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Preface

The present paper describes a rational analytical approach to a
fire engineering design of load-bearing structures and partitions.
The design method is permitted to be generally applied in Sweden,
as one alternative, since about ten years. The method is directly
based on the natural fire concept and strictly defined functional
requirements and performance criteria.

For facilitating the practical application of the design method to
steel structures, a comprehensive design basis has been worked out

in the form of diagrams and tables for a direct and quick determination
of the maximum steel temperature during a complete compartment fire

and the corresponding desiagn load-bearing capacity of the fire exposed
structure. The design basis is presented in a manual [4] which is
approved for practical use by the National Swedish Board of Physical
Planning and Building.

The paper is organized in such a way, that a reader, who only wants
to be informed of the practical application of the design method, can
timit himself to a study of chapter 3 and the explanatory example.
Chapters 1 and 2 are supplementing this description with respect to
the general design philosophy behind the design method and the con-
nected structural fire safety characteristics.
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RATIONAL APPROACH TO FIRE ENGINEERING DESIGN OF STEEL BUILDINGS

By Ove Pettersson and Sven Erik Magnusson, Department of Structural

Mechanics, Lund Institute of Technology, Lund, Sweden, and Jérgen
Thor, Swedish Insitute of Steel Construction, Stockholm, Sweden

A develgpment of analytical design procedures, based on weli-defined
functional requirements, is an important task of the future fire research
within different fields of the overall fire safety concept. Such proce-
dures, successively replacing the present, interngtionally prevalent,
schematic design methods, are necessary for getting an improved economy
and for enabling more qualified and reliable fire safety analyses. A de-
rivation of such analytical design systems is aiso in agreement with the
present trend of devetopment of the building codes and regulations in
many countries towards an increased extent of functionally based reguire-
ments and performance criteria.

In the ideal case, a rational fire design methocdology includes as essen-
tial components [1)

* analytical modelling of relevant processes; verification of model va-
Tidation and accuracy; determination of critical design parameters,

* formulation of functional requirements, independent of choice of design
process and expressed either in deterministic or probabilistic terms,

* determination of design parameter values, and

* yarification by the means of a reliability analysis that the choice
of safety factors leads toc safety levels, which are consistent with the
expressed functicnal reguirements.

For @ fire engineering design of load-bearing structures and partitions,

a differentiated analytical procedure is permitted to be applied in Swe-

den, as one alternative, since about ten years. The procedure constitutes
a direct design method based on temperature characteristics of the fully

developed compartment fire as a function of the fire load density, the



ventilation of the fire compartment and the thermal properties of the
structures enclosing the fire compartment. The design method is approved
for a general practical use by the National Swedish Board of Physical
Planning and Building [2]. For facilitating the practical application,
design diagrams and tables are systematically produced, giving directly,
on one hand, the design temperature state of the fire exposed structure,
on the other, a transfer of this information to the corresponding design

load-bearing capacity of the structure; c¢.f., for instance [3], [4], [5],
[6]. Fig. 1 describes the design method in a summary way.

FIRE LOAD DENSITY

FIRE EXPOSURE

FIRE COMPARTMENT

\

et STRUCTURAL DATA —e TEMPERATURE STATE

)

DESIGN LOAD-BEARING
! ™| CAPACITY Ry

DESIGN LOAD EFFECT
AT FIRE S

Figure 1. Summary description of a rational design method for fire
exposed load-bearing structures

1. Main Principles of an Analytical Design of Fire Lxposed Load-

Bearing Structures

In a generalized summary way, an analytical design method for fire exposed
structures, based on well-defined functional requirements, can be described
according to Fig. 2.
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Figure 2. Procedure of a rational, reiiability-based design of
Tire exposed load-bearing structures I1]

The design fire load density, the fire compartment characteristics and
the fire extinguishment and fire fighting characteristics constitute
the basis for a determination of the design fire exposure, given as the
gastemperature~time curve T-t of the fully developed compartment fire.
Depending on the type of practical application, the load-bearing func-
tion of the structure can be reguired to be fulfilled for



* the complete fire process,
* a shortened fire-process, limited by the time text’ necessary for the fire
to be extinguished under the most severe conditions, or

* a shortened fire process, limited by the design evacuation time tesc

for the buiiding.

Together with the structural design data, the design thermal properties
and the design mechanical strength of the structural materials, the de-
sign fire exposure gives the design temperature state and the design

load-carrying capacity Rd as the lowest vaiue during the relevant fire

process.

A direct comparison between the design load-carrying capacity Rd and the
design load effect at fire Sa decides whether the structure can fuifil
its required function or not at the fire exposure. The quantities Rd and
Sd then both can be referred to a defined load or a decisive section
effect, for instance, a bending moment or a shear force.

Following, for instance the new Draft Code for Loading Reguiations, issued
by the Nordic Committee for Building Regulations [7], the determination

of the design load effect Sd starts from characteristic values of per-
manent and variable Teads Gk and Fk’ connected to a defined probability of
excess during & specified time pericd {Fig. 3). A multiplication by par-
tial factors v and load combinaticn factors ¢ transfers the characteristic
Toad values to design loads Gd and Fd' The load combination factors ¢
then may be differentiated with respect to whether a complete evacuation
of people can be assumed or not in the event of fire. Finally, the desiagn
toads are combined and transformed to the design load effect at fire Sd'
Analogously, the design material strength Md is to be calculated via
characteristic strength values M, at actual temperature, divided by
resulting partial factors i (Fig. 4). The characteristic strength va-
iues are defined as corresponding to specified fractiles of the probabi-
1Zty density distribution. The different partial factors y;, yé, Yi, and
Y are expressing the influence of the scatter in materisl strength,

the uncertainty of the design model, the uncertainty in relation between
material property in the structure and materiai property determined in
test, and the safety class, respectively. The predicted extent of personal
and property damage at feilure - very serious, serious, not serious -

decides the safety class.
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A simiiar approach - as outlined for the design load effect Sd and the
design mechanical strength Md - can be applied also to the design fire
lToad density 94 and the design thermal properties of the structural ma-

terials.

The Tevel of the functional requirements to be Taid down for a structural
fire engineering design must be differentiated with respect to such in-
Tluences as the occupancy, the height and volume of the building, and the
importance of the siructure or the structural member for the overall
stability of the building. This can be met by, for instance, a division
of buildings in categories with a related differentiationof the design
fire load density and the length of the fire process, to be considered

in the desiagn.

For buildings containing activities, which are particularly important from,
for instance, an economical point of view, there can be the motive for re-
guiring that the building can be used again after a fire, almost immediately
or very soon, for the current activities in a full extent. If the design
also comprises such a reguirement on re-serviceability of the structure af-
ter fire, the design procedure is to be expanded in the following way.

From the time curve of the load-carrying capacity R, the design residual
load-carrying capacity er of the structure after fire is obtained as

end information. This quantity er has to be compared with the design load
etfect at service, non-fire state, on the structure Srd’ given by the corre-
sponding characteristic load values, partial factors and load combination
factors.

2. Fire Safety of Load-Bearing Structures

In a general sense, the fire engineering design problem is non-determi-
nistic. Perf{ormance has to be described and measured in probabilistic
terms. '

This is one essential perspective from which we have to judge or apprai-
se the building fire safety code systems now in force. Historically,
they had to be written without actually stating their objective level of
safety and, still far less, without any analytical measurement of the
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objectives involved. For this reason, there is an urgent need for fu-
ture attempts to evaluate the 1evé1s of safety inherent in present lo-
cal and national fire protection regulations and to develop rational,
reliability-based desian methods, leading to safety levels which are
consistent with the relevant functional requirements [1].

For the case that the load-bearing capacity R and the load effect S can
be expressed analytically, are statistically uncorrelated and have known
probability density functions f and fs, the probability of Tailure is

R
given by the formula - cf. Fig. 5
o §
([
Pf = | ] fs(s)fR(r)dsdr (1)
00

Figure 5. Probability density function fp and fg of load-bearing
capacity R and load effect §

The computation of the probability of failure Pf can be re-formulated in

the following way -~ Fig. 6. The difference between the load-bearing capacity
R and the load effect S defines the safety margin. In the probability
density function of the safety margin fR—S’ positive values mean survival,
negative vaiues failure. The dashed area gives the failure probability Pf.

Ideaily, Pf should form the basis for deriving design criteria. However,
Pf can be evaluated accurately only if the probability density function
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FAILURE SURVIVAL
TR
77% |
P, J 0 R-5 R-S

f

Figure 6. Probability density function fR—S of safety margin R-S and
definition of safety index &

of R-S is known in detail. In practice, this is very seldom the case.
Two main alternatives then are open [8], [9]

* to base a design code format on prescribed distributions of R and S, and

* to acknowledge the incompleteness of statistical information and disre-
gard the form of the distribution involved.

In the latter case, a design scheme can be based simply on requiring that
some minimum safety margin be maintained. In place of reguiring that a
calculated risk of failure must fall below a specified probabiiity, it
may be reguired that the average safety margin R-S must 1ie a specified
number g standard deviation above zero, giving the formulas

— = oz 2 2
R-S 2 8 op g or R>S+8 VéR + og (2)
op.g 1s the standard deviation of the safety margin R-S, op and og are

the standard deviation of R and S, respectively.

The safety index g defines the reliabiiity of, for instance, a design
system. A greater value of g then corresponds toc a higher safety Tevel.
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With this safety measure we can improve our design methods to be more
consistent and assess the implications of assumptions and guesses.

A methodology for a probabilistic analysis of fire exposed steel struc-
tures, connected to the design method described in chapter 1, has been
developed in [10]. The methodology comprises a general systematized
scheme for the identification and evaluation of the various sources and
kinds of uncertainty in the differentiated structural fire engineering
design. The structure of the methodology is quite general and applicable
to a wide class of structures and structural elements. To get applicable
and efficient final safety measures, the probabilistic analysis is nume-
rically exemplified for an insulated, simply supported steel beam of I-
cross section as a part of a floor or roof assembly. The chosen statistics
of dead and live load and fire load density are representative for office
buildings.

With the basic data variables selected, the different uncertainty sources
in the design procedure are identified and dissembled in such a way tnat
available information from Taboratory tests can be utilized in a manner
as profitable as possible. The derivation of the total or system variance
Var{R) in the load-carrying capacity R is divided into two main stages:

variability Var(Tmax) in maximal steel temperature T for a given type

max
of structure and a given design fire compartment, and variability in

strength theory and material properties for known value of Tma

X"
s Vﬂl’(qux)
i
100 '} W LI PIASTITITIIEI N S I E T TS S TIITTITT VQF{ATa)
. T Var [ATZ}
= ~ : Var (2]

i < . ////
50 - D0
/ var (q!
. / i , /4 I
1000 2000 3000 4000 5000 W/ m° °C
Figure 7. Decomposition of total variance in T into component variances

as a ftunction of insulation parameter Kn 107 Max
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The results ohtained are exemplified in Fig. 7, giving the decomposition
of the total variance in maximum steel temperature Tmax into the compo-
nent variances as a function of the insulation parameter Ky = Ajkj/(vsdi).
Ai is the interior jacket surface area of the insulation per unit length,
di the thickness of the insulation, Ai the thermal conductivity of the
insulating material, corresponding to an average value for the whole
process of fire exposure, and VS the volume of the steel structure per
unit Tength. Increasing k, €xpresses a decreased insulation capacity.

The component variances refer to the stochastic character of the fire

load density g, the uncertainty in the insulation properties x, the un-
certainty reflecting the prediction error in the theory of compartment

fires and heat transfer from the fire process to the structural member

ATZ, and a correction term reflecting the difference between a natural

fire in a Tlaboratory and under real 1ife service conditions AT 5. Analogously,
Fig. 8 exemplifies the decomposition of the total variance in the load-
carrying capacity R into component variances as a function of the insulation
parameter Ko The component variances refer to the variabiiity ih the

maximum steel temperature Tma variability in material strength M, the

XB
uncertainty reflecting the prediction error in the strength theory By s
and the uncertainty due to the difference between laboratory tests and

in situ fire exposure 8o

Yo var (R)
i

100 - Var {A¢,)
i Var (AkP.I#

>0 i Vur(TmOx}
- T e

et 1
I var (M) = = v
O T T T T — J{n

1000 2000 3000 L4000 5000 W/m3°C

Figure 8. Decomposition of total variance in ioad-carrying capacity R
into Component variances as a function of insulation parameter Ko [1C]
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The component variances are guantified, whenever possible by comparing
the design theory with experiments. System variance is evaluated in two
ways: by Monte Carlo simulation and by use of a truncated Taylor series
expansion. Employing the Monte Carlo procedure, the mean and variance of
R and S have been computed for different values of the ventilation fac-
tor of the fire compartment, the insulation parameter « and the ratio
Dn/Ln, where Dn is nominal dead load and Ln nominal live load, used in
the rnormal temperature design. The second moment reliability as a func-
tion of these design parameters is evaluated by the safety index formu-
lation according to Eq. {2).

A fragmentary illustration of the results received is given in Table 1,
showing the range of variation for the safety index g, as determined for

the present Swedish differentiated analytical design model (case II).

Yarying the opening factor of the fire compartment A/h/A from 0.04 to

0.12 m]/ and the ratio between the nominal value of dead toad D and

live load L, from 1/3 to 3, then Jeads fc a range of 8 from 1. 66 to 2.84.

A is the total area of the window openings, h the mean value of the heights
of window and door openings, weighed with respect to each individuak open-
ing area, and At the total interior area of the surface bounding the compart-
ment, opening areas included. For the structural member designed in accor-
dance to the standard fire endurance test (case 1), the corresponding range
of g will be from 1.77 to 3.69. Completing the present differentiated

design model with statistically derived load factors (case III) will improve
the consistency of B considerably by giving a very narrow range from 2.35

to 2.45.

Table 1. Safety index g and probability of failure Pr for different design
procedures, applied to an insulated, simply supported steel beam as a part
of a floor or roof assembly in off1ce buildings

Design procedure Range of B Range of Pf (Pf)max/{Pf)mim
I. Classification, | 1.77 - 3.569 (1mhoo)1o"h ~ Loo

standard endurance

tegt

II.Present Swedish | 1.66 - 2.84 (23-500)10~ll ~ 20

design model

ITI =II, improved | 2.25 - 2.45 (72—95)l0—h ~ 1.5

by statistically
derived load fac—
tors
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The corresponding range of the probability of failure Pf is shown in the
table, too. Related to this guantity, the difference between the three
design procedures is extremely striking with the respective ratios
(pf}max/(Pf)min - 400, 20 anc¢ 1.5. The Pe values presented are connected
to a probability = 1 for a fire outbreak leading to flashover within the

fire compartment.

3. Detailed Description of a Differentiated, Analytical Fire Engineering
Design of Steel Structures

As mentioned in the introduction, a differentiated analytical procedure

is permitted to be appiied in Sweden for a fire engineering design of
load-bearing structures and partitions since about ten years. The main
principles behind the design precedure and the connected fire safety aspects
are dealt with in the proceding chapters.

Applied to fire exposed load-bearing structures or structural members,
inside a fire compartment, the design procedure includes the following

steps - Fig. G.

The basis of the design is given by the fully developed compartment fire
exposure. Decisive entrance quantities then are

nominal ioad and load factor for fire load density,
combustion properties of this design fire load,

(1)

(2)

(3) size and geometry of the fire compartment,

(4) ventilation characteristics of the fire compartment, and
(5)

thermai properties of structures enclosing the fire compartment.

These quantities jointly determine the rate of burning, the rate of heat
reiease, and the design gas temperature-time curve of the complete fire
process. Together with '

{6) structural data for the proposed structure,
(7) thermal properties of structural materials, and
(8) coefficients of heat transfer for various surfaces of the structure

this design gas temperature-time curve gives the requisite information
for a determination of the transient temperature fields of the fire

exposed structure or structural members. With
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(9) mechanical properties of structural materials (Fig. 4), and

(10} Toad characteristics

as further entrance guantities the time variation of restraint forces
and moments, thermal stresses, and load-carrying capacity R can be deter-
mined. The lowest value of R during the complete fire process defines

the design load-carrying capacity Rd‘

Over nominal loads and load factors for dead load, live load, etc, statis-
tically representative of a fire occasion, the design Toad effect at fire
Sd is defined, interdependent on non-fire design procedure (Fig.3).

A direct cdmparison between the design load-carrying capacity Rd and the
design ioad effect at fire Sd decides whether the structure can fulfil-

its required function or not at a fire exposure.

Exceptionally, a requirement on re-serviceability of the structure after
fire may be included on the fire engineering design. If so, the design
residual ]oadwcérrying capacity R, of the structure after fire has to be
determined in the design and compared with the design load effect at service,
non-fire state, on the structure Srd‘

For exterior, load-bearing structures, the procedure for a direct, diffe-
rentiated design will be modified with respect to the thermal exposure.

For such a structure, the transient temperature fields are determined by

a combined radiation and convection exposure from the flames and combustion
gases outside the fire compartment as well as by radiation from the interior
of the fire compartment through its window openings; cf., for instance {111,
{12}, For the rest, the design procedure is principally the same as for
interior, Toad-bearing structures.

At known combustion characteristics of the fire load, the gas temperature-
time curve of a fully developed compartment fire can be calculated in the
individual practical application from the heat and mass balance equations

of the fire compartment with regard taken to the size, geometry and ven-
tilation of the compartment, and to the thermal properties of the structu-
res enclosing the compartment - Fig. 10 [2), [4], {61, [13], (141, (151, (161,
(171, 187, [19].
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Figure 10. Energy balance equation Ip = I +Iy+I, of & fire compartment.

[c Ts the heat release per unit time from the combustion of the fuel,

and I, Iy and Ip the quantities of energy removed per unit 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

For interior, load-bearing structures and partitions, the fire engineering
design provisionally caq be based on gas temperature-time curves Tt-t
according to Fig.11, (2], [41, [6], [15], which applies to a2 fire compart-
ment with surrounding structures made of a material with a thermal conduc-
tivity A = 0.8] Wem 1% and a heat capacity oc, = 1.67 Ma-m 3.0
(fire compartment, type A). Entrance parameters of the diagrams are the
fire Toad density q, defined by the formula

1 -2
G T, (MI-m ™€) (3)

and the ventilation characteristics of the fire compartment, expressed
1/2 '

by the opening factor AJE/At (m'’“), where
A = total area of window and door openings (mz),
h = mean value of the heights of window and door openings, weighed

with respect to each individual opening area (m),

At = total interior area of the surfaces bounding the compartment,
2
)s

= total weight of combustible material v (kg)

opening areas included (m

Hv = effective heat value of combustible material v of the fire Toad
(M3 kg™ 1y, and
p = a fraction between 0 and 1, giving the real degree of combustion

for each individual component of the fire Joad.
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The non-dimensional factor b 15 & function of type of fuel, geometrical
properties of fuel, and the bOSiticn of fuel in a fire compartment, among
other things. For some types of fire load components, o will depend on
the time of fire duration and on the gas temperature-time characteristics
of the fire compartment. Bookcases and floor coverings are examples of
fire components whose real degree of combustion is low, and whose u, va-
lues are probably appreciably below unity. At present, however, there is a
lack of experimentally substantiated and verified M, values, and it is
therefore usually necessary in the course of practical design to employ

a fire load calculation with Ky generally put equal to unity.

As a ruie, the design fire load density is to be determined on the basis
of statistical investigations for the type of building or premises in
guestion. Such statistical investigations have been carried out for dwel-
lings, offices, administration buildings, schools, stores, and hospitals
[2}, [4], [6]. As a temporary regulation, the Swedish Building Code autho-
rizes the 80 percent level of the statistical distribution curve to be
applied as the design fire load density.

A fragmentary example of the results, obtained in the statistical inves-
tigations of the fire load density q, is given in Fig. 12 [2C), which refers
some distribution curves, representative to dwellings in the suburbs and

the central parts of Stockholm. In the figure the fire Toad density is
specified on one hand by a minimum vaiue, which only includes the highiy
inflammable components, and on the other hand by a maximum value, corres-
ponding to all combustible material in the compartment, excluding floor
covering. Table Al in the appendix summarizes the average and standard devia-
tion of the fire load density as well as the design fire load density from
the investigations, determined according to Eq. (3) with b, s 1 [21, [41, [6].

%
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2 min_P
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i 5
° 3 |
= 50 T
%
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E
= Mcul/m"'!
00 10 20 30 40 50
Fire louad

—— guburb
-~ central part of city
----- suburb + central part of city

Figure 12. Distribution curves for the fire lpad density g, defined according

to Eq. (3), representative to dwellings in the suburbs and the central parts
of Stockholm. 1 Mcal/m® = 4.19 M3/m?
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The gas temperature-time curves in Fig. 77 have generally been determined
on the assumption of ventilation controlied fires. For fires, which are
fuel bed controlled in reality, this assumption leads to & structural

fire engineering design on the safe side in practically every case, giving
an overestimation of the maximum gastemperature and a simultaneous, partly
balancing underestimation of the fire duration. For the minimum load-bea~
ring capacity, which thermally can be seen as an integrated effect, the
gas temperature-time curves in Fig. 11 give reasonably correct resyltis,
verified in [4], [0}, [16].

As pointed out, the gas temperature~time curves in Fig. 11l apply to a
certain fire compartment, type A, specified with respect to the thermal
properties of its surrounding structures. Fire compartments with surroun-
ding structures of deviating thermal properties can be transferred to fire
compartment, type A, via effective values of the fire load density e

and the opening factor (A%ﬁ/At)f in accordance to Table AZ in the appendix
(2], [4], [6].

mmmmmmmmmmmm t

According to Fig. 11, the opening factor of a fire compartment is a funda-
mental concept in calculating the gastemperature-time curve of the process
of fire development.

defined by the quantity AJE/At, where - cf. Fig. 13

A = total area of the window and door openings (mz),

h = mean value of the heights of window and door openings (m), weighed
with respect to each individual opening area, and

At = total interior area of thg surfaces bounding the compariment,
opening areas inciuded {m~ ).

If a fire compartment also comprises horizontal openings, an equivaient

opening factor (AJH/At)e can be determined by the formula [15]

(A‘/E/At}e = f, (A,/E/At)V (4)
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Figure 13. Definitions of the total opening area A, the weighed
mean value of the opening height h, the total interior area of the
surrounding structures At, and the opening factor A/ﬁ/At of a fire
compartment

where (A/ﬁ/At)V is the opening factor, corresponding to the vertical
openings of the compartment, calculated according to Fig. 13, and fk
a dimensionless multiplier, given by the alignment chart in Fig. 14.
For the notations used in this chart, then see Fig. 15.

Area: Ah
At ! R
Area: A
20F JEL'
1 [’
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A
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0
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ISR

Figure 14. Alignment chart for a determination of the equivalent opening
factor (Avh/At)e of a fire compartment with vertical as well as horizontal
openings. For notations, see Fig. 15

& determination of the equivalent opening factor over Eg. (4) and Fig.

14 presupposes that the gas flow through the horizontal openings of the
roof is not predominant. This can be examined via the quotient AhJEZ/A/ﬁ,
which has an upper Timit at which the applied gas flow model ceases to

be valid. This upper Timit is given by the values
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Figure 15, Gas flow mechanism for a fire compartment with
verticat and horizontal openings

/A 0
Ah»hz 1.76 at T{ 16007C

< - . (5)
Avn 1.37 at T{ 5007C

At these limit values, the neutral zone coincides with the upper edge
of the vertical opening and tests have indicated the validity of the
model up to these upper Timits [21].

s S |
1 | ll‘
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! I
‘hﬁﬁ\\\l |////’*—
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I i
[ |
! |
T I
‘ Figure 16. Fire exposed, uninsu1atgd stee!
structure. Tt = gas temperature within fi-
re compartment, TS = steel temperature at
time t

For a fire exposed, uninsulated steel structure, the energy balance equa-

tion gives the following formula for a determination of the steel tempe-

rature-time curve Ts-t - Fig. 16

e (°c) (6)
al = v‘;‘(Tt"‘ S)._)

s o C
“sps

where
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ATS = change of steel femperature (OC) during time step 2t(s),

o = coefficient of heat transfer at fire exposed surface of structure
(N_m—Z_oc—?)s

s, = density of steel material (7850 kg‘md?%,o ,

cpS = specific heat of steel material (J-kg -°C ),

'FS = fire exposed surface of steel structure per gnit length (m),

Vs = volume of steel structure per unit length {m”},

Tt = gas temperature (DC) within fire compartment at time t (s}.

Eq. (6) presupposes that the steel temperature T_ 1s uniformly distributed
gver the cross section of the structure at any time t.

The coefficient of heat transfer o« can be calculated from the approximate

formula

5.77 T, + 273 4 TS + 273

£ I _ _
T [( ‘o)t ] et g

a = 23 +

giving an accuracy which is sufficient for ordinary practical purposes.
€. s the.resuétant emissivity which for practical applications can be
chosen according to the following table, giving values which generally
are on the safe side.

1. Column, fire exposed on all sides £ 0.7

2. Column, outside a facade 0.3

H

3. Floor siructure, composed of steel beams with a
concrete slab on the lower flange of the beams 0.5

4. Steel beams with a floor slab on the upper flange
of the beams

4a. Beams of [ cross section with width/height > 0.5 0.5
4b. Beams of I cross section with width/height < 0.5 0.7
4c. Beams of box cross section and trusses 0.7

More accurate values of the resultant emissivity £, can be determined for
the application alternative 4 - steel beams with a floor slab, supported
on the upper flange of the beams - from the diagrams of Fig. 17 and 18,
applicable to floor structures with the flames completely below the steel
beams and reaching the slab, respectively [22]. For the emissivity of the



25

Er £ E5=E, . =0,8
. i £ = bj ot C/h=m
0.5 Es= Ebj=0'8 i 0,5 = U-E-'l_— - .
£4=07 ﬂf-dm? - T

T T ] L) T L L3 [ T L) 1] L) T Al
05 1o b/h 05 1o b/h
Er
Ec=E =08
. /]
0.5 g=08 .~ —c/h=em ; I
,._.-""'#__4- - 5 i s > s R & -~ & " =
r . » a s P - e
1{
_\‘“——-___cfhnm 1 (\\\ ~ )
mm\\ 7.\\"“\ U S
w \l T— -
— e A L T
- i Ceiiing or flames
" C L

H LB
05 1o b/h ! ‘

Figure 17. Resultant emissivity e, for steel beams with a floor slab,
SUpported on the upper flange of the beams. Fiames completely below

the steel beams.
epj = emissivity of the slab, e = emissivity of the steel beams,

et” = emissivity of the flames.
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Figure 18. Resuitant emissivity e, for steel beams of I cross section
with a floor slab, supported on tEe upper flange of the beams.

Fiames reathing the slab.

ey = emissivity of the flames
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flames =,, the value 0.85 is to be inserted, if not any other value

.ti
can be proved to be more correct.

At a given gas temperature-time curve Tt—t of the fire compartment, the
steel temperature T, can be directly calculated from Egs. (6) and (7)

with regard taken to the temperature dependence of cps and o. Such com-
putations have been carried ocut in a systematized way, giving the basis
of design in Table A3 in the appendix [43. From this table, the maximum

steel temperature T5 during a complete compartment fire can be de-

sMmax
termined directly as a function of the effective fire load density Qg
the effective opening factor (AJE/At)f, the FS/VS ratio and the resultant
emissivity € The values of the table are connected to gas temperature

characteristics according to Fig. 11.

Table A4 in the appendix gives some guide-Tines for the determination of
the structural parameter FS/VS for different types of application.

__.!..i,-..___,..._E.:__
BN }; ;; Ty
| :!/
|
poTg |
R Y T S Y I
d
1
N Figure 19. Fire exposed, insulated steel
structure. T+ = gas temperature within fire
compartment, T. = steel temperature at time t

For a fire exposed, insulated steel structure, a simplified energy

balance equation gives the following formula for a direct determina-
tion of the steel temperature-time curve ?Swt - Fig. 19

A.

1 )
N o + (T, - T et (7C) (8
5 (l/a di/Ai)DstsVs t g )

&7

with the additional quantities

A1 = interior jacket surface area of insulation per unit length (m),
d1 = thickness of insulation (m),
ki = thermal conductivity of insulating material (w-mmI-OC“1).
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Eq. (8) presupposes that the steel temperature TS is uniformly distributed

over the cross section of the structure at any time t, that the temperature
gradient is linear and the heating contribution negligible for the insula-

tion, and that the heat transfer is one-dimensional.

Computations, originating from Eqs. (7) and (8), enable a production of

a systematized design basis, facilitating an analytical, differentiated

fire engineering design in practice. An example from such a design basis

is referred in Table A5 i the appendix [4], giving the maximum steel temper-
ature TS,max during a complete compartment fire for varying values of the
effective fire load density Ges the effective opening factor (AJh/At)f,

the structural parameter Ai/vs’ and the dinsuiation parameter di/Ai. The
values of the table are connected to gas temperature characteristics accor-

ding to Fig. 171.

Table A5 was computed on the assumption of a constant thermal conducti-
vity of the insulating material Ais chosen as an average value for the
whoie compartment fire process. Calculations, carried through systemati-
cally, are verifying that this average value of Ay approximately coinci-
des with the value, determined for an insulation temperature equal to the

maximum steel temperature TS Table AG in the appendix gives the thermal

Jmax”
conductivity A of some insulation materials as a function of the temper-

ature [4],

For a specific insulating material, systematized design diagrams or tab-
les can be computed very accurately with regard to the temperature de-
pendence of the thermal properties of the steel as well as the insulating
materizl. The influence of an initial moisture content and of a disinte-
gration of the insulating material can be considered, too. Practically,
such a determination can be carried out cver & numerical data processing
by computers on the basis of a finite difference or a finite element

method. A great number of design tables, computed according to such an
accurate procedure, are presented in [41. Table A7 in the appendix
exemplifies this, giving the maximum steel temperature Ts,max at varying
fire and structural design characteristics for a fire exposed steel struc-
ture, insulated with mineral wool of density py = 150 kg m"3 at varying
effective fire Jjoad density P effective opening factor (Afh/At)f, quotient

Ai/vs’ and thickness di of the insuiation.
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Table A8 in the appendix gives some guide-lines for the determination
of the structural parameter A1./VS for different types of application.

Figure 20. Floor structure, composed of a reinforced concrete slab,
load-pearing steel beams, and an insulating ceiling

In [4], an analytical model is derived for a simplified determination of
the temperature-time fields of a steel beam structure according to Fig.
20 - composed of a reinforced concrete slab, load-bearing steei beams,
and an insulating ceiling - exposed to a fire from below. By applying

this computational model in a systematic way, a design basis has been
determined, facilitating a calculation of the steel beam temperature Ts’
assumed as uniformly distributed over the cross section of the beams. The
design basis is exemplified in Table A9 in the appendix [4], which gives

the maximum steel beam temparature Ts,max during a complete compartment

fire for varying values of the effective fire load density Ges the effective
opening factor (A#R/At)f, the structural parameter FS/VS, and the insulation
parameter di/Ai. FS denotes the surface area of the steel beam, iess the
part covered by the concrete slab, and VS the volume of the steel beam, per
unit length. The values, given in brackets in the table, denote the corres-
ponding maximum temperature at the centre level of the ceiling. The values
of the table are connected to gas temperature characteristics according to

Fig. 11.

For several types of steel beam structures with a suspended, insula-
ting ceiling, the fire resistance of the ceiling and its fastening de-
vices will be the decisive design criterion instead of the temperature
of the steel beams. The ceiling can get a serious crack formation or
fall down, partially or completely, after a comparatively short fire
exposure. Under such conditions, the maximum steel beam temperature
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cannot be determined from TableAY soiely cn the basis of the thickness

di and the thermal conductivity Ay of the ceiling. If resultis are avai-
iable for a type of a suspended ceiling from a standard fire resistance
test, these results can be used for deriving an effective value of the

insulation parameter di/Ri - (di/ké)eff - which describes the real fi-
re behaviour of the suspended ceiling, including its fastening devices.
From the test results, also a pussible critical failure temperature of

the suspended ceiling can be estimated. Cf., further [4].

After the determination of (difxi) and the critical temperature

of a2 type of a suspended ceiling, %ZZ analytical differentiated fire
design can be carried out by a direct application of Table A9. Parallelly,
then the maximum temperature at the centre level of the ceiling accor-
ding to the table must be controlled against the critical temperature

of the ceiling.

Effective di/A1 values and critical temperatures have been determined
for a number of types of suspended ceilings in a series of standard fire
resistance tests performed at the National Swedish Institute for Testing
and Metrology in Stockholm [23]. The compositions of these suspended cei-
Tings, the results obtained and the characteristics derived are set out
in Teble A0 in the appendix [4].
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Figure 21. Calculated temperature distribution along 1ine of symmetry
0t & steel beam, insulated by a Y6 mm gypsum board {density 770 kg-m"3)
and carrying a 150 mm concrete siab on top flange, at selected times
of a thermal exposure according to IS0 834 [24]
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The design basis, reproduced in Tables A3, A5, A7 and A9, generally assumes
the steel temperature to be uniformly distributed over the cross section

of the beam or column at any time t. A more accurate theory, which enables
a determination of the temperature variation over the cross section of the

steel structure, is presented in [24], together with computer routines. The
algorithm described can easily be coupled to most finite element programs.
An illustration of the capability of the theory is given in Fig. 21, which
shows calculated temperature distribution along the line of symme:iry of a
gypsum insulated steel beam with a concrete siab at the top flange at se-
lected times of & standard fire resistance test according to IS0 834.

As a complement to the design temperature state of fire exposed load-
bearing steel structures, dealt with above, also some remarks will be
given on the fire engineering design of partitions. The performance
requirements for partitions imply that these must prevent a penetration
of flames and hot gases and 1imit the rise in temperature on the unex-
posed side of the construction during a complete compariment fire.

An analytical method for a determination of the temperature-time field
in @ multi-layer partition is presented in [25); cf. also [4]. The
method considers the temperature dependence of the thermal material
properties, an initial moisture content, and a possibie material disin-
tegration at specified temperature criteria. An illustrating application
cf the method is shown in Fig, 22 [25], which gives a summary conception
of the fire behaviour of a steel stud wall, insulated on each side

with two 13 mm gypsum plaster sheets, type Gyproc, of density 790 kg'm“3,
fire exposed on one side and acting as a partition. The behavicur has
been determined on the basis of temperature dependent thermal properties
of gypsum plaster material according to Fig. 23 and a critical failure
temperature for a gypsum plaster sheet of 550°C on that side of the sheet
facing away from the fire. The results of full scale fire tests confirm
this failure criterion.

Fig. 22a describes the fire behaviour of the wall, when it is fire ex-
posed on one side by & compartment fire with gas femperature-time
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Figure 22. Calculated temperature-time fields for a steel stud wall,
insulated on each side with ch 13 mm gypsum plaster sheets, type
Gyproc, of density 790 kg'm™~. The wall is fire exposed on one side
with compartment fire %haracgerist%cs according to Fig.1l: &) q =

50 Mcal-m™% (210 MJ-m~<), A/h{AE = 0.02m/2; b) q = 50 Mcal-n-2
(210 MJ~m’2), A/h/At = 0.04 ml/2, TO = temperature at time t = 0 [25]

characteristics according to Fig.11 - fire load density q = 50 Mca'l-m'2
{210 MJ‘m—Z), opening factor Afﬁ/At=:0.02 m /2 The figure gives a calcu-
Tated failure of the directly fire exposed gypsum plaster sheet after
about 70 min and of the next gypsum plaster sheet after about 85 min.
The maximum temperature rise on the unexposed side of the wall amounts
to 180°C during the complete fire procass, i.e. precisely the maximum
permissiblie value according to [2]. Fig. 22b analogously describes the
fire behaviour of the wall, when it is exposed to a more rapid compart-
ment fire - opening factor Aﬁﬂ/At = 0.04 mT/Z - at the same fire load
density g. The increase of the opening factor results in a considerably
decreased value of the maximum tfemperature rise on the unexposed side of
the wall, which amounts to only about 55%¢ in this case.
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density 790 kg-m=3, For enthalpy I, full line refers to a rapid heating
and dashed 1ine to a slow heating [25]1, [26]

Systematic calculations of the type, illustrated by Fig. 22, lead to
design diagrams as shown in Fig. 24 [4}, (6], giving the maximum tempe-
rature Tv,max during a complete fire process on the unexposed side of

a steel stud-gypsum plaster sheeting wail as a function of the effective
fire Toad density Qe and the effective opening factor of the fire compart-
ment (A/H/At)f. The two diagrams apply to an insulation on each side of
the wall with one and two 13 mm gypsum plaster sheets, typs Gyproc, of
density 790 kg°m'3, respectively. The caiculated Tv,max values are to

be compared with the corresponding maximum temperature, permitted in the
Swedish Building Code, which implies 200°C as an average temperature and
240°C as a temperature over Timited areas of the unexposed side of the

partition [2].
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Figure 24 . Maximum temperature 7, max Guring a complete fire process
according to Fig. 6 on the unexpoled side of a stesl-gypsum plaster
sheeting wall as a function of the effective fire load density qe

and the effective opening factor {A/h/A ); of the fire compartment

The wall is insulated on each side with dne (fig a) or two (fig b)

13 mm gypsum plaster sheets, type Gyproc, of density 790 kg-m™° {471, [6]

in the design, it is to be proved that the design load-bearing capacity

of the fire exposed structure does not decrease below the design load
effect during the complete process of fire development. The design Toad
effect then is to be chosen on the basis of the most unfavourable combina-

tion of dead load, Tive load, snow load and wind toad.

Table A1l in the appendix refers the load values, specified in the
Swedish Building Code for a differentiated, analytical, structural fire
engineering design [2), 141, [6]. The specified load values are differen-
tiated with respect to whether a complete evacuation of people can be
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assumed or not in the event of fire. The values incltude a safety factor
which roughly considers the probability of a fully developed fire and
the probability of the presence of the maximum ioad at the fire occcasion.

By applying the design tables A3 to A10, the maximum steel temperature
Ts,max can be determined comparatively quickly for an uninsuiated or in-
sulated steel structure, exposed to a complete compariment fire wit

gas temperature-time characteristics according te Fig.11. The correspon-
ding design load-bearing capacity of the structure then is cbtained by

desiagn diagrams of the type exemplified in Fig. 25, 26 and 27.

Fig. 25 and 26 [4], [6] give the design lcad-bearing capacity (Mcr’ Pcr’

qcr) of fire exposed beams of constant I cross section at different types
of loading and support conditions, as a function of the steel beam tempe-
rature Ts' The design curves in Fig. 25 apply to a slow rate of heating

- assumed to be 4 {J€:°m1‘n'-l

, foliowed by & coeling with a rate of 1.33
OC-min“] - and Fig. 26 gives the correction 438 of the load-bearing ca-
pacity coefficient g due to a more rapid rate of heating. In the for-

mulas for the load-bearing capacity

yield stress of steel material at room temperature (MPa),
span of beam (m),
elastic modulus of beam cross section (m3).

x
L1

The design curves in Fig. 25 and 26 have been determined on the basis
of the deformation curve of the fire exposed beams calculated by an
anaitytical model, presented in [27}, which fakes into account the soft-
1y rounded shape of the stress-strain curve of steel at elevated tempe-
ratures as well as the influence of creep strain. As can be seen from
Fig. 26, this influence of cresp begins to be noticeable for ordinary
structural steels at temperatures in excess of about 450°%¢. The ioad-
bearing capacity of the beams is defined by the limit deflection cri-
terion according to ROBERTSON and RYAN [28].

The diagrams in Fig. 27 [4] determine the variation with the steel tem-
perature TS of the relationship between the buckling stress ep and the
sienderness ratio A for fire exposed columns, axially loaded in compres-
sion. The diagrams apply to steel having & yield stress at rcom tempe-

rature o = 220, 260 and 320 MPa, respectively, and are valid under the
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Fiqure?26 . Increase ag of coefficient 3, deg?rmﬁned accordirg to
Fig. 29, for a rate of heating a » 4 "C.min™ ', as a function of
the steel beam temperature TS (41, [6&]

presumption that the column is unrestrained with respect to longitucinal
expansion during the fire exposure. The ccr—k curves have been computed
for an initially deflecied and excentrically loaded column on the basis

of data on the change of the 0.5 % proof stress 9 5 and the secdnt mo-
dulus with the temperature, cbtained in tension tests at a very slow rate
of loading. This implies that a considerable {nfiuence of short-time creep
at elevated temperafures is included.

For a fire engineering design of columns, partly restrained te a longi-
tudinal expansion, reference is made to [4].

The design curves, reproduced in Fig. 25, 26 and 27, are generally based

on the assumption of & uniformiy distributed temperature over the cross
section of the steel structure at any time t during the fire exposure.

By this assumption, the design curves are directly connected to Tables A3,
A5, A7 and A9, determining the desiagn temperature state of the steel structure.

If the analytical, differentiated desion of fire exposed steel siructures
will be further developed in future towards a more accurate determination
of the design temperature state, with regard taken to the temperature
variation over the cross section of the stesl structure, this will also
require a more refined basis of design for the transfer of the design
temperature state to the design lcad-bearing capacity of the fire expo-

sed structure. The first attempts of developing such & more refined design
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Figure 27. Variation with steel temperzture T_ of the relationship bet-
ween buckling siress o.,. and sienderness ratid x for fire exposed steel
columns, axially loadeé in compression, free to expand longitucinally
and made of steel having a yieid stress at room temperature o_ = 220,
260 and 320 MPa, respectively [4], [6] N

basis now can be noticed in the literature. As a frégmentary example of
this development, Fig. 28 [29] shows the calculated variation of the plas-
tic bending moment of & {ire exposed steel I cross section as a function
of the maximum temperature for varicus iinear temperature distributions

over the cross section.
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Figure 28. Calculated variation of plastic bending moment M _{T) in terms

oT various linear temperature distribution over height of aPsteel I cross
section [29]

4, Concluding Remarks

A differentiated procedure is presented for an analytical fire engineering
design of load-bearing steel structures and partitions. The procedure is

a direct design method based on gas temperature-time characteristics of a
complete compartment fire, which depends on the fire load density, the ven-
tilation of the fire compartment and the thermal properties of the struc-
tures enclosing the fire compartment. The practical use for the design pro-
cedure has been approved by the National Swedish Board of Physical Plan-
ning and Building..

For the practical application of the design procedure, a comprehensive
design basis in the form of diagrams and tables has been worked out for

a direct determination of the maximum steel temperature during a complete
compartment fire and the corresponding design load-bearing capacity of
the fire exposed structure. Included in this paper is also a worked out
example, providing a rough impression of the more important features of
the methodology.

Compared with the conventional fire engineering design, based on classi-
fication and results of standard fire resistance tests, the presented
analytical design procedure has a more logical structure, based on well-
defined functional reguirements and performance criteria. 0f the ensuing
advantages, the following are seen to be the main ones:
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1. More consistent safety levels. This point has been elaborated in
chapter 2.

2. Better economy. The cost of structural fire protection is, as a
rule, hard to itemize and the cost - saving consequences have been
gquantified enly in a few cases. Rough estimates indicate that while
the cost for conventional structural fire protection may exceed 30
per cent of the cost for the steel frame material, the corresponding
percentage may be as low as 10 with the design procedure based on
analytical modelling, see Fig. 29. The latter figure is based on the
assuription that the advantages are fully exploited of integrating the
design of the structural steel fire protection into the overall design
process {inner and outer walls are used as fire protection whenever
possibie, concrete floor slabs are pliaced on the lTower flange of the
girders, inherently providing a smallerarea tc insulate, etc.).

Finally, it is recognized that the design system presented is not homo-
geneous with respect to the present basis of knowledge for the different
design steps. Naturally, this can be put forward as a criticism of the
system. However, such a remark is not essential. Instead, this fact ought
to be used as an important guide on how to systematize a future research
work for making possible a successive improvement of the system.

COSTS FOR FIRE PROTECTION

_

Fire protection

Steel frame

Steel frame

Firepretection acccording fo Fire protection according to
conventional standard design integrated, rationat design
method method

Figure 29.
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Example

Introduction_

The following example is solved in order to illustrate the practical
application of the design procedure and to outline the computational
scheme. The calculations may, for two reasons, seem somewhat lengthy

and elaborate. Firstly, the problem to be solved has been chosen in

order to include and emphasize several of the more important aspects

of the design methodology. Secondly, for pedagogic reasons the calculations
have been presented in a rather detailed manner. Several more worked out
examples, giving a more balanced view of the practicality of the approach,
may be found in Ref. 4.

Background Data

A two-storey high school buiiding is designed with & Toad-carrying steel
frame of columns and simpily supported girders according to Fig. 30. The
material in columns and girders is steel quatity 1412 with a nominal
yield strength at room temperature o = 260 MPa.

The dimension of the center columns is HE 200 A and the girders in the floor-
slab system are of size HE 280 B. Relevant data are given i Fig. 30. The
center distance for girders and columns in the Tongitudinal direction of

the building is 4 m.

The concrete floor assembly system is designed according to the figure. The
dead weight of the system is 7.0 kN m"z. The dead weight of the upper floor
assembly system, including the weight of the roof, is 7.0 kN m_z. The attic
cannot be used for storage.

The fire compartment is defined by the materials in walls, floor and ceiling,
by its geometric dimensions and the ventilation characteristics of door and
windows. The horizontally bounding structures are the concrete sltabs, inner
walls are light-weight concrete with a density = 500 kg m_3. For the outer
walls, two alternatives are to be studied
alternative (a) sheet steel - mineral wool with density 50 kg m-3 -

sheet steel

(b} from inside 13 mm aypsum plaster board with density 790 kg
m> - 100 mm mineral wool with density 50 kg m> - brick
with density 1800 kg m™>



The task is to investigate if center columns and floor girders must be
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fire insulated. If so, determine the required insulation when using

Unitherm fire retardant paint.

A design condition is that complete evacuation of the building in case

of fire cannot be guaranteed.

(a)

Floor assembly girders

Dead weight of floor assembly system 7.0 kN
Live load according to Table All 0.5+1.5 = 2.0
Total, excluding dead weight of girders 9.0 kN
Load per unit girder length, including

estimated dead weight for girders 4-9.0+1.0 = 37 kN
Upper central column

Dead'weight of upperceiling assembly system,

including roof 7.0 kN
Snow load = normal design snow load 1 kN m‘z _1.0
Total, 8.0 kN
Load per column = 7:4:8.0 224 kN
(Dead load of column neglected)’

Lower central column

Dead weight of upper fiocor assembly system,

including roof 7.0 kN
Snow load as (b} 1.0
Dead weight of ceiling assembly system,

including girders 7.3
Live load according to (a) 2.0
Total 17.3 kN
Load per column (dead toad of column neglected)

7-4-17.3 484 kN

The total bounding area of the fire compartment, including door and
windows, 1s

m

m—2
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At = 2L1L2+2L?L3+2L2L3 =2.2.5-7.0+2 22.5-16.0 +

+2-7.0°16.0 = 35.0+80.0+224.0 =339 m (a)

Design fire load density for movable furnishings is given by Table Al,

4y = 117 MJ mﬁg. To this must be added the fire joad from the combustible

flooring. The weight of the flooring is 1.5 kg m_z with an effective ca-

Torific value = 21 MJ kg_]. This gives a contribution to the fire density =
1.5 -21 -7 - 16

Wloor = 7 gic =10

2

Wall and ceiling Tining materials are assumed incombustible. The total
fire Joad density will be

i i ) -2
Q= Ay + Qeppop = 117470 =127 W m (b)

When determining the opening factor of the fire compartment, all window
panes are assumed to be broken as a consequence of the fuily developed

fire., If the door is assumed closed and intact during the complete fire
process, the opening factor will be

A= A] + A2 + ... = 1.5(5-1.5+3.0) = 15.75 m2

h=1.5m

AR 15,75 VT.H _ 1/2

At = 37 - 0.0569 m (c)

If the door is assumed open from outbreak of the fire, the opening factor

eguals

A=15.75+0.9-2.1 = 15.75+ 1.89 = 17.64 n°

. Zixiv (15751154189 21 g g

ﬁzﬁ - 17.88 7158 . 0.0650 n'/? (d)

The Tables A3 and A5, which give the relation between maximal steet

temperature TS and the combination of fire load density and opening
L

max
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factor, indicate that the alternative with the lower opening factor
value will give the higher steel temperature. Accordingly, the value
of 0.0569 m'/?
further calculations.

for the opening factor will be chosen as basis for

The concept of effective fire load density Gr and effective opening

factor (AJE/At)f transiates the values of fire load density and opening
factor for the existing fire compartment to those of fire compartment

type A, see Table A2. The purpose is to get an equivalent gastemperature-
time curve from the number of curves computed for fire compartment type

A and keep the volume of the design data base within reasonable limits.

Bounding structures of the fire compartment comprise the following ma-
terial types and areas:
concrete floor assembly, area 2:7-16.0 = 224 m2

inner walls of lightweight concrete, area ~ 2.5-7.0+42.5°16.0 = 57.5 m2

(door closed)

outer wall sheet steel - 100 mm mineral wool - sheet steel, area
2.5-7.042.5-16.0-1.5-(5-1.5+3.0) = 41.8 m°

The relative proportions are 69, 18 and 13 percent respectively. The

existing fire compartment can, with regard to thermal characteristics,
be described as a combination of fire compartment type B (100 percent
concrete), type C (100 percent 1ight weight concrete} and type H (100
percent sheet steel with mineral wool insulation). The vaiue of Kf s

given by
K = 22 (Ke)g l§~{K Yo 13 (¥.), = 0.69-0.85+0.,18-3.0+0.13°3.0 = 1,52
£ 7 T00CF/B ~ T0O0' f/c ~ TOO: f’H ' : ‘ e . y

L3

The fire compartment can also be seen as a combination of fire compart-

ments B, D and H. In this case X, will be given by

f
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_ 13 18 69-18

Ke = Ta(Ke) g 5a(Ke)p * rgg-(Ke )y = 0.13°3.040.36°1.35 +

+ 0.51-0.85 = 1.31 (e}

These are the two possible alternatives to derive a Kf—va]ue. According
to the comments in Table AZ the Towest of the derived Kf~va1ues is to
be used in the further calcuiations. The effective values of fire load
density Qe and opening factor (AJE/At)f are now given by

= 1.31-127 = 166 M) m™°

= K

qf fq

. - £1/2
/ = . - . - ,
(AR/R ) e = KAR/A, = 1.31-0.0560 = 0.0745 m

In this alternative, the bounding structures comprise

concrete floor slab, area 2-7.0-16.0 = 224 m°

inner walls of lightweight concrete, area ~ 2.5°7.0+2.5°16.0 = 57.5 m2

puter wall 13 mm gypsum plaster board with density 790 kg m'3 - 100 mm
mineral wool with density 50 kg w73 - brick with density 1800 kg m_S,

e
area = 41.8 m-.

¥ith regard to its thermal characteristics. the enclosure may be seen

as a combinatijon of fire compartments of type B, D and E. A linear in-
terpolation wili give as a result that fire compartment type D is to be
included as a negative term. This is not permitted according to the

comments in Table AZ. As a consequence, the factor Kf will have to he
derived with the thermal effects of the fire compartment outer wall approxi-
mated.

An assumption that the wall material is Tightweight concrete will give
results on the conservative side. The factor Ke is then derived from the
following expression

. _ 31, 69-31,, v _ o o . N
Ke = 25lkelp + =ygp(Kedg = 0.62°7.35 + 0.38°0.85 = 1.16 (h)

Other combinations are possible, but give higher Kf-va1ues.
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The effective values of the fire lcad density e and opening factor
(AJF}/At)f witl be

2

11

= K 1.16-127 = 147 M m~

ar = Keg

iy

] ; 1 .
(AWR/A s = Ko (AR/AL) = 1.16-0.0569 = 0.066 m'/* (5)

1

Step 3. Maximum Steel Temperature

{(a) Floor assembly girders

As an initial attempt will be calculated the maximum steel temperature
with the girders unprotected.

According to the table in section 3.3 the value of the resultant
emissivity £, May be chosen = 0.5. As only the lower flange of the
girders is exposed to fire, the FS/VS~ratio is expressed by - cf.
Table A4 ~

1

FS/VS = b/bt = 1/t = 1/0.018 = 55.6 m (k)

For a fire compartment with enclosing structures designed according to
alternative (a), Table A3 gives, with e = 166 MJ m’z, (AJE/At)f = 0.0745
m1/2, £ = 0.5 and FS/Vs = 55.6 m ', the following values for the maximum

steel temperature T

S ,max
iy s g
Ay Jf Ve S ,Max
50 785
G.06 55.6 800 e interpolated value
75 855 (1)
50 754
0.08 5.6 765 e interpolated value
75 835
- 7750 s = /2
Ts,max 775¥C for (A;h/.»’-\t)f 0.0745 m

For the girders situated in fire compartment alternative (b) and with
0p = 147 Mm%, (AVR/A) . = 0.0660 /%, ¢ = 0.5 and F/V, = 55.6 m
the corresponding interpolations give

1
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(WRy Ts

K_K;)f V. s ,Mmax
50 730

0.06 55.6 750 — interpoiated value
75 810 (m)
50 700

0.08 55.6 720 < interpolated value
75 795

T = 7400C for (AvFi/A,), = 0.0660 m/°

S,.max tf

Fig. 25, indicating the relation between load carrying capacity and
steel temperature for a firg-exposed steel girder, shows that the

computed values of T are too high to be acceptable. The girders

5,Max
will have to be protected and in a first attempt is chosen a two coat

Unitherm fire retardant paint.

According to Table A6, the effective di/AiwvaTue for this insulation
system is d./a, = 0.065 m” °C u .

The maximum stee? temperature is taken from Table A5 valid for insulated
fire-exposed steel members. For the girders situated in fire compartment
alternative (a) the computational scheme is as follows - Qe = 166 MJ m'2,

1/2
R
{Avh/A )f = 0.0745

RO R NP Table A8 (n)
A B (Table A8)
AL,
it Bh.6 -30,.-1
W:H?’“ T06E © 855 Wm ~C
\Ay Jf Vsai s ,max
600 285
0.06 855 330 o interpolated value
100 375
000 (0)
600 245
0.08 855 290 “«— interpolated value
1000 330
i/2

= 0 /"” -
Ts,max = 300~C for (A‘h/At)f = 0.0745 m
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Corresponding calculations for fire compartment alternative {b) give

- with g = 147 Mm% and (AVR/A.), = 0.060 m'/° -
T L -
\A, /f v d. § ,Max
600 265
0.06 855 310 interpolated value
1000 350
(p)
600 225
0.08 855 265 B interpolated value
1000 305
e 1/2
= 0 'I/ o=
To max = 2950C for (A/R/A(). = 0.0660 m

{b} Columns
The FS/VS—ratée of the center column is given by - cf. Table A4

Fe on + 4p - 2d .38+ 0.80-0.013 ]

V_ ~ cross section area =~ 53.05 - 1074 =217 m

(q)

This FS/VS—va1ue is considerably larger than the FS/VS—ratio for the

floor assembly girders. Other circumstances being equal, the maximum

steel temperature TS will be higher than the corresponding temperature

of the airders. The fact that the resultant emissivity is higher for the
column, fire exposed in all sides, than for the girder - cf. section 3.3 -
also works in the same direction. It follows that the centre columns

must be protected.

As a first attempt, an insulation with two-coat Unitherm fire retardant
paint is chasen. According to Table A6, the di/xi~va?ue is = 0.065 mz ©
The Ai/Vsmvalue is given by

el

Ay 2h 4 ab - 2d 1

V, ~ cross section area =217m {r)
Hence
A vy 3 og-1
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The maximum steel temperature TS nax is calculated on the basis of

L4

Table A5a for the case of columns placed inside fire compartment alter-
native (a) - qp = 166 MJ m™", (AR/A ), = 0.0745 m'/°

(pRY N
\AL /e v.d, s ,max
3000 610
0.06 3340 630 e interpolated value
4000 675
(s)
3000 575
0.08 3340 595  — interpolated value
4000 640
T, nax = 605°C for (A/R/AL) . = 0.0745 m'/?

and for the columns inside fire compartment alternative (b) with

I v 1/2
G = 147 MO m°, (AVR/A.). = 0.0660 m /
{ AVRY ST
e T T
3000 585
G.06 3340 605 R interpolated value
4000 650 (t)
3000 540
0.08 3340 560 G interpolated value
4000 605
1/2
= 5900 / -
Ts,max 590°C for (A h/At)f 0.0660 m

With the center columns insulated with a three coat Unitherm fire re-
tardant paint, the effective dj/xj = 0.085 m2 % H_} (cf. Table A6),
and an analogous calculation gives the maximum steel temperatures

- O ’
To nax = 545°C (u)

for fire compartment alternative {a)

. 0
Ts,max = 5307¢ (v}

for fire compartment aiternative (b).
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(a) Floor assembiy girders

The calculations in the last section demonstrated that the maximum

steel temperature of the floor assembly beams, insulated with a two

coat Unitherm fire retardant paint, was nearly identical for the two

fire compartment alternatives. The maximum value is - c¢f. Eqs. (o) and (p)

The corresponding smallest value of the Joad carrying capacity or the
critical load is obtained from Fig. 25. As the maximum temperature does
not exceed 4500C, the influence of creep deformation and variation in
heating up rate can be neglected, implying that Fig. 26 lacks relevance
in this instance.

For existing loading and supporting conditions, curve No. 2 in Fig. 25
is applicable, and the value of the critical joad Qep is given by

B =0.95
8o W caEn.103. L1073 .
9, = 8 ———3— _ 0.gs 87260710 21.38 1077 e 7 ! (x)
L 7

[ see step 1. The conclusion

which exceeds the design load = 37 kN m
is, that with the chosen fire protection, the floor assembly girders
will be able to fulfil their load carrying functiorn throughout the complete

fire exposure.
(b} Columns

The columns are assumed to be unbraced between the floor assembly levels.
Buckling in the weak axis direction will be decisive. It is further assu-
med that the support condition of the columns are such that the effective
buckling Tength L is equal to the centrum distance between the floor
assemblies, 2.8 m.

The slenderness ratio A of the center columns will be, with émin devoting
the least radius of gyration of the cross-sectional area
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A=+ = 5gigg = 56 (¥)
min ’
4ith known values for the slenderness ratic a and maximum steel temperature

T the allowable buckling stress o is obtained from Fig. 27.

5, max cr
(The steel quality of the columns corresponds te a nominal yield strength

at room temperature o, = 260 MPaj.

For the center columns inside fire compartment aiternative (a) and in-
sulated with a two coat Unitherm fire retardant paint, the following
values are obtained

_ Q
o max = 605°C, Eq. (s)
Oop = 62lMPa
Mo, = oA = 62:53.8-1077 = 0.335 MN = 335 kN (2)

The minimum value of the buckling load Ncr in this case falls below the
calculated design load N = 484 kN. The insulation with a two-coat Unitherm
fire retardant paint is insufficient for fire compartment alternative (a).
An increase in the Unitherm-insulation to a three-coat painting gives

_ 0
Ts,max = 5457C, Eg. {u}
Oy = 87 MPa
N, = 87-53.8:107" = 0.470 MK = 470 kN (aa)

and the fire protection is still insufficient. The difference from the
required capacity of 484 kN is quite small however. It is surmised that

an increase in the insulating capacity, i.e. the di/xi-va1ue, from G.085
20 2 Oc W~

m C w_], valid for the three coat Unitherm treatment, to 0.0%9 m 1
should give adeguate protection. With sprayed mineral wool as fire insu-
lation materiatl, this insulating capacity is obtained with a layer thick-
ness di of 10 mm, see Table A6, which gives the variation of thermal
conductivity Ai with temperature for a number of insulating materials.
Assuming that the average insulation temperature approximately is equal to

maximum steel temperature TS ~ 525°C, Table A6 gives

s Max
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s = 0.10 W m ! O¢

d

i 0,01 2 0. -]
A= 200-0.1w® % u

Consequently, adequate fire protection for the columns fis offered by
the application of 10 mm sprayed mineral wool.

For the centre columns inside fire compartment alternative (b) and
protected with a three-coat Unitherm fire retardant paint the calcula-

tions show
0
Ts,max = 530°C, Eq. (v)
Oop = 93 MPa
Ncr = 93-53.8-10"4 = (0.500 MN = 500 kN (ab)

i.e. a minimum buckling load exceeding the required design load N =
484 kN, A protection with a three coat~Unitherm fire retardant paint
is obviously sufficient under these conditions.

It is assumed, when calculating the buckling loads, that the columns
are free to longitudinally expand during the thermal exposure from the
fire. For design situation where this assumption is not valid, the
calculations must be based on design curves, specifically taking into
account the effect of a partially restrained thermal expansion. Refe-
rence is made to [4].
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APPENDIX

Table Al. Fire load characteristics according to recent Swedish

Al

investigations - fire load density g defined according to E£g (3)

with u,=1

Aversge Standard Design
Type of fire -0 -5 deviaticon - | value | _
compariment Meal-m = {MJ.m °}| Meal-n @ {Ml-m “}| Meal-m = {MJ-m °}
. 1)

1 Dwellings
e Two rooms and

e kitchen 35.8 {150} 5.9 . {24, 73 40.0 {168}
1o Three rooms and

& kitchen 33.1 {139} L.8 {20.1} 35.5 {149}
2 Office52
2a Technical offi-

ces 25,7 {124} 7.5 {31.4} 3h.5 {1451}
2b Administrative

offices 24.3 {102} T.7 {22.2} 31.5 {132}
2e All offices, .

investigated 27.3 {114} 1 9.4 {35.41} 33.0 {138}
3 Schoolsa)
3a Schools - junior

level 20.1 i8h.2} 3.4 {1L.2} 23.5 {98.4}
3b Schools ~ middle

level 23.1 {96.71 L.g {20.5} 28.0 {117}
3¢ Schools - senior

level 1k, 6 {61.1} Loh {18.4} 17.0 {71.2}
3@ A1l schools,

investigated 19.2 {80.4} 5.6 {23.4) 23.0 {96.3}
4 Hospitals 27.6 {116} 8.6 {36.0} 35.0 {147}
5 Hotelsgj 16.0 {67.0} Lh.6 ©{19.3} 19.5 {81.6}

1} Floor covering excluded

2) Only moveable fire load components included
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Table A2.Coefficient K, for transforming a real fire load density q
and a real opening fac%or of a fire compartment Avh/Ay toan effective
fire load density g. and an effective opening factor ?AJh/At)f corres-
ponding to a fire compartment, type A

9 = Kz g (Awﬁ/At)f = K¢ A/H/At
. | . e 1/2

Type af fire Opening factor th/At m

compartment 0.02 0.04 0.06 0.08 0.10 0.12

Type A 1 1 1 1 1 1

Type B 0.85 0.85 (.85 0.85 0.85 0.85

Type C 3,00 3.00 3.00 3.00 3.00 2.50

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 F1) 1.00-  1.00-  0.80-  0.70-  0.70-  0.70-
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 |

Type H 3.00 3.00 3.00 3.00 3.00 2.50

V) 2

The Towest value of K. applies to a fire ioad density g > 500 MJ-'m °,
the highest value to a Fire load density q s 60 MI*m™¢, For intermediate
fire load densities, linear interpolation gives sufficient accuracy.

The different types of fire compartment are defined as follows

50% lightweight concrete (density p = 500 kg.m'3

33% concrete,
17% of from the interior to the exterior: plasterboard panel {density -3
p = 790 kg~m“3), 13 mm in thickness - diabase wool (density o = 50 kg-'m

10 cm in thickness - brickwork (density p = 1800 kg‘m'3), 20 em in thick-
ness,

)s
bs

Fire compartment, type F: 80% of the bounding structures of sheet steel,

and 20% of concrete. The compartment corresponds to a storage space with
a sheet steel roof, sheet steel walls, and a concrete floor.
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20% concrete,

80% of from the intericr to the exterior: double plasterboard pqnei
(density p=790 kg'm"3),2x13 mm in thickness -~ air space, 10 ¢m in
thickness - double plasterboard panel (density p = 790 kg-m=3), 2x13 mm
in thickness.

Bounding structures of sheet steel on both

Fire_compartment, type H:
7 Tdensity p = 50 kg-m-3), 10 cm in thickness.

sides of diabase woo

For fire compartments, not directly represented in the table, the
coefficient Ks can either be determined by a Tinear interpolation
between applicable types of fire compartment in the table or be cho-
sen in such a way as to give resuits on the safe side. For fire com-
partments with surrounding structures of both concrete and lightweight
concrete, then different values can be obtained of the coefficient Kf,
depending on the choice between the fire compartment types B, C, and
D at the interpolation. This is due toc the fact that the relationships,
determining K¢, are non-linear. However, the Ke-values of the table are
such that a linear interpolation aiways gives results on the safe side,
irrespective of the alternative of interpolation chosen. In order fo
avoid an unnecessarily large overestimation of Ke, that alternative of
interpolation is recommended which gives the lowest value of K. At
the determination of Kf, it is not allowed to combine types of fire
compartments in such a way, that any of them gives a negative contribution
to K. '

f



Ad

Table A3. Maximum steel temperature Tg may (°c) for unisolated steel
structure as a function of effective fire load density q (Mcal-m-2)
{MJ-m-2}, effective opening factor Avh/A_ (m m/2y, F_/V_ ratic (m-1),
and resultant emissivity €, [4] > 08

7 )
“ AVl F _ S.maxn . AV Fs Ts.max . A | Fs Te. max AVBLF Ts.max
A V%lss os 4 Ay e T TE P T T B I I
3 05 07 03 05 07 03 05 07 * [83 05 07
BO 820 345 50 {400 428 440 445 25 MA5  que A0
75 j65 385 75 [ 435 443 460 5480 490 50 [510 525 53D
100 1805 410 100 [ 450 460 470 500 05 j525  B3G 33
0,01[125 rd10 423 6,01 (125 | 460 470 475 505 530 b33 53D
150 1425 435 150 | 470 475 507 B o 535 540
200 1435 445 200 | 475 450 510 Gln 5 5i0 B0
400 1458 430 400 | 480 485 483 310 BLF 3 a40 34D
507355 380 B[ 425 450 a1 I 540 B840
75 (AL 45 - 75 | 500 540 56 EQ [
100 (443 ane 100 | 540 375 895 75 840 G20 Gt
0,021 125 | 480 520 02 §125 [ G5 GO 610 100 [ o650 E
150 1500 G40 150 | 585 605 615 0,07 1125 Gav G40 | BB £33 G60
200 1540 Soe 200 | 605 G20 625 | 150 630 615 | [ om 848760
400 1875 585 400 | 625 630 = 200 645 630 i Y2670
5o f26a sz 54 | 400 440 {541 100 G50 550 420 510
75 1350 400 75 | 400 550 50 365 625 GO0 70D
100 {405 450 ©,04 {100 | 850 610 godl T8 630 OO 680 T80
0,04| 128 518 15 125 | 606 633 6 100 700 T4e B0 653
156 55 160 | 635 680 710 75 R o6 770
0 200 U3 fesl A I T 50 505 GO0 s -
{4z} aoe Beo 75| 425 480 573 u, 061 98 610 706 360 985
34 273 o o |100 | 300 530 436 i 875 ELIOE Y
75 are ! 125 | 550 600 ose S0 1396 480 DO0 S50 70U
o, 0G| 100 416 150 | 590 630 Tiv 75 550 GTU §35 00
128 45E 200 | 630 T0¢_ 75 670 745 TR -
160 455 5 715 T 555 a0
200 550 FIE TGS 560
300 375 500 560
s0 480 GL0 560
7a 360 790 545
106 G20 75 565
{123 GG - 574
R P T 57
200 303 515 | 40 i3y
304 520 trzel [ik4]
B0 320
78 325 ki
411300 azs ) e B
i %11 200§ 330 h3e 8530 25 EE
150 aopo | 5a¢ 530 330 0,06} 50 60
200 §oU | 330 5Ta G669 3 -
30p L 75|80 6o 635 o8| oF (FH
50 8% g0 | 815 635 650 ' 75 -
5 125 635 050 5] = 3
100 150 656 653 .| 50} 460 540 650
RO 200 a0 BG5S O anl seo Goe 770
156 B0 G060 690 100 663 Ti0 -
=u0 0,04 73 Gec 785 | . 75| 25 580 640
400 100 e 0] 10 Gl gae wes -
50 LS 530 4cu| oo 35| 210 @76 428
5 ab 530 645 0] 360 410 520
2] 100 U, o5 T oot 74N 0,30 75| 450 B35 040
' es 100 715 TED 100 635 630 T30
156 50 EEU il 125) 505 733 790
200 B 7n ) se0 GRD 725 | oo EL T 75
100 100 | Blo T30 T 6,30} S0 G50 TOG  EOD
50 wR T Eis REE RS (884 73 700 -~ -
5 500 350 415 540
100 75| 465 540 G5O
0, 040125 0,13 100 | B40  GI3  TE
T ae 17,5 123} 633 678 800
200 [630 665 T00 | 150} 650 140 -
{52,5) B 200 333 400 {73.5 o
75 {36% 425 495
1100 [425 480 566
00 s s s mae
150|520 566 GSD
z00 [550 625 705
306 |8Y0 746770
501250 4l 360
75 823 460 455
b, 05100 135 473 535
105 1435 530 600 200| 800 73 -
130 [455 858 650
200 (350 660 TG
06 {655 70 -
BG (200 250 490
%5 1240 320 410
0,13 100 (280 400 510
*has [3an 40 Geo
150 {830 510 Obo
200 (300 GOG 760
300 {600 720 -




Table Ad. F_/V
stee] structures

AS

< for different types of fire exposed, uninsulated

Colwin within s 3 -
o . . s _ 2h+ Up - 24
fire compartment = <
V_ Crosg sectlon aresa
s _a2h + 2b
. cross section area
(=]
Column, immediately ' 1 7
olume, immediately ¢ : s 2n+ b
outsade z window # Pl o
o : \ cross sectlon area
opening 4 e
PEEEEI A,
Floor structure,com- T~ — gt oo
posed of steel beems | zmoomm | | prmmemmm F
. B N | = A I i =4 Las S b 1
with & concrete siab, |7 i@ A I L i 3050 TS w1t
. - N - H ¢ L i i [T C
supporied on the lower| [® 8% . | |+ |4 éﬁ | s
Tlerge of the beanms i E A mm::?w
Beams with a floor
ab, supporied oOF F ) . .
?lc:‘.[‘, 1‘3\;1 G "1n - oh 4+ W - 24
the uprer Ilange of T ;
. v creoss secticn ares
the beams s
F F -
7 s _2n+ b
% v ¢ross section area
4 s
s
i 1
ol B . ¢ i
Floocr slgn Teams of L S 7 ob. + 2n.
R N o ke - - ] 53 ‘1 |
truss type (F_/V_ is J»h”i — [lower flange) = -
. PR . 2 Y eruss section area
determined for sach ' b—‘l‘ 5
I ‘ : ey . of lower flange
pErT i Theée Trass), ad
F_ b2 + 2h2
EE 1 T (upper flange) = -
o b v cross section area
1 i)
I g, of upper flange
F
S .. . Ly
v L L o =
v {diagonal} = 3



Table A5. Maximum steel temperature Tg max (DC)
structures as a function of effective Tire load density qf

effective opening_factor (Avn/
A/ (v ds) (W m3 =l oc-Ty |

(A/A)e = 0.01 m

1/2

Ab

for insulated steel

(MJ m=2),

At} s (m1/2) and the design parameter
6]

A; NV, dy)

50

100

200

400

600

1000 1500 2000 3000 400¢ 6000 8000 10000

13
19
25
50
75
100
i2b

30
35
40
60
80
100
115

40
45
35
90
125
1565
185

50
65
80
135
180
226
270

70

95
115
190
250
310
370

90
115
145
225
295
36b
425

115
150
180
280
355
430
4856

140
180
220
325
400
470
520

160
205
245
350
430
480
635

190
245
285
290
455
510
550

210
265
309
410
470
520
558

235
295
335
430
480
5830
560

260
320
360
440
490
530
560

280
340
3876
450
490
535
565

P -
(AB/A ) = 0.02 m

1/2

Ai ?\i'r{vs di)

50

100

200

400

600

1000 1500 2000 3000 4000 6000 8000 10000

13
25
38
50
100
150
2060
260

25
35
40
45
75
100
125
145

30
45
5B
70
115
155
195
235

40
65
85
145
175
235
200
3565

60

90
125
1686
260
330
415
490

70
120
160
195
3085
405
49b
570

a0
155
206
250
3856
490
585
655

110
180
2590
305
450
bba
645
706

130
229
-290
345
490
595
680
730

165
270
346
400
550
640
710
755

185
300
380
4356
580
660
725
765

215
335
420
480
610
680
735
715

245
375
460
515
630
690
740
780

270
4086
485
535
635
695
745
780

(Al/?]/ﬁ\t)f =

.04 m

1/2

Qg

Ai hlj{vs dl}

50

100

200

400

600

1000 1500 2000 3000 4000 6000 8000 10000

25
50
75
100
200
300
400
500

25
38
45
50
85
1156
i40
170

35
50
G5
80
135
180
226
270

50

75
100
125
210
276
345
416

70
115
155
190
310
410
505
585

85
150
200
24b
3856
500
606
685

115
200
260
320
490
615
720
790

140
245
325
395
75
700
800
860

170
290
380
450
6356
765
845
895

210
350
450
525
710
815
890

245
3956
- 500
575
755
845

280
450
566
640
800
8756

330
505
615
6856
825
890

365
540
650
715
835
8956




(A/R/A)s = 0.06 m'/2

AN
50 100 200 400 600 1000 1500 2000 3000 4000 6000 8000 10000
38 80 3% 50 75 956 125 160 190 240 280 330 380 420
756 35 B0 80 128 166 220 275 325 3856 450 515 580 625
113 456 70 1i¢ 170 220 290 365 426 510 B70 645 TOb 740
150 56 B85 135 210 270 3556 440 500 590 655 730 780 BlO
300 90 140 225 335 420 b40 635 7085 780 B840 BSO
450 120 190 295 440 540 670 765 825 895
60¢ 150 240 370 545 650 YBC 865
760 176 2856 445 625 730 850

- 1/2
/ =
{Av h/;ﬂ.t)f 0.08 m

A ANV, )
BO 100 200 400 600 1000 1500 2000 3000 4000 6000 8000 10000

50 30 35 BH BO 100 135 170 205 260 300 355 410 455
100 35 55 B85 130 170 235 295 350 425 485 560 625 675
150 45 70 115 180 230 310 390 4Bb b4b 610 695 755 800
200 5B 85 140 220 280 3B0 470 535 635 700 780 835 870
400 90 145 230 350 440 B85 670 745 835 890
600 120 1956 305 460 b65 705 805 865
800 160 245 380 565 675 810

1000 180 285 455 6560 760

£

_ 1/2
(AWR/AL) e = 0.12 1

qf Ay NIV, dy)
50 160 200 400 600 1000 1500 2000 3000 4000 6000 8000 10000

75 30 40 55 85 106 140 180 220 280 330 390 450 4905
150 40 556 850 140 185 250 320 375 465 525 615 685 740
225 45 75 120 190 245 330 420 490 590 660 765 820 870
300 55 90 145 230 300 4056 500 575 680 7h5 B840
600 95 150 240 365 465 600 710 790 890
200 125 200 - 315 480 595 735 845

1200 155 250 395 585 705 845
1500 185 3056 470 BY0 Y785

- . 1/2
(AR/A,) e = 0.30 m

@, ANV d)

80 100 200 400 600 1000 1500 2000 3000 4000 6000 8000 10060

188 30 40 60 90 115 155 205 245 320 375 445 515 570
375 40 60 95 150 200 275 355 420 515 590 695 770 835
663 B0 75 1256 200 265 365 460 540 655 735 845
750 60 95 155 250 320 440 B50 630 750 830

1500 9b 155 250 390 495 640 765 850

2250 130 216 330 510 630 785 900

3000 160 260 415 615 740 890

3750 190 315 490 700 B20




Table A6. Thermal conductivity Aj; (kca1-m_] 0¢- h—]) {Wm

A8

~] OC—]}

of some insulation materials as a function of the insulation tempe-

ture [4]

Sprayed mineral wool Calco
filaze-Shield Tvoe DC/F

Spraved mineral wool
Tvpe Pyroguard 101

Fire retardant piaster
Type Jimoterm

TFire retardant plaster
Tyne Pyrodur

Slabs of vermiculite based
material Type Vermit
fire insulation siab

Mineral woaol slabs with

a density of ¢ = 150 kg/m”
Type Minwoo! slab 3060
or Rockwool slab 837
Gypsum plaster slabs
Type Gyproc

Prelabrleated gypsum
plaster secuons Type GPG
Prelabricaled gypsum
plaster sections

Type Perlitpips

Fire reterdant paints

Temperature *C

o 00 200 300 400 500 600 700 800 900 1000
0,045 0047 0050 0,058 D066 0077 009 0,120 0145 0,170 0210
0,053} {0035} {0.038) {0.0s8] (0,077} {0080} {0,110} {0,140} {0.I70} {0,198} {B,245)
o047 0055 6059 0066 0071 007 0089 0,103 0123 0150 0190
{0,055} {0,064) {0,069} {0,077} {0,083} {0,092} {GI04) {0,120} 0,034} {0175) {0.220)
0203 0145 0444 043 0141 0138 0,138 Q156 0182 0186
{0,236) 10,369) 10168} {0367} {0365} {0061} {G61} {0,182} {0,212} {0217}

0085 0090 0095 03060 005 0136 0115 0115 0120 0125 0130
{0,099} {0,105} {0,110} {B116) {0122} {0128} {0,134)  {0.134) {0,140} : {0,146} {0,182)
0077 0EES 0092 0100 G2 G117 0125 G133 Q45 G157 GITI
0090 {0099} {0108} 0,116} {0130) {0,137} {048} {0155} {0169} {G.183) {0.199)
0030 0,044 0058 0081 0109 049 G187 0,235 0,280 G365 G470
(0,035) {0,051) {0,068} {0,094} {027} {0473} {0,218}  {0,275) {0325} {0425} {0550
G180 0,80 G0 0,135 0155 517C 0196 0205 0225 0,250 0,275
0210} 0,210 (01403 01577 {01817 {0,395} {0220) {0,240} 10,260} {0,290) {0,320}
0,250 03 0124 0133 0,135 i3 - — - - —
0,290 {0,152} {0,3145) {0,155} G157} {a152)

0J80 0,105 0084 0306 0115 0122 — - - -
(©.210) 10,122} {0,098} {0,123} {0134} {0,142}

Most lire retavdant paints change in thickness on exposure lo fire. Informatien relating only o the
variation of the thermal conduetivity with temperature docs not therefore provide a saufflcient basis
for design. The insulation capaclty of the paint, expressed in terms of a lictive d; /A value, must
be known, For Unitherm fire retardant paint, the following values can be used in determining the
nm.\'imum’ stecl lemperature, Two-coat Unitherm application, di;"k-l = 0. 075 m~ “C h/keal

10. 064 m® OC/Wi. Three-coat Unitherm application, d;/A; = 0.10 m? °C h/keat {0,086 m® oC/W1
These values have been determined using the resalts of standard lire tests, The values are
clearly on the safe side and should be applicable also to other types of paint which are found in fire
tesis to exhibit at least the same lire resistance as Unitherm [ire retardant palnt.
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Tabie A7. Maximum steel temperature Tg max (OC) for a steel structure
Thsuiated with mineral wool slabs, type Minwool 3060 or Rockwool 337
{ps = 150 kg m'3) as a function of effective fire load density q
(Mcal-m‘z) {Mé-m“é}, effective opening area AJE/At (ml/2), structural
parameter Ai/Vs (m~1), and insulation thickness dé (mm)

|V ? P DR AP AR R R N7 e B A Il s
o i i
0 50 70 o 50 7¢ 30 B0 0 30 B0 7O
200 [2a25 250 200 1007|370 278 u2i5 50 | d00 #5520 5 o35
0,01 (300 |us0 300 245 125 415 810 245 75 1500 875 205 gg ‘.l'jz; 52; :2332
400 1415 323 275 150 455 345 270 100 | 565 440 350 oo | 620 465 365
fEo0 TEE A 1es 0,02 [200 | 515 400 820 0,0z 123 1610 485 400 125 | 680 530 420
20 0,02 1806 | 353 2656 210 300 | 585 473 300 T (150 [ 640 B30 440 604 150 | 725 B30 465 -
400|400 300 240 400 |g25 525 435 200 [690 585 503 " Boo |5 sse 540
a4l 366 fa0c 205 150 100 ]300 205 155 ap0 | 736 660 580 200 |- 745 a8
0,04 (400 ;350 250 180 125 | 340 240 150 406 | 7160 695 623 400 | » 800 GS0
|G, 06 400 | 350760 135 130 380 279 205 75 | 845 280 190 TR Lt
12571336 250 200 0,04 1200 [450 320 g40 100 425 305 230 75 1 aps ass  p20
156 {365 270 225 |40 300 535 400 8OO 125 | 485 350 270 100 | 516 360 270
0,01 1200 [ 305 315 260 |p o 400 | 600 450 350 0,04 1150 | 528 390 300 125 | 570 410 315
300 {450 370 10 25 {265 195 140 200 | 606 450 350 0,06 1150 | 625 4c0 358
490 |4B0 465 340 150 {330 220 165 aoo | coo 550 430 " oo | 10 530 420
150 |30G 228 175 6,06 J200 | 400 205 200 400 | 740 GOO 453 00| - 35 g
200 [350 260 205 300 | 495 340 240 75 | 306 200 180 100 - 700 ET0
0,02 {300 415 315 250 400 | 550 395 235 | 50 100 | 360 250 165 | T
25 400 {465 353 285 200|836 2257 15 [hen 125 1413 285 223 1901 450 310 230
fes] 200 | 460 E10 150 0,08 (300 | 440 280 200 || 0,06 150 [ 465 325 240 | {0} 125} 515 363 270
0,04 {800 {375 265 195 400 | 500 340 230 200 [ 540 385 283 0,08 1150 | 570 400 300
400 | 430 830 225 75 365 265 £05 300 | 650 475 260 " ool 630 asc 360
&G [880 zio 150 100-1430 315 250 400 § 716 540 415 30| 765 %85 430
0,06 400 {300 250 170 125 f480 860 200 106 | 930 215 160 | 00} - 635 515
75 | 8:0 230 175 0,02 1180 | 520 400 320 125 [ av0  zs0 180 15T I T
100 | 335 270 215 200 | 530 460 370 150 | 415 265 200 125] 873 275 200
125 {380 306 245 300 | 645 340 450 0,08 200 | 300 340 250 1o0} 425 @05 230
G, 01 150 {420 335 270 100 1 GBO AG0 300G 300 | 605 435 300 0,12 1200} 500 885 275
200 466 375 3815 106|825 230 175 400 | GS¢ 500 330 "liso0| 615 475 350
300 500 425 965 125 {375 265 200 300 | 950 280 173 4001 605 540 4063
400 | 520 460 403 256 {415 300 225 0, 127800 | 445 205 228 300 200 205 166
125 | 820 245 185 0,04 {200 | 485 3se 270 400 | Gos 350 265 0,30 [400] 840 245 100
150 1355 260 203 |, au0 | 590 435 833 50134020 TIED TSI T 190 |
a0 200 {405 305 240 400 | G40 4956 335 75| 450 M5 245 50| 560 410 &5
0,02 1300 [480 370 300 {180} 125335 220 160 100 | 5253 335 205 95| 6o 525 420
{2} 400 |530 490 335 150 | 365 250 185 125 | 580 435 40 s00| 750 o 483
150 300 ols 15 0,06 [200 | 435 300 230 0,04 150 | G20 400 375 ootlios] - om0 560
200 {350 250 485 300 | 535 a7s 273 200 695 555 440 lise| - 715 6o
0,04 {360 440 315 235 400 | Gog 430 B0 400 | T8O Ga0 525 200 - w3 ess
400 500 863 270 i50 1830 210 150 4001 - 700 B8O 30| - - 4gs
200 a05 206 340 200 | 385 256 175 75| d0c 250 13s 400! ~ - -
0,06 [500 | 385 250 180 0,06 [S00 | 380 315 223 109 | 440 300 225 23] E66 1va 130
400 [ 450 300 210 400 | 550 375 280 |75 1251 800 3430 260 so| 430 a0 o25
700 1336 2io 150 300 1 325 230 175 fpag)] 000|280 550 98¢ 2081 120 25l 565 100 303
0,08 {400 |350 250 175 0,12 (400 | 373 270 200 200§ 630 48¢ 356 ] 100} 650 465 370
100 495 230 180 U1 8f 225 175 300 750 560 4335 taoe 6,06{125; 725 845 425
25 [865 210 215 75 {410 306 243 4001 795 630 495 "m0l s 600 ss0
150 {405 800 240 100 1475 355 280 787302l 155 06) - 675 560
0,02 {200 453 350 280 123 [ 330 400 320 100} 305 265 190 300{ - 775 660
300 {585 420 340 0,02 {150 | 565 245 360 125} 480 305 225 80§ 360 245 185
400 1575 470 83 200 | 620 500 415 9081150 500 330 230 75 470 325 230
125 | 300 215 164 300 | 680 550 450 200 [ 560 410 300 100! 535 400 500
35 150 | 340 240 280 400 | #6625 543 Bog| 700 520 uRC 25| €35 460  ase
f247) G, 04 [200 [400 280 213 T 308 210 160 400 | 770 550 440 ©,08| 150 880 Sip 3us
300 [490 B856 270 100 | 355 2556 150 125] 805 220 1G0 s00| 770 595 4gs
400 | 850 430 830 123 | 410 300 223 150] 340 250 180 aco| - 703 370
130 j2ot 190 145 0,04 |150 | 435 230 pav 0,121 z00] 430 300 220 so0| - M
200 1850 235 185 200 | 525 390 800 8004 533 385 280 75| 950 250 180
0,06 {300 {430 200 210 300 § 620 475 365 400l 610 450 325 160 425 3o 935
400 |500 350 250 |{214) 4001 80 535 awp U, 0] 400 290 310 150 125} 485 360 270
200 [8306 200 133 100} 310 210 155 150¢ 540 403 303
0,05 {300 {385 250 175 125 [ 360 240 175 0,12 200! G20 480 365
400 | 450 300 260 0, 06 ;gg jgu 275 232 a00f 740 590 400
5 325 24 400 ~ 680
300 [ 575 410 300 200 A30 230 1?3
40(_! G0 475 350 0,30] 300] 420 300 235
igg a1 oo 150 400 490 355 273
50§ 855 235 170
0,08 |200 § 4235 285 200
300 | 530 355 260
406 { 600420 300
200|385 2oy 150
0,12 {300 | 365 255 200
400 [ 425 360 280




Table A8. Ai/vs for different types of
structures

Flcar glegl beams of
truss Lype (AifV ig
- s
G I'or each

truss)

_r-i-.._.—-./
' d h i
: CioZn+ by - pa
[ Frredrres) VS steel cross section ares
o
i
11
5 I
g : 5T = 2n ¥ 2o
ol B
rrILLI I, Z o~ s stesl crogs section ares
I ]
1 A:
§i~= Zh t+ b
5 steel cross section ares
CHLEIS,
L ——
Z i
LA, .
S A
V.o bt %
" | o ¢+ 3 I =
sttt e
____._—.M!...
! | A
P i _k 1
oo b p ° e e
Lt rfe e v bt T
[} ‘b"‘. =
o L
o‘ :. vD,:’t:-g
] 5, .
i _2h+ T
V_ steel cross section ares
-
"y
;' b vh'hl
e g tfd A, 2b, + 2h
1 1 1
: Jh Gw-(lower flange] = — - :
L b, 5 cross sectilon area
o *dl cf lower flange
A b, + 2h,
o 1“‘ — (upper flange! = Erre
VS cross section ares
— L of' upper flange
A 5
i .
7 (diagenel) = 3

A1d

fire exposed, insulated steel




A1l

Table A9. Maximum steel beam temperature Tg, max (OC) for a steel beam
construction according to Fig. 20, with an insulation in the form of

a suspended ceiling, as & funct1on of effective fire load _density g
(Mcal-m=2) {MJ-m=2}, effective opening factor Avh/A: (m]/z), structural
parameter Fq/Vg {m™'), and insulation parameter dy /25 (m2.0C.h-kecal-1)c.
The maximum temperature in the suspended ceiling 15 g1ven in brackets {4]

Maximuin steel tampersmre™, .. oand () Maximum stesi temperature 7, .. #nd( )
Ayp| Fy |madmum suspended celling tamperature AVh | Fi |madmum surpended ceiling emparsure
g | =i § ||
Ap iV (0712;) 00 A | Vs (difAriner
[1Re1] 0,10 0,20 .30 0,05 0,10 0,20 0,30
50 | 130 8¢ 6% 50 50 | 425 3Ls 200 160
100 | 180 130 90 70 100 | 450 340 240 185
0.02) 200 | zap (470D y7q 1440} 115 (420) 4, (390} 002 50g | 455 LBH5Y 350 (570) pyq (530) 5, (500
300 | 260 180 130 100 200 | 435 150 250 200
3100 75 S I} 50 | 340 225 15 it
0,04 [100 | 150 109 §5 50 100 | 490 295 185 140
s 200 | 200 (309} g (3301 g (300) o0 (475) 04041500 | 4as 1830) 3aq (630 gop (530} ) 5q (360
300 | 240 110 119 80 80 300 | 445 330 30 180
i 30 65 50 35 25 bt 30 | 350 160 T50 75
100 70 50 40 100 | 40 235 130
€08 1200 150 2 (675) 100 (6301 gg (590} o (570 G, 081000 | 425 (7590 ggg (79} 1g5 (830) 135 g (625)
300 | 190 125 50 50 300 | 445 N5 210 185
507 40 35 3o 5 50 | 190 120 ey 75 e
0 12300 60 e, 48 (690} 4o (B8O} 4 (620) o.1z100 [285 {9 185 (723} 11p (880} gg (662)
7T 200 | 120 70 5 40 77 zog | 37 250 158 110
300 | 153 190 50 45 300 | 420 290 185 130
50| 200 110 95 75 50 | 475 130 305 155
100 | 260 185 100 100 | 510 0 250 19¢
0,02 00 | 300 (518} 5oy oy b hpit 5 438 120 (420} w 0,041, 00 | g1g (T0) gop (680) o0 (630} 50 (600}
300 | 320 243 170 130 306 | 515 ®5 270 215
50 | 160 110 75 55 o} 5G| 945 225 130 100
100 | 230 150 100 100 | 430 230 180 130 .,
600 .
004 1,00 | 290 (%17 205 (569) 155 1530) mo 1513 0,08 1505 | 4an (7290 g0 (730) gog 1875} pqq (650
a5 aog | 225 235 155 115 306 | 485 369 250 190
i- ] 50| 115 75 50 0 EN T 106 ] zoa
105 100 | 160 110 53 100 |s70 420 296 220
0,08 500 | agq (680) 5o (635} 0 0 585 25 (570) 008 {00 | 7 (T80Y ou (TIS) 5o, (680) o) 1630)
300 | 285 185 - l20 99 120 J00 | 575 425 300 230
56| 80 G 40 30 Is0d) 501425 750 150 ¥1]
100 | 130 80 60 45 100 | 485 145 210 160
1.
0,22 {00 | yag (TD) 1,q (630) S0 (650) o (620) 0,08 [0 Lgnp (810) gog (750) oy (685) o0 (670)
200 | 215 160 100 75 200 | 525 ;|5 260 208
50| 300 220 143 1le
, oo lasa . 260 175 135
0,02 50§ 20 {360) 5gq (520) 5o (480) [0 (460)
300 | 385 293 210 165
50 | 240 160 105 80
100 |315 ... 220 100
64 5 5
o 1" l2oo a3 (B43) 5o (800} ;g (560} 155 1335)
300 | 290 200 133 150
fros} 30 170 110 70 55
100 [ 243 . 160 100 75
0,08 |0 | 335 (718} 5oq (865) |0 (625) | = (800)
200 | 350 260 165 120 c
50 ] 130 83 53 15 0,05 m* "Chikeal = 0,043 m? °C/W
100 ;200 130 85 G0 0,10 » = 0,086 »
12 5 2 . X
0012 hog {2og {7390 1nq (700) 115 §060) g (630) 030  » 0172
300 | 340 HRE) 143 100 0,30 » - (0,258 »
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Table A10. Summary resuits of standard fire resistancg tests on some
types of suspended ceilings and connected values, derived from thg
test results, for (di/ki}eﬁc and critical temperature of the ceilings
[4]

Resistance Estimated Estimated
sme In 8y ) erttleal
standard fire & A

test (mE “Ch) [rr‘z OC} K:Ei]’lnngd
No Make Malerinl {min} Remarks keal W

lampara~
wre(®Cy
1 Gyproc 2x13 mm gypsum plaster slabs 0-40 All tests were discentinued because 0. 075 0, 084 625
no glass fibre relaforcement the suspended celling [ell down. The
H 1x13 mm gypsum plaster slabs critical temperature had not been
6.25%gfr 48 reached {n the steel glrdors 0,075 0, BG4 G50
3 1x1i6 mm pypsum plaster slabs
0.25% T T 14 0,10 0,086 650
4 2x13 mm gypsum plaster slabs
0.258%glr 50 0,13 0,129 650
§ 3x13rm gypsum plaster slale
0.25%afr T5-80 0,25 a9, 215 52%
3 2420 mm gypsum plaster slzbs
0.25% gl 80 0,30 0, 256 625
k) WsT 2x13 mm gypsum plaster slabs All 1ests were diacontinued for the
with 13 mm mineral wool seme reason as sbove. The gypsum
- between them 45 plaster slabs were not reinforced G, 35 ¢, 258 ha0
B 2x13 mm gypsum plaster slabs
with 13 mm mineral wool
hetween them 50 0, 30 a, 258 350
B 2x13 mm pypsum plaster slahs
wlth 43 mm straw betwean them 47 @, 30 0,258 350
10 2xi3mm gypsam plaster slabs
with 43 mn straw between them 54 .30 Q0,258 350
1l Ingenjirs- Soundex special suspended celling 90 Parts of the celling fell down afler 0,15 0,128 700
firma Zere tlles. Cast glass [tore relnforced 90 minutes. Max, sieel temperature
gypsum plaster iilee with "ridges" approx. 440°C
in 2 grid pattexrn, Tile thickpess
18 mm, at the ridges 38 min
12 Consentus  Armstrong 13 mim thick kY No visible damsge Lo suspended 0, 0% 0,043 550
celling. Max ateel temperature
13 Bineral woo! acoustlc 1 about 450 9¢ 0,075 0,088 =p2)°
16 mm thick
1% Type minaboard 13 mm thick B5 0075 0,064 >{725°
15 Dansk Deflamit-Asbestolux 60 No vistble damage to suspended 0,20 0,172 >(675°
Eternitighrik (% mm Deflamit + celling. Max sieel temperature
15 mm mineral woat + about 300 °C
8 mm eternit)
i6 Nordakuatlk Celotex Acoustiformat G0 No visible damage to suspended 0,10 0,086 !725)a
15 mm thick glass flbre zlab cefling. Max steel lemperalure
17 Rociwool Rockfon Decor 851 (15 mm [ about 450 °C. The Lest wak dle~ 0,20 0,172 §00
thick mineral wool slak contianed because the suspended

celling lell down. The critical
temperatore had not been reached
In the steel girders.

HY
No damage to the suspended celling. Calculated temperature in the suspended celling when the test was discontlnued.
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Table A11. Load values to be applied in a differentiated, analytical,
structural fire engineering design [2]1, [4], [6].

It is to be proved that the load-bearing structure or structural mem-
ber dees not collapse during the complete process of fire development
for the most unfavourable combination of dead load, live Toad, snow
load and wind load. On the assumptionthat the design fire load density
is chosen according to Table Al, the following load values are to be
applied. The values include a safety factor which roughly takes into
account the probability of a fully developed fire and the probability
of the presence of the maximum Toad at the fire occasion.

B T e e e e e e

Following values shall be applied for the live load.

Type of fire Permanent Movable
Toading loading
compartment kN.m=2 kN.m~2
Dwellings, hotels and hospitals 0.5 1.0
Offices 0.5 1.5
Schools (lecturing rooms) 0.5 1.5
Schools (corridors) 0.5 2.5
Assembly-rooms 1.0 2.0
Libraries 1.0 2.0

For the snow load, permanent and movable Toading vatues shall be in
accordance to the general loading regulations.

For the wind load, values shall be applied which correspond to a
velocity pressure = 50% of the velocity pressure specified in the
general loading regulations.

Following values shall be applied for the Tive load. Snow and wind
toad atcording to (a).

Type of fire Permanent Movapie
loading loading
compartment kN.m-2 kN.m~2
Dweilings, hotels and hospitals 0.5 0.5
Offices 0.5 0.8
Schools (iecturing rooms) 0.5 0.8
Schools (corridors) 0.5 0.8
Assembly-rooms 1.0 C.8
Libraries 1.0 2.0
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Due consideration shall be taken tc the iocal increase of the live
load in connection with an evacuation of the buiiding or a removal
of people to a safe place of refuge within the building.



