375 320 75 50¢ 380 265 210 7% | 565 440 315 250
iGﬁ? 125 | 375 270 185 155 o5 290 § 985 9153 420 360 100 | 360 440 310 250 100 [ 630 500 370 300
150 [ 400 300 210 175 300 | 635 570 490 435 0,0411235 | 610 480 350 289 0,04)125 | 680 550 410 340
0,04]200 | 450 350 250 =zos ({108} 400 | 650 605 525 4T 150 | 650 525 385 310 150 | TIS 580 450 370
300 {550 420 310 255 75| 400 295 200 160 a5 200 | 700 590 445 370 200 | 765 6560 510 430
400 | 600 475 365 300 100 | 450 2350 240 195 [147} 300 | 760 6656 G530 450 300 | - 725 600 510
159 [ 350 230 175 140 125 | 510 380 270 220 490 | - 710 585 510 400 | - 770 855 580
0. 06 200 | 400 295 21¢ 170 0,04 {150 | 550 420 3c0 250 50 | 350 280 165 1256 256 | 280 195 125 95
! 300 { 480 370 260 220 200G | 600 480 350 280 75 [ 430 320 215 179 50 | 420 300 200 155
400 | 540 420 305 245 2300 | 680 355 425 365 100 ; 500 370 255 200 75 | 510 380 260 205
200 | 350 255 185 145 400 § 725 615 485 420 | 0,08 1126 | 555 415 295 235 100 [ 585 440 310 245
0,08 | 300 | 425 335 225 18¢ 75| 350 245 170 1380 150 | 595 455 320 260 6,06 1125 | 640 490 350 280
400 | 50 330 270 200 100 | 410 285 200 160 200 | 660 520 380 305 150 ;685 530 390 310
0,12 200 | 330 250 175 140 125 | 455 330 23C¢ 185 300 | 750 610 465 380 [45 20¢ | 750 600 450 370
! 400 1350 300 200 185 0,08 |150 | 5066 370 255 205 400 {860 675 530 440 5190} 300 § = 700 640 486
75 | 420 355 280 235 200 | 565 430 316 245 T4 | 380 275 185 145 400 | - 765 616 520
100 § 440 385 315 270 300 [ 655 520 380Q 305 100 [450 325 220 17% ' 50 1373 260 175 135
125 | 460 415 340 250 400 | T1¢ 3580 440 360 | 125 ;500 365 255 200 75 {465 335 225 180
0,01 1180 [ 475 430 365 320 100 | 35¢ 255 175 14¢ 0,08 {1580 | 540 405 280 225 106 (530 385 270 210
200 490 455 385 355 135 | 400 290 185 155 200 [ 610 470 340 263 0,08 |125 | 530 445 305 240
300 [ 500 480 440 409 0,08 |150 | 450 325 220 175 300 {715 570 430 345 150 [640 420 340 275
400 {505 490 460 430 200 | 500 380 260 210 400 | - 640 490 400} 200 1716 550 395 315
75 400 315 240 190 300 | 600 470 340 265 106 375 265 170 135 300 180G 650 500 200
1086 | 450 3553 270 220 400 | 675 540 380 315 _ | 125 420 280 195% 155 406G |- 725 555 475
125 1489 390 300 250 130 | 360 2453 175 3140 0,12 150 {455 325 225 180 73 1370 260 170 130
0,02 {150 510 415 325 273 0,12 200 | 430 300 219 163 200 ;545 390 265 210 100 445 315 200 155
20 200 (530 470 370 310 ' 300 { 510 37¢ 260 210 300 {645 480 333 275 . 125 (510 350 235 185
- 300 j595 530 435 370 400 | 570 430 3069 240 400 | 705 645 390 315 0,12 |15 |555 395 275 220
{84] 400 [615 560 475 410 25 | 390 310 225 180 25 (400 300 210 165 200 1635 470 320 260
100 400 300 210 169 50 ; 480 410 320 270 50 530 425 31¢ 250 300 |735 560 405 325
125 | 450 340 249 190 75 | §15 460 380G 315 75 {595 495 380 315 400 {790 635 470 385
0,04 150 |480 385 260 210 06,01 |100 | 535 490 420 365 100 1635 545 435 380 150 325 215 140 ii5
200 | 540 420 310 250 125 | 540 510 450 400 0,02 {125 (665 580 480 400 0,30 200 885 265 170 185
300 {620 500 380 3lc 159 | 550 525 470 42§ 150 |630 610 810 435 ! 300 (475 340 225 175
400 |670 555 440 360 200 | 555 535 500 460 200 {700 645 560 490 400 |545 40¢ 270 210
10C¢ 350 2BG 1Y5 135 400 | 560 585 540 520 300 (720 680 625 550
125 |3%0 280 200 155 25 | 325 240 165 130 400 |735 700 650 G600
0,06 {150 |430 320 220 175 50 | 440 345 250 200 25 (300 220 145 115
200 (480 370 280 210 75 15100 405 305 250 50 (445 330 225 180
300 1380 4530 325 260 100 | 550 450 350 290 15 [525 400 2390 235
400 [640 503 380 310 0,02 125 | 38¢ 490 385 325 100 [595 465 340 270
125 1340 240 165 125 30 15¢ | 605 520 420 355 0,04 {125 (645 510 380 310
150 1370 260 185 150 200 | 630 560 470 400 150 {680 550 420 340
6,08 |200 [440 310 225 175 126} 300 | 665 610 540 470 |40 200 |730 615 475 395
300 {530 400 280 215 400 [ 675 640 570 515 {168] 300 (790 695 565 480
400 160G 450 340 280 50 | 370 270 185 140 40G |- 740 630 545
200 1360 250 180 140 75 | 450 340 240 185 50 |385 275 185 140
0,12 {300 |420 2305 215 175 100 | 516 400 2BO 220 75 [475 350 235 185
400 |460 363 250 200 0,04 |125 | 566 440 310 250 100 (54¢ 405 280 225
150 | 600 475 350 285 0,06 [125 |585 450 325 255
200 | 660 540 400 330 150 (640 490 3355 285
300 | 730 615 485 405 200 705 560 415 335
400 | 760 G670 540 460 300 |790 660 500 415
75 {395 280 1% 150 400 |- 720 565 480
100 [ 460 335 230 180 50 1340 240 155 120
125 | 5810 378 265 210 93 1425 300 2G5 1690
0,06 [150 | 650 415 290 235 160 1500 355 250 195
200 | 620 475 345 275 G, 08 125 |550 400 280 220
300 | 710 570 423 350 150 (606 45¢ 310 250
400 | 765 635 490 405 _| 206G |675 505 370 300
TS | 350 245 170 130 360 (760 600 470 380
100 {410 295 200 160 400 |~ 690 530 445
125 | 455 330 230 180 75 (340 240 160 120
0,08 |150 | 500 370 255 205 100 {41¢ 280 185 145
200 [ 570 425 300 245 125 (455 320 215 170
300 | 670 525 396 305 0,12 (150 |510 360 250 30C
400 § 740 85O0 450 365 _| 200 [590 430 290 285
106 [ 340 24§ 135 125 300 1690 520 370 300
125 | 375 260 173 140 400|735 590 430 350
0,12 150 {420 290 200 160
200 | 5300 350 240 180
300 [ 600 440 30¢ 250
400 | 6Y5 500 350 289

Taple Ha. e /2



insulated steel structure at varying fire
opening factor Avh/A (m1/2), quotient Ai/VS (m~1), and gquotient

di/)\i (m”-°C n-keal™ 1), Fire compartment type A

load density g (Mcal-m—'g),

!
AVHl A Frmax aVE Ail ¥ rmax “ ﬂ .—,q_, Frnax ‘ ﬂ_{_ﬁ ﬂ_ Fmax
YA dil; dilty i iy | | Ac . Vs [diy iy Gl ok Aot Ve idiih diiti dil; d; Ac | Vs \audy dily diidy dilk;
Q.05 010 020 03¢ 0,05 10 0,20 0,30 0,05 0,10 0,20 0,30 0,05 0,10 0,20 0,3C
25 1480 355 250 200 55 | 550 i50 293 235 251 225 395 270 205 %5 660 500 350 270
50 | 805 480 375 300 | . 30 | 663 ¢ 430 350 90| 665 540 200 320 801 - 670 520 420
75 {665 570 450 389 75 | 715 540 515 435 75| 735 625 400 400 0,041 75 - 760 620 520
0,02 100 [ 700 62¢ 519 435 G,02;100 | 745 475 370 485 0,04/ 100! 780 680 350 43? 10[_) - - 6935 585
125 | 726 650 550 475 i25 1760 (05 610 540 125 -~ TL0 GOG 305 125 |- - 745 650
156 | 730 675 3§85 510 150 | 770 725 G40 575 150 | - 750 640 550 75550 395 265 200
200 | 745 700 630 365 200 | 780 750 GP0 G253 200; - 800 G685 605 50| 735 &70 400 320
300 | 755 735 680 635 %5 1405 400 200 130 251 400 280 185 140 TEi- 675 500 405
25 350 255 170 135 50 1580 30 303 240 50| 565 413 285 225 0,06 {100 [ - 750 575 473
50 {500 385 270 210 75 | 650 13 380 310 75| €7¢ 510 363 290 125 | - 800 635 535
75 {600 460 340 265 100 | 715 580 440 360 100 | 74 085 425 345 1304 -~ 685 580
100 |55 525 295 315 125 | 755 40 490 403 9,05/125 | 790 540 480 390 200 - - 755 655
0,04{125 |705 375 435 355 0,04 1150 | 790 «©75 530 440 150 ¢~ G855 525 430 25 | 475 325 220 185
150 |740 615 475 395 200 730 600 505 200 - FaE 505 500 g9, 56 | 6s¢ 490 340 260
200 {785 675 540 450 300 |- ‘95 680 590 300, - - 695 660 7a | 770 595 435 340
300 [- 750 625 545 25 | 845 40 165 120 25| 350 240 180 120 ;oal0,08 [100 |- 570 305 400
400 |- 795 690 600 50 {500 360 240 195 501510 865 250 190 125 | - 40 560 450
25 {300 210 133 105 75 {600 <50 315 250 73} 613 455 320 250 _159 - 780 610 500
50 445 320 215 170 100 {670 o15 875 300 100 | 700 330 375 300 2000 - - 680 589
75 (540 400 275 220 125 (725 70 416 a0 |79 | 0,08]135| 750 &85 426 340 251390 250 165 130
100 |616 465 330 360 150 | 765 15 460 375 | {31a) 150 | 800 640 470 385 50 [ 565 380 260 219
50 [0,06{125 |s65 515 375 300 60 0,06 |200 |- ¢85 525 435 200 ¢ - 70 545 450 75 680 485 340 270
lizz o} 150 4710 560 410 330 o 300 |- Y75 625 530 igg - - g;g ggf_l 0,12 igg E’GU :2; ;123 g?g
200 775 625 473 393 400 |- . 695 600 - - 5 d
300 |- 735 G570 480 25 300 500 135 1o 50 | 420 290 190 -150 150 | - 68O 500 410
400 |- 790 635 545 50 |450 015 210 160 73925 av53 230 200 200 | - 760 575 480
35 1266 180 115 90 75 {580 <00 275 210 100 /600 440 300 240 500 | - - 709 5?0
50 1460 275 180 140 0,08 {100 {615 <60 525 235 0,12]125 4 GBG 500 330 275 75| 435 300 195 150
75 |500 350 240 100 125 |g80 715 365 280 130 725 530 390 300 10(_) :)1(_) 3533 23% 180
0,08{100 |555 41¢ 290 325 150 |725 850 400 330 200 | 800 620 450 360 125 | 575 416 270 210
125 {615 460 325 2355 900 l8p0 140 475 390 300 | - 730 330 430 0,30 |150 GZ? ‘353 3085 249
150 lg65 503 335 208 300 |- TS 580 480 400 - BOO G630 530 200 705 530 365 285
200 750 580 425 350 406 |- . 650 550 T3 1565 205 135 103 300 | - 640 465 370
300 |- 680 525 430 ©o 1370 .50 160 i35 100 | 365 250 165 130 400 | - 720 540 435
400 |- 750 595 500 75 470 130 210 170 125 | 410 285 190 150 :
50 (320 220 148 110 100 {550 $35 230 200 0,30/150 | 465 315 210 170
T3 |410 290 185 143 123 600 <30 300 235 200 333 385 235 200
100 (480 345 225 175 0,12 {150 |650 <30 330 265 300 | 435 450 335 260 N
125 |550 @90 260 200 200 | T35 LS50 400 310 400 | 715 550 390 310
0,12 |150 |so0 43¢ 295 235 300 [- (60 500 400 25 | 630 480 330 260
200 1675 500 350 280 400 |- 450 575 465 50| 760 G40 490 395
300 |780 800 440 350 125 (345 :35 155 125 G, 040 75 {- 726 590 490
400 |- 680 510 415 150 (395 1635 175 145 200 |- 770 (50 560
125 305 205 135 110 0,30 200 {460 525 215 165 125 - 790 F00  6LO
150 [350 230 150 125 300 |535 <410 280 220 15¢ - - 730650 €
0,30 {200 {410 285 185 145 400 (630 475 330 260 25 |450 315 210 160
300 500 365 245 190 50 {625 470 325 255
400 [575 425 200 225 75 {730 570 410 830
0,061100 | 795 640 475 380
125 |~ 700 530 435
150 i~ 745 575 480
260 |- - @50 350
300 1- - 750665
25 [400 275 180 120
50 1570 415 285 220
73 1680 510 380 285
90 0,08/100 |755 590 420 340
125 |- 650 480 390
fasal 150 §- 700 520 430
200 |- 775 600 500
300 {- - 700 600
25 320 220 140 105
50 475 830 220 175
75 |580 425 285 225
100 |670 495 340 275
0,12|125 |740 550 395 305
156 |80 500 440 350
200 |- 680 500 405
300 |- BOO GO 505
400 - - 760 585
75 [355 245 1ap 125
100 |425 290 195 150
125 1489 835 225 175
0,300150 1530 375 250 195
200 (610 445 300 235
300 {720 345 385 305
400 [300 625 455 360
Table 6a. Maximum steel. temperature tﬁmay for a fire exposed,




i
g | AVE| A Tme || AVE| AL Fme | aym |4 | fmex Avg| A | Omer
A i Vs idy o A i Vg g 4 7 A NV e 4 4 I Byl KT 2 4 o
30 B0 70 30 B0 70 ’ 30 50 70 ‘ : 36 5',0 7;)
200 [325 250, 200 100 [ 370 275 215 50 | 400 285 220
0,01 (306 | 880 300 245 125 | 415 310 245 75 [500 3875 295 :g :13 §§§ iﬁg
400 {415 335 275 150 | 455 345 270 100 |565 440 350 100 | 620 465 365
200 | 295 215 163 | . | 0,62 [206 }515 400 320 0,02 [125 [610 485 400 125 | 680 B30 420
20 0,02 1300 {355 265 210 300 [ 585 475 390 " li50 | 640 530 440 0.04 [150 | 725 530 465
400 | 400 300 240 400 1625 525 433 200 | 680 595 505 " boo | 785 650 540
{s4} 300 1300 205 150 100 | 300 205 155 300 | 735 660 580 300 | - 745 235
0,04 [400 | 350 250 180 125 | 340 240 180 400 [ 760 €95 625 400 [ - 800 680
0,06 1400 | 820 200 136 150 | 380 270 205 75 | 355 250 180 o T80 220 165
125 | 830 250 200 0,04 |200 | 450 320 240 100 {425 305 230 75 | 425 =296 220
150 | 885 270 225 j40 300 | 535 400 300 125 | 485 850 270 100 | 510 380 270
0,01 200 | 395 L5 280 |1, g 400 | 600 480 350 0,04 1156 { 525 390 300 125 ] 570 410 315
300 |450 370 310 125 | 285 185 140 200 [ 800 450 350 0.06 1150 | 625 460 355
400 {480 405 340 150 [ 23¢ 220 185 300 | 680 550 430 " 200 | 710 330 420
150 | 300 225 175 0,05 |200 | 400 285 200 400 | 740 600 485 300 | - €35 510
200 | 350 266 205 300|495 340 240 75 | 300 200 150 100 | - 700 570
0,02 (300 |415 315 250 400 | 550 395 285 | go 100 1 360 250 185 | o 75 T 575 350150
25 400 {465 355 285 200 | 350 225 155 fesa} 125 | 415 285 215 100 | 450 3to 230
tos] 200 | 300 210 150 0,08 [300 | 440 280 200 0,06 {150 | 465 825 240 [ {as0} 195 | 515 385 270
0,04 ]300 | 375 265 195 400 | 500 340 230 200 | 540 385 285 0.08 150 | 570 400 300
400 [ 436 310 225 75 1365 265 205 300 | 660 475 360 " ls00 ) e50 280 380
300 [ 380 210 150 100 430 315 250 400 | 710 540 415 306 | 765 585 450
0,06 1400 | 390 250 170 125 | 480 360 290 100 | 320 215 150 w0l - &s5 515
75 | 310 280 175 0,02 [150 [ 520 400 320 125 | 87¢ 250 180 100 ] 325 230 175
100 {355 270 215 200 | 5380 460 370 150 ! 415 285 200 125| 375 =275 =200
125 | 380 305 245 300 {645 540 450 0,08 (200 | 500 340 250 150 [ 425 3805 230
0,01 {150 {420 335 270 400 | 680 590 500 300 | 605 4356 305 0.12 1200 | 500 365 278
200 |460 875 815 100 {325 230 175 400 | 680 500 350 "laoo| 615 475 350
300 |560 425 885 125 | 375 265 200 200 | 350 230 IS5 406 | 685 540 405
400 [520 460 405 150 | 415 300 225 0,12 300 445 295 225 300 | 290 206 160
125 | 320 235 i85 0,04 (200 | 485 350 270 400 | 505 350 266 0,30 |400; 340 245 180
150 {355 260 205 |, 300 | 580 435 335 50| 340 240 180 = TS ZA0 150
a0 200 | 405 305 240 400 | 640 495 385 75 | 450 315 245 50| 580 410 315
0,02 [300 |480 3780 300 {190} 135 | 325 220 160 100 | 525 385 295 75| e8o 25 4
{125} 400 | 530 420 335 150 | 365 250 185 125 ] 580 435 340 100 750 ;i: 432
150 [30C 210 155 0,06 |200 | 435 3800 220 0,04 150 620 49¢ 373 o 0d125] - 670 560
200 | 350 250 485 300 { 535 375 275 200 | 695 555 440 " isol - 715 6lo
0,04 1300 440 315 235 400 [ 600 430 320 300 78¢ 650 525 a00| - 85 685
400 | 500 365 270 150 | 320 210 150 400 | - 700 58¢ 300 - - 785
200 1305 200 140 200 ] 385 250 1%5 75} 360 250 185 400]| - -
0,06 300 | 395 250 180 ¢,08 [300 | 480 315 225 100 | 440 300 225 251 260 ITE ;30
400 1450 300 210 400 [ 550 375 260|765 125| 500 350 260 . sol 130 300 225
300 | 330 210 158 3001325 230 175 fars} 0+06[150 | 550 396 205 120 75| 585 400 305
0,08 [400 | 390 250 175 0,12 |400 | 375 270 200 200 | 630 460 350 5
T60 (325 240 160 50 I320 225 175 500} 730 560 35| 1500} 0 06 1;’2 $2‘; 85 310
125 lags zvo 215 173|410 300 235 400 | 795 630 495 " isel 775 Zﬁg ::(5}
150 405 300 240 100 | 475 855 280 75| 420 215 155
0,02 200 |455 350 280 125 | 580 400 320 Log) 385 265 190 ggg s a0
300 |535 420 840 0,02 (150 | 565 445 360 125 450 305 225 50 :_;60 ZZ? 53
400 {575 470 335 200 | 620 500 415 0,08] 150 500 350 250 75l 470 335 ;zi
125 300 215 155 300 [ 680 580 490 200] 580 410 300 100 555 400 300
35 150 |340 240 180 400 | 710625 545 300 700 520 380 125! 635  4g0 250
(47} 0,04 1200 400 290 215 75300 210 160 400| 770 s80 440 0,08/ 150] €9 510 395
300 490 355 270 100 | 355 255 190 125] 305 220 168 ' 770 595
400 | 550 410 310 125 | 410 300 225 150| 340 250 190 233 5 :65
T50 300 190 15 0,04 |150 | 455 330 250 0,12{ 200 436 300 220 200l - :25 72
200 as0 235 165 200 { 525 390 300 300| 535 395 280 751 880250 53
©,08 [300 ;450 300 210 300 | 620 475 365 400| 810 450 325 100| 425 310 -
400 {560 350 250 |{z1d) 400 | 680 585 420 0,30( 400 289 210 150 125| 485 o
200 |300 200 135 100 | 310 210 155 oy o
0,08 {300 [385 250 175 125 | 360 240 175 o o
400 {450 300 200 0,06 [150 { 400 275 205 R o ot o
3 200 | 475 325 240
300 575 410 s00 2001350230 T80
‘;22 640 475 350 0,30 s00] 420 300 235
310 210 150 400] 460 355 275
150 { 355 235 170
0,08 [200 | 425 285 200
300 | 530 355 260
4001 600 420 300
200 295 200 150
0,12 {300 | 363 255 200
400 | 425 300 230
Tzble 6b. I_\Ea.:x{lmum steel tempersture i for a fire exposed steel
structure, insulsted with slabs of mineral wool (type Minwool 3060
or Rockwool : 1 = - :
3372, density p; = 150 kg-m 3),, at varying fire load den-
s:.gy‘q (Mcal'm ), opening factor .&fﬁ/At (ml-/e), quotient A./V (m—1)
an - - - 3
insulation thickness di (mm). Fire compartment type A s




Table 7a.

struction

fire load

gquotient FS/VS (m—1), and guotient di/)\i (

Maximum steel temperature 'ﬂ'max’ Maximum steel temperature @max s
Ayg| £. {and () maximum ceiling temperature AYh| Fs |and () maximum ceiling temperature
g |22 ¢ |=| 7
Ay [V (i3 fiet A | Vs (&5l2) fiet
0,05 0,10 0,20 0,30 0,05 0,10 0,20 0,30
50| 130 90 65 50 50 | 435 315 200 160
100 | 180 130 90 70 100 | 450 340 240 85
0,0z (100 D00 (am0y 170 (440) 70 (a10) 70 (3900) 0,02| 100 | 520 (615) oo (570) Lo (530) Lo (500)
300 | 260 150 130 109 300 | 455 50 250 200
50100 75 P 10 %o 520 225 145 110
a,04 (100 250 ___ 100 65 50 100 | 400 285 185 140
. 200 | zap (B85} 14 (B30} g (500) o5 (475) 0:04 500 |45 {5807 g5aq (8307 55 (590) 145 (560)
300 | 240 170 110 80 60 300 | 445 330 230 180
i63} 56| 66 50 5 5 s} 56 250 160 60 75
06| 95 79 50 40 100 | 340 225 180 100 ..
0,08 500 | 120 (6751 140 (630) 7 (590) &) (570) 0,08 1,00 | 312 (750 222 (700) 155 (650} [o0 (625)
300 | 190 125 %0 60 300 | 445 315 210 156
561 40 5 %0 8 50 | 180 150 73 50
012|100 | 60 oo 45 (890) 4 (650) 4, (620 0,12 |200 985 (780} (g5 (T23) 11 (680) 4, (6G0)
"7 1200 | 120 70 50 40 ' 1200 | 375 250 155 110
300 | 155 100 60 45 500 | 420 290 185 130
56 ]300 116 9% 5 50 [275 330 705 156
100 | 260 185 125 100 100 | 510 70 250 130
0,02 5 4 600
*02 1900 | 300 (5207 o5 (470) 155 {435) 15, (420) 5 0184500 | 515 (749 3g5 (080 5qq (630) 5,4 (600)
300 | 320 245 170 130 300 | 515 385 270 215
50 | 160 10 75 55 I 380} 30| 545 35 150 160
100 | 230 150 100 75 100 | 430 290 180 130
600
9504 1200 | 290 (500) 55 (B68) 155 (530) 14 (515) 0,08 |09 | 2gp (780D gaq (7303 555 (675) 17, (650)
25 300 | 325 235 155 115 300 | 485 360 250 190
wod 80 T1iE 75 50 40 50550 300 50 00
105 100 | 160 110 70 55 100 | 3570 a%0 290 220
5 5 5 630
0208 200 | 240 19807 150 (835) 15 (595) 45 (570) 0,04 1500 [ 575 (7801 555 (T18) goq (680} gq (630)
300 | 285 195 120 90 120 300 | 575 425 300 230
56 TED 80 20 30 500 50 | 485 750 60 150
i0p | 130 80 66 .. 45 160 | 495 3¢5 210 160
0022 1300 | 190 (7400 155 (690) g, (650) o0 (620) 0:08 1000 {520 (BL0) g75 (739) g5 (895) 145 (678)
300 | 235 160 100 75 300 | 525 385 260 205
50 | 300 220 Ta5 10
100 | 360 260 175 135
2
0:92 Log0 | ago (380) goq (5200 500 (480) |0, (460
300 | 385 295 2148 1G5
50 | 240 160 108 80
100 | 315 220 140 160
0,04 645 : 5
s |0 oo [a7s (645) ;g (6009 Jg4 (560} |55 (535)
300 | 390 250 195 150
168} 50 | 170 110 70 55
100 | 245 180 100 75
008 1o0 1335 (7107 5 140 (6%8) 15 1600)
300 | 380 260 165 120
50 1150 a5 55 is
oo | 200 130 85 60
0,12 |00 L 5ag (7590 o0 (700) |32 (660) 2 (630)
300 | 340 225 145 160

Maximum steel temperature ﬂ;ax for a steel beam con-

according to Fig. Ta, fire exposed {rom below, ab varying

density q (Mcal - m

2
m

ﬁe), opening factor Afﬁ/At

o}

(mﬁ/e)

3

. % . n . keal ).

The corresponding maximum temperature of the ceiling is given in a

parenthesis. Slab of reinforced concrete. Fire compartment type A
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