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BEHAVIOUR AND ANALYTICAL DESIGN OF FIRE EXPOSED STEEL STRUCTURES,
INSULATED WITH GYPSUM PLASTER SLABS

By Ove Pettersson, Prof., Dr., Civil Engineering Department, Lund
University, Lund, Sweden

A development of analytical design procedures, based on well-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, internationally 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 also in agreement with the
present trend of development of the building codes and regulations in
many countries towards an increased extent of functionally based require-

ments and performance criteria.

In the ideal case, a rational fire design methodology 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

* verification by the means of a reliability analysis that the choice
of safety factors Teads to safety levels, which are consistent with the

expressed functional requirements.

For a 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 témperature 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 [31, [4], [5],

[61.

1. Principies of an Analytical Design of Fire Exposed Structures

In a generatized summary way, an analytical design method for fire exposed
structures, based on weil-defined functional requirements, can be described

according to Fig. 1.

The design fire lcad density, the fire compariment 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 required to be fulfilled for

* the complete fire process,

* a shortened fire-process, Timited by the time to,y» 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 building.

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 value during the relevant fire

process.

A direct comparison between the design load-carrying capacity Rd and the
design load effect at fire Sd decides whether the structure can fulfil
its required function or not at the fire exposure.
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Figure 1, Procedure of an analytical design of fire exposed load-bearing
structures

Following a recent draft of safety regulations [7], the determination

of the design load effect Sd starts from characteristic values of per-
manent and variable loads Gk and Fk, connected to a defined probability of
excess during a specified time period (Fig. 2). A multiplication by par-
tial factors v and load combination factors ¢ transfers the characteristic
load 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 nct in the event of fire. Finally, the design
loads are combined and transformed to the design load effect at fjre Sd.
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Analogously, the design material strength Md is to be caiculated via
characteristic strength values Mk at actual tempgrature, divided by
resulting partial factors Tm (Fig. 3)}. The characteristic strength va-
Tues are defined as corresponding to specified fractiles of the probabi-
1zty density distribution. The different partial factors y;, Yi’ Y;, and
Yp» are expressing the influence of the scatter in material strength,

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

decides the safety class.,

A similar approach - as ocutlined for the design load effect Sd and the
design mechanical strength Md - can be applied also te the design .
fire load density 94 and the design thermal properties of the structural

materials.

A methodology for a probabilistic analysis of fire exposed steel struc-
tures, connected to the described design method, has been developed in

[8]. The methodology comprises a general systematized scheme for the
identification and evaluation of the various sources and kinds of uncer-
tainty in the differentiated structural fire engineering design. The struc-
ture of the methodology is quite general and applicable to a wide class

of structures and structural elements.

Described in a more detailed way, a direct, differentiated, analyticatl
design of fire exposed load-bearing structures or structural members, in-
side a fire compartment, includes the following steps - Fig. 4.

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

nominal load and load factor for fire load density,

(1)

{2) combustion properties of this design fire load,

(3) size and geometry of the fire compartment,

(4) ventilation characteristics of the fire compartment, and

{5) thermal properties of structures enclosing the fire compartment.

These qdantities jointly determine the rate of burning, the rate of heat
release, 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 Tor 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
gxposed structure or structural members. With

(9) mechanical properties of structural materials (Fig. 3), and
{10) load characteristics

as further entrance quantities 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,\stafis-
tically representative of a fire occasion, the design load effect at fire
Sd is defined, interdependent on non-fire design procedure (Fig. 2).

A direct comparison between the design load-carrying capacity Rd and the
design load effect at fire Sd decides whether the structure can fuifil:
its required function or not at a fire exposure.

For buiidings containing activities, which are particularly important
from, for instance, an economical point of view, there may be the motive
for requiring that the building can be used again after a fire, almost
immediately or very soon, for the current activities in a full extent.

If a fire engineering design also includes such a requirement on re-
serviceability of the structure after fire, the design procedure is to be

as follows.

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 an
end information. This quantity er must be compared with the design load
effect at service, non-fire sitate, on the structure Srd’ given by the cor-
responding nominal loads and locad factors for dead Toad, iive load, etc.

For fire-exposed, exterior, load-bearing structures, the procedure for
a direct, differentiated design will be modified. For such a structure,
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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 {91, [10].

2. Fire Load Density and Gas Temperature-Time.Curves of a Fully Developed

Compartment Fire

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. 5 (21, [41, (61, [¥1), [12], (131, [14],
(151, [161, [171.
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Figure 5. Energy balance equation I = [(+Iy+ly of a fire compartment.

¢ s 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 can be based on gas temperature-time curves Tt-t
according to Fig. 6, [2], [4], [61, [13], which applies to a fire compart-
ment with .surrounding structures made of a Waterial with a thermal conduc-
tivity A = 0.81-W-m™ 1.9 and a heat capacity pc_ = 1.67 Md-m™3.0¢]
(fire compartment, type A). Entrance parameterspof the diagrams are the
fire load density q, defined by the formula

1. -2
q = ﬁ; LwmH; (MJm ™) (1)



and the ventilation characteristics of the fire compartment, expressed

by the opening factor AJﬁ/At (ml/z), where

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

k= 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,
opening areas included (mz),

m = total weight of combustible material v (kg)

HU = effecti¥e heat value of combustible material v of the fire load
(Md-kg '), and

uv'= a fraction between 0 and 1, giving the real degree of combustion

for each individual component of the fire load.

The non-dimensional factor M, is a function of type of fuel, geometrical
properties of fuel, and the position of fuel in a fire compartment, among
other things. For some types of fire load components, uv\Wi11 depehd 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
tack 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 M generally put equal to unity.

As a rule, the design fire load density is to be determined on the basis
of statistical investigations for the type of building or premises in
question. 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.

The gas temperature-time curves in Fig. 6 have generally been determined
on the assumption of ventilation controlled fires. For fires, which are
fuel bed controlled in reality, this assumption Teads to a structural

fire engineering design on the safe side in practically every case, giving
an overestimation of the maximum gastemperature and a simultaneous, partly
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Figure 6. Gas temperature-time curves Ti-t of the complete process of
fire development for different values o? the fire load density g and
the opening factor Avh/AL. Fire compartment, type A
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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. 6 give reasonably correct results,
verified in [4], [81, [14]. '

As pointed out, the gas temperature-time curves in Fig. 6 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 fictitious values of the fire load density Gr

and the opening factor (Afﬁ/At)f in accordance to Table 1 in the appendix

[21, (43, [6].

3. Design Temperature State of Fire Exposed Steel Structures and Par-

titions

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. 7

AT =2 2 (T,-T,)at (°c) (2)
S

4T = change of steel temperature (°C) during time step At(s),

o = coefficient of heat transfer at fire exposed surface of structure
(w-m'2-°c'1),

p, = density of steel material (7850 kg'm‘s),

Chs = specific heat of steel material (J'kg“}-OC”T),

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

Vs = volume of steel structure per unit length (m"),

Tt = gas temperature (OC) within fire compartment at time t {s).

Eg. (2) presupposes that the steel temperature Ts is uniformly distributed
over the cross section of the structure at any time t.

The coefficient of heat transfer a« can bz calculated from the approximate

formula
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Figure 7. Fire exposed, uninsulated steel
structure. T. = gas temperature within fi-
re compartmerit, T_ = steel temperature at
time t s
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giving an accuracy which is sufficient for ordinary practical purposes.
€ is the.resu3tant 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 e, = 0.7
2. Column, outside a facade ' 0.3
3. Floor structure, 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 I cross section with width/height » 0.5 0.5
4b. Beams of I cross section with width/height < 0.5 Q.7
dc. Beams of box cross section and trusses 0.7

In [2]1, [41, {5], (6], more accurate values are given for the resultant
emissivity .5 @5 concerns the application case 4.

At a given gas temperature-time curve Tt-t of the fire compartment, the
steel temperature TS can be directly calculated from Egs. (2) and (3)
with regard taken to the temperature dependence of cps and . Such com-
putations have been carried out in a systematized way, giving the basis
of design in Table 2 [4]. From this table, the maximum steel temperature
Ts,max during a complete compartment fire can be determined directly as

a function of the fictitious fire load density Qs the fictitious opening
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factor {A%ﬁ/At)f, the FS/VS ratio and the resultant emissivity € The
values of the table are connected to gas temperature characteristics ac-

cording to Fig. 6.

For a fire exposed, insulated steel structure, analogously, a simpiified
energy balance equation gives the following formula for a direct determina-

tion of the steel temperature-time curve Ts-t - Fig. 8

A
s - (/e +d.7%.Js

AT — - Tt (%) (4)
S PSS

with the additional quantities

Ai = interior jacket surfacearea of insulation per unit Tength (m),
di = ‘thickness of insulation {(m),
A; = thermal conductivity of insulating material (w-m'1-°c'1).
L b
™! el
1 X
1 i
L !
Y S S o S
di
N Figure 8. Fire exposed, insulated steel
structure. Tt = gas temperature within fire
compartment, T, = steel temperature at time t

Eq. (4) presupposes that the steei temperature TS 1s uniformly distributed
over the cross section of the structure at any time t, that the temperature
gradient is linear and the heating contribution negiigible for the insula-
tion, and that the heat transfer is one-dimensional.

Computations, originating from Eqs. (3) and (4), enable a production of

a systematized design basis, facilitating an éna]ytica], differentiated
fire engineering design in practice. An example from such a design basis
is referred in Table 3 [4], giving the maximum steel temperature Ts,max
during a complete compartment fire for varying values of the fictitious
fire Toad density des the fictitious opening factor (AJE/At)f, the struc-
tural parameter Ai/vs’ and the insulation parameter di/Ai‘ The values

of the table are connected tc gas temperature characteristics accerding to
Fig. 6.~
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Table 3 has been computed on the assumption of a constant thermal conduc-
tivity of the insulating material Ay chosen as an average value for the
whole compartment fire process. Calculations, carried through systemati-
cally, aré verifying that this average value of A approximately coinci-
des with the value, determined for an insulation temperature equal to the
maximum steel temperature Ts,max'
For a specific insulating material, éystematézed 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
material. 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 over a 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 [4]. Table 4 exemplifies this, giving
the maximum steel temperature Ts,max at varying fire and structural design
characteristics for a fire exposed steel structure, insulated with gypsum
plaster slabs, type Gyproc, of density 790 kg'm_3. The thermal properties
of the gypsum plaster slabs then have been assumed to depend on the insu-
lation temperature according to Fig. 9 [18], constructed on the basis of
results from small scale and full scale tests and of information in the
Titerature [19]. The influence of the disintegration of the slab material

is considered.

In [4}, an analytical medel is derived for a simplified determination of
the femperature-time fields of a steel beam construction according to

Fig. 10 - composed of a reinforced concrete slab, Joad-bearing steel 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 de-
termined, 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 5 {4], which gives the maximum steel

. : . varyin
during & compiete compartment fire for values of

beam temperature Ts,max
the fictitious fire load density Qe the fictitious opening factor (AJh/At)f,
the structural parameter FS/VS, and the insulation parameter di/Ai' FS
denotes the surface area of the steel beam, less the part covered by the
concrete slab, and VS the volume of the steel beam, per unit length. The
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Figure 9. Thermal conductivity A; and enthalpy I (= fcpdT) as & function
of insulation temgerature T; for gypsum plaster slabd, "type Gyproc, of
density 790 kg'm~>. For enthalpy I, full line refers to a rapid heating

and dashed line to a slow heating [18]

values, given in brackets in the table, denote the corresponding maximum
temperature at the centre level of the ceiling. The values of the table
are connected to gas temperature characteristics according to Fig. 6.

4’54444#4'«4
& @4 a 4 A4 4 4 a4 g

|

L ]

7 !
L 1

f

Figure i0. Floor structure, composed of a reinforced concrete slab, load-
bearing steel beams, and an insulating ceiling
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For several types of steel beam constructions 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
cannot be determined from Table 5 solely on the basis of the thickness
di and the thermal conductivity A; of the ceiling. If results are avai-
lable for a type of a suspended ceiling from a standard fire resistance
test, these results can be used for deriving a fictitious value of the
insulation parameter di/Ai - (di/Ai)fict - which describes the real fi-
re behaviour of the suspended ceiling, including its fastening devices.
From the test results, also a pessible critical failure temperature of
the suspended ceiling can be estimated. Cf., further [4].

After the determination of (di/l].)ﬁct and the critical temperature

of a type of a suspended ceiling, the analytical differentiated fire
design can be carried out by a direct application of Table 5. 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.

Fictitious di/li 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 [20]. The compositions of these suspended cei-
lings, the results obtained and the characteristics derived are set out
in Table 6 [4].

The design basis, reproduced in Table 2 to 5, generally assumes the steel
temperature to be uniformly distributed over the cross section of the bheam
or column at any time t. A more accurate theory, which enables a determi-
nation of the temperature variation over the cross section of the steel
structure, is presented in [21], 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. 11, which
shows caiculated temperature distribution along the line of symmetry of a
gypsum insulated steel beam with a concrete slab at the top flange at se-
Tected times of a standard fire resistance test according to ISO 834.
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Figure 11. Calculated temperature distribution along 1ine of symmetry
of a steel beam, insulated by a 16 mm gypsum board (density 770 kg-m‘3)
and carrying a 150 mm concrete slab on top flange, at selected times
of a thermal exposure according to ISO 834 [21]

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 Timit the rise in temperature on the unex-
posed side of the construction during a complete compartment fire.

An analytical method for a determination of the temperature-time field
in a multi-Tayer partition is presented in [18]; c¢f. also [4]. The
method considers the temperature dependence of the thermal material
properties, an initial moisture content, and a possible material disin-
tegration at specified temperature.criteria. An iilustrating application
of the method is shown in Fig. 12 {181, which gives a summary conception
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Figure 12. Calculated temperature-time fields for a steel stud wall,
Tnsulated on each side with gwo 13 mm gypsum plaster sheets, type
Gyproc, of density 790 kg'm™~. The wall is fire exposed on one side
with ccmpaEtment fire Sharacter1st1cs accord1ng to F1g 6: a) g =

50 Mcal-m~¢ (210 MJ-m~ ) A/h{ 5 = 0. 02 ml/2; b) q = 50 Mcal-m-2

(210 MJ-m 2), AVR/A, = 0.04 ml/ temperature at time t = 0 [18]

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. 9 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. 12a describes the fire behaviour of the wall, when it is fire ex-
posed on one side by a compartment fire with gas temperature-time
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characteristics according to Fig. 6 - fire load density q = 50 Mca‘]-m_2

{210 MJ'm-Z), opening factor A/ﬁ/Atzsﬂ.OZ m1/aThe figure gives a calcu-
lated 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 process, i.e. precisely the maximum
permissible value according to [2]. Fig. 12b analogously describes the
fire behaviour of the wall, when it is exposed to a more rapid compart-
ment fire - opening factor A/E/At = 0.04 m”2 - at the same fire load
density g. The increase of the opening factor results in a considerably
decreased value of the maximum temperature rise on the unexposed side of
the wall, which amounts to only about 55%¢ in this case.

-
¥, max c
5
500 ’ F
400 i
(AJ’R!AH,;:
300 F /v
0.04mif2
27
200 ! 1 i
! i a.c8 !
2.02_ i
100 0.05
o} ! ’ L
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100 A |
ol [ ‘ i
0 160 200 390 400 SQ00 600 M! m7
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Figure 13. Maximum temperature Ty max during a complete fire process
according to Fig. 6 on the unexpoéég side of a steel-gypsum plaster
sheeting wall as a function of the fictitious fire load density as

and the fictitious opening factor (Afﬁ/At) of the fire compartment.

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

13 mm gypsum piaster sheets, type Gyproc, of density 790 kg-m=> [4], [6]
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Systematic calculations of the type, illustrated by Fig. 12, lead to
design diagrams as shown in Fig. 13 [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 wall as a function of the fictitious
fire load density qs and the fictitious opening factor of the fire compart-
ment (A/E/At)f. The two diagrams apply to an insulation on each side of
the wall with cne and two 13 mm gypsum plaster sheets, type Gyproc, of
density 790 kg-m'3, respectively., The calculated 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 limited areas of the unexposed side of the

partition [2].

4, Design Load-Bearing Capacity of Fire Exposed Steel Structures

By applying the design tables 2 to 5, the maximum steel temperature
Ts,max can be determined comparatively quickly for an uninsulated or in-
sulated steel structure, exposed to a complete compartment fire with

gas temperature-time characteristics according to Fig. 6. The correspon-
ding design load-bearing capacity of the structure then is obtained by

design diagrams of the type exemplified in Fig. 14, 15 and 16.

Fig. 14 and 15 [4], [6] give the design load-bearing capacity (Mcr’ Pcr’
qcr) of fire exposed beams of constant I cross section at different types
of Toading and support conditions, as a function of the steel beam tempe-
rature TS. The design curves in Fig. 14 apply to a slow rate of heating

- assumed to be 4 °C-min’1, followed by a cooling with a rate of 1.33
ct:-min'I - and Fig. 15 gives the correction a8 of the load-bearing ca-
pacity coefficient 8 due to & 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 (m

= 9
H

3,

The design curves in Fig. 14 and 15 have been determined on the basis
of the deformation curve of the fire exposed beams calculated by an



(9] “[¥] buraesy jo ajed 8yy yo patyz auo aq
03 pawnsse ‘butood juanbasqns e pue | _ulw-)g § o BuLIesy Jo 93ed MO(S © 404 PA3e{N3|eD UB3Q BARY SIAUND By
"1 @dnjeaadivgl weaq 3915 ayy Jo :o*wuczy B se ‘su01q1puod juoddns pue Buipeo| Jo sadA1 quadaislp je uoLgoas
SSOU2 [ JO sweaq pasodxa adiy Jo) (49b 424 VW) peoi [eILL4D JO UOLIPULULIALID 404 § L1 43807 “f| a4nblg

s o 008 005 ooy 00E 002 00t 0.
1. Eg.n AT 1 g=4
PTG LYl mSogo " 9 =
Tzrlznl - S |
2408 ARk X — 20
y . WT_P: r/ﬂx
G | \ "
® A e 20
®
RN
~ /// % 90
1 a
ymwmw " awoa"_ﬁ gmomauhﬁu //4W//M/m/
w8 s s o 1 B N N NN AN - 00
o dl | | b //// EIS I
bCLITITITIL) // / 38 T
@ @ / Ar /r/ /..fr..l/! 0’
® /, //,,;N ™ ;::f”unu;;:;
W Eae:
N b N L] ] :
/// 6 ///f/.f'.\\\k\ul..\l\“l\. o
~ 1
!meam_ = 17 mNJ_ 'E g Bmou = // ) o
m3o Y m°og 51 NW/ — R
et iad = ._..;l g IJI.E;..JJ::...H..../!!.....I...I
N 1 G Sy
b LTI T .
@ @ / 9°l
@
4




22

analytical model, presented in [22], which takes into account the soft-
ly 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. 15, this influence of creep begins to be noticeable for ordinary
structural steels at temperatures in excess of about 45006. The load-
bearing capacity of the beams is defined by the limit defliection cri-
terion according to ROBERTSON and RYAN [Z3].

AB
h

0.1 <
/ a=100°C min”’

0.08 /

0.06

0.04 / e T ~——a= 20° min-'

el A

Q = Ts
450 5C0 550 600 650 C

Figure 15. Increase 48 ¢f coefficient oBs det?rmined accordirg to
Fig. 14, for a rate of heating a = ¢ oC.min , as a function of

the‘stee] beam temperature TS (47, (6]

The diagrams in Fig. 16 [4] determine the variation with the steel tem-
perature TS of the relationship between the buckling stress Tep and the
slenderness ratio A for fire exposed columns, axially loaded in compres-
sion. The diagrams apply to steel having a yield stress at rcom tempe-
rature g = 220, 260 and 320 MPa, respectively, and are valid under the
presumption that the column is unrestrained with respect to longitudinal
expansion during the fire exposure. The Ooph CUrves have been computed
for an initially defiected 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, obtained in tension fests at a very slow rate
of Toading. This implies that a considerable influence of short-time creep

at elevated temperatures is included.

For a fire engineering design of columns, partly restrained to a longi-
tudinal expansion, reference is made to [4].
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Figure 15. Variaticon with steel temperature T_ of the relationship bet-
ween buckling stress aar and slenderness ratid  for fire exposed steel
i

columns, axiaily loaded in compression, free to expand longitudinally
and made of steel having a yield stress at room temperature o = 220,
260_and 320 MPa, respectively [4], [6]

The design curves, reproduced in Fig. 14, 15 and 16, are generally based
on the assumption of a 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

2 to 5, determining the design temperature state of the steel structure.

If the analytical, differentiated design of fire exposed steel structures
will be further developed in future towards a more accurate determination
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of the design temperature state, with regard taken to the temperature
variation over the cross section of the steel structure, this will aiso
require a more refined basis of design for the transfer of the design
temperature state to the design load-bearing capacity of the fire expo-
sed structure. The first attempts of developing such a more refined design
basis now can be noticed in the literature. As a fragmentary exampie of
this development, Fig. 17 [24] shows the calculated variation of the plas-
tic bending moment of a fire exposed steel I cross section as & function
of the maximum temperature for variocus linear temperature distributions

over the cross section,

Mn(T)
—ﬁp— & _ HEB 200
T : i h’ m’ -D;TT_(_Z)
‘<\;\\:\ — T Iy _i_&
af;\\s§§S§§ Tyl = Tyl1-a, &)
0 — TN
05 1SN
%af/;,”’// \\:§S§§S§;
N
NS
\\\\\:ggzzgfsssszzzzztzz
0 =:===EEE;:;;_ﬁw
0 200 400 800 800 1000

TEMPERATURE (°C)

Figure 17. Calculated variation of plastic bending moment M _(T) in terms
of various linear temperature distribution over height of a"steel I cross
section [24] '

5. Summary

A differentiated procedure is presented for an analytical fire engineering
design ¢f 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 depend 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 of the deisgn pro-
cedure has been approved by the National Swedish Board of Physical Plan-
ning and Building.
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For the practical application of the design procedure, a comprehensive
design basis in the form of diagrams and tab%es,has been worked out for
a direct determination of the maximum steel temperature during a comple-
te compartment fire and the corresponding design load-bearing capacity
of the fire exposed structure. This design basis is exemplified in the
paper, focused to steel structures with an insulation of gypsum plaster
slabs, primarily for giving a rough impression of the character of the
analytical design procedure.

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 requirements and performance criteria, gives a struc-
tura] fire design with a better economy, and teads to a more consistent
fire safety level.
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APPENDIX

Table 1. Coefficient K. for transforming a real fire load density q
and a real opening fac%or 0of a fire compartment Avh/A; to a fictitious
fire load density g, and a fictitious opening factor fA/h/At)f corres-
ponding to a fire compartment, type A '

9 = Ko g (A/ﬁ/At)f = K¢ A/ﬁ/At
. . " 1/2

Type of fire Opening factor A%h/At m

compartment 0.02 0.04 0.06 0.08 0.10 0.12

Type A 1 1 1 1 1 ]

Type B 0.85 0.85 0.85 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

i)'l'he lowest value of Kﬁ_applies to a fire Toad density q > 500 MJ'm-z,
i

the highest value to a fire load density g < 60 MJ'm™%. For intermediate
fire load densities, linear interpolation gives sufficient accuracy.

The different types of fire compartment are defined as follows

Fire compartment, type D: 50% of the bounding structures of corcrete,

and 50% lightweight concrete (density ¢ = 500 kq-m™3).
Fire_compartment, type E: Bounding structures with the following percen-
tage of bounding surface area: _3

50% lightweight concrete (density p = 500 kg.m ~),

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 (depsity o = 50 kg'm ),
10 cm in thickness - brickwork (density o = 1800 kg'm‘3), 20 cm in thick-
ness.

Fire compartment, type F: 80% of the bounding structures of sheet steel,
and 204 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 interior to the exterior: double plasterboard panel

(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. :

For fire compartments, not directly represented in the table, the
coefficient Ky can either be determined by a linear interpolation
between applicable types of fire compartment in the tabile or be cho-
sen in such a way as to give results 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 to the fact that the relationships,
determining K¢, are non-Tinear. However, the Ke-values of the table are
such that a 1inear interpolation always gives results on the safe side,
irrespective of the alternative of interpolation chosen. In order to
avoid an unnecessarily large overestimation of K¢, that alternative of
interpolation is recommended which gives the lowest value of Kf.
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Table 2. Maximum steel temperature Ts max {OC) for uninsulated steel

structyre as a function of fictitious fire load density q (Mcal m-2)

MJ-m=23, fictitious opening factor AVR/Ay (m1/2), F /¥ ratio (m-1,
and resultant emissivity e, [4]

T ! -
, ﬁﬁ 5 Ts. max avel F, "s.max AVE L F ‘e max A'/F! £,
A |y [E 5 E q 2, ',;,' 5 & %, q "j“:‘ v 5 % g _r f F
23 08 o7 *103 05 07 Tlas o5 o7 |
i
50 (325 348 470 50 [ 400 420 440 123|390 427 446 a5
75 |365 385 405 75 1435 445 466 a0 [463 480 490 i 30
100 |323 410 425 100 | 430 460 470 73 483 j00 300 73
0,01 125 {410 425 435 0,01 {125 [ 460 470 475 0,01 100 (493 303 305 9, 0L j100
IS0 (425 433 440 130 | 470 173 480 125 [500 305 310 125
200 (425 445 445 200 § 475 480 480 150 [505 310 510 150
400 1450 450 450 400 | 490 835 385 200 1303 5i0 ald 100
501343 380 416 50 | 125 480 3515 400 fsi0 315 100
75 (410 445 475 - 75| 306 340 363 50 |00 a30 5iB 30
100 [445 490 320 100 | 540 575 395 15 |50 500 620 73
0,021 125 (480 52¢ 545 0,92 j125 | 565 600 610 100 {395 620 630 0,02 {100
150 {300 340 335 150 § 535. 605 613 ¢,021125 [615 63¢ 640 § 25 125
200 [ 340 360, 573 200 | 605 G20 625 | 150 625 G0 045 | [oglg g6 | 30
400 | 375 385 385 100 § 5235 630 a0 |~ 200 1635 645 0S50 : 73
30 {235 320 265 5077 400 4553 510 | {84) 300 630 630 550 25
75 {350 400 450 15| 480 330 500 150 85 oba 423 0,06 | 30
106 [405 460 310 6,04 1100 | 550 610 533 0,04f 75 1383 550 700 73
0,04] 125 | 450 315 333 15 125 | 600 635 GO0 100 1430 100 T4 i
130 {495 355 595 150 1 635 630 110 23 (235 340 115 0,08 75
10 200 (530 605 g5 | (93] 500 340 400 413 30 (440 303 500 100
{42} Jo0 (625 660 nDo 75| 425 49 373 0,06 75 | 340 610 V0@ 28
50233273 130 o.gg 11001 300 350 530 106 013 675733 50
75 1385 370 435 ' 125 { 550 GO0 430 50 | 390 490 S50 9,12 { 73
0, 06| 200 [365 410 483 150 1 590 530 720 o.gg 13 {485 580 070 Lae}s?o 653 300
125 {415 450 343 200 | 550 100 TES 106 1365 670 735 123 | 650 720 -
150 |430 48% 330 50 | 300 373 430 1235 1530 713 o0 351305 oo 40
200 {320 350 560 75 380 463 335 T3 o00  Zao | ats .30 545 335 560
300 1615 Gsa 133 003 1100|450 345 605 30 300 751355 380 360
30 (406 ZF30 0 s00 ! 1251 300 393 G670 i 510 100] 360 B0 360
75 (290 330 400 150 | 553 650 710 4,12|100 700 0,01 1125|560 363 343
100 | 330 400 460 200 | 625 725 TS3 123 778 150 | 560 563 365
o,08] 125 380 450 510 30 260 200 400 150 - 300{ 565 363 370
130 {410 310 350 790 340 280 500 23 ERYY] 400{ 363 570 ?:‘0
200 {480 380 560 0.1z |2001 390 400 500 30 313 | 30 301600 G40 uGO
100 1600 700 760 " 125 130 ss0 ovs 73 520 | fpgy0.02) 75) 650 70670
; 01T e 1 JE60 1 80 600 T30 0,011 208 720 : 100) 360 4§73 5T
75 (220 260 350 1200 | 575 R0 - I PEH 328 g,04| 9] 530 70570
0,12|100 [220 310 oo 25| 335 43 =10 I 130 325 75) 710 730 40
125 {260 380 340 501 430 450 463 290 | 330 I5) 410 300 569
130 310 130 520 5| 460 475 480 100 ! 330 320 330 0,061 301595 4§80 TG0
200 [W0 390 700 0,01 11007 473 480 483 39 | 330 573 G605 750 70§ FI5 -
300 {330 #370 300 1251 486 1453 490 750 390 620 G635 o, 08| 28 363 663
30 ;363 385 405 130} 485 100 493 %0200 | 615 585 630 ! 731 680 173 -
73 |410 423 335 200 | 185 495 500 123 | 630 G645 630 357 200 - T
001|100 [430 133 s50 4001 190 300 500 150 | 645 650 633 a,12] 39] 16¢ 540 450
TTUiL25 (440 430 46O 30 466 315 330 200 { 630 660 563 75 590 669 70
150 [430 435 460 75) 338 270 393 30| 323 000 LUU Lo0t G659 -
260 435 460 465 0.0z 1100 565 GO0 613 04 73| 520 890 TIS | o |, o0 401425 560 G40
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200 {379 590 geo 0,04 f106 | GOO GGO 705 G50 25| 44 ] 4§35
100 [600 635 Go0S 125§ 6530 T00 T4 70 780 6,30 o 890
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75 {413 485 40 30} 390 455 330 415 30
100 {485 330 Goo 10,06 | 75( 490 335 633 0 630
,04|125 {335 &G0 G40 | 1004 363 &30 T10 6,131 160 | 340 4l3 T30
150|370 6235 685 17,5 1251 620 GT0 730 123] 623 673 300
12,35 206 [630 563 700 307 343 435 490 150 | 8550 T8 -
30 250 338 3 f73,3) 75| 46 330 500
{5,, 5} 30 <00 o 08 it
- 75 363 425 408 ' 10| 500 4605 670
0.06/100 425 480 580 135] 563 630 T4
*TUlas 486 325 sl0 1301 £13 705 753
130 (520 380 &30 23] 160 200 213
200 |36 623 705 300 275 30 450
300 {670 740 7D 751 2530 430 330
50 [250 315 350 0,1z | H00 423 505 &30
75 [325 400 455 Rl DE TS R A L
o, og [190 [BS 475 535 1501 325 843 T3
P hns i425 520 GO0 200| 600 723 -
150 (485 383 630 i
206 !550 560 730
300|635 TT0 -
30 1200 230 490
75 1240 320 410
o.12[t00 [289 400 510
" las {330 450 G20
130 {380 518 60O
hop |306  GOO T4B
300 jC0¢ 720 -
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Table 3. Maximum steel temperature T ax (OC) for insulated steel
structure as a function of Féctitioué’?1re Toad density q (McaT-m'Z)
{MJ-m=€}, fictitious opening factor A/R/A+ (ml1/2), structural para-
meter Ai/Ve {m~1}, and insulation parameter dij/i; (mé-0C.h-kcal-1)2,
d, denotes”insulation thickness (m) [4] S

T
( T ' T T ] ] T
AN s.Max AVR 4 3, max 7 i@ f_r S.max ¢ ﬁ_lf_—n‘.z_ ﬂ' 3. max
A | Ve | dilky difky il dify i Ar | Vi difdy diidy didy iy Ae | Ve dildy dydy ik dilly A | Ve [y gk dddi dii%;
0.05 0,10 0.20 0,30 0,05 0,10 0.20 0.30 0,05 0,10 .20 &30 0,05 ¢1¢ 0,20 0.3C
: A
100 | W0 323 255 213 50l 430 360 295 230 25| 260 260 185 145 25| 445 330 230 180
125 [ 405 350 280 240 781 470 410 330 275 50| 400 380 270 225 50| ST0 460 340 275
0,011 150 { 420 365 300 260 1001 495 45 370 J20 751 550 445 340 280 73| 640 S40 415 340
200 | 440 395 335 290 8,01[1325 | 505 463 385 350 100 595 400 M§ aos . 100 | 670 580 470 295
300 | 460 430 375 333 150 | 515 480 420 375 125 625 335 425 360 0,02/ 125 | 885 420 310 440
400 | 470 445 405 370 200 | 525 500 430 410 9,021180 | 545 3535 480 395 150 | 710 850 330 475
100 [ 390 300 220 180 406 | 535 530 505 480 | 200 | 6635 600 310 445 200 § 725 680 GO0 530.
125 { 420 340 250 203 50 395 300 223 130 300 | 630 640 330 SIS 300 | 740 TLO 633 GOO
150 | 450 360 275 235 73] 455 350 230 230 400 { 700 670 61D 360 400 | 745 730 680 g4p
0,02 200 | 500 460 310 250 100 | s0¢ 405 310 260 28| 273 200 130 106 33 | 330 243 160 125
15 300 {550 460 70 320 1251 540 445 350 300 s0| 410 ace 205 160 30 {480 350 25¢ 195
300 1575 So8 415 355 0,02{130 | 360 470 375 320 75 | 500 B0 265 210 75 | 565 40 315 250
fsat | :gg 33 270 195 138 1, 200 | 395 315 420 260 100 | 560 440 310 250 100 [ 630 300 370 400
400 300 210 175 300§ 635 370 490 435 0,04} 125 610 28 0,047 125 | 580 35
0,04{200 { 430 350 250 205 ({08 400 | 650 605 325 470 150 | 850 :g.g gasg ng "ilag 712 552 :;g g:g
300 | 350 420 310 255 75| 400 295 200 1GG | 35 200 { 700 580 M5 370 00 | 765 630 330 430
4001600 473 365 390 100] 450 350 240 195 200 | 760 663 530 450 00 |- TIS 500 SL0
150 | 350- 250 175 140 125|510 a6 270 220 fesi 400 |- TI0 385 Sio 100 |- 770 633 380
5,06 200 {400 205 210 170 0,04 150 ! 350 420 3200 230 30 | 350 250, 185 125 35280 195 125 95
*T1300 {480 270 250 2l 200] 800 499 350 200 TS 1430 320 215 170 50 {420 300 oo 155
400 { 340 430 305 245 00| %80 335 425 363 100 [ 506 370 253 200 73 1310 80 260 205
200 | 350 255 185 145 400 | 725 615 485 420 0,06 (125 | 555 415 13205 238 100 |33 440 3JL0 245
4,08 :gg :ig g;g 555 igg 75 | 550 243 17D 140 130 {595 455 320 260 0,06{125 840 4350 330 20
: : 27032 100 | 410 295 200 18D 200 [ 660 520 380 308 150 (683 330 3290 J3i0
0,22 {900 330772807175 140 125 | 455 330 230 183 300 | 750 H10 465 380 M5 200 | 730 BOQ 450 37O
400 | 350 300 200 16§ 0,061150 { 506 370 1285 20§ 400 [800 673 530 440 00 |- 700 240 455
75 (420 55 0 135 200 | 365 420 10 243 75 1280 275 183 143 feaoh 400 [- 785 610 320
i.g: Zég ﬁ; ::g ;.*;g :gg g:; ;.’3 fig gg: igg 50 325 220 178 S0 975 280 195 135
L1 2 0340 25 {300 365 255 200 75 1463 335 225 180
9,01 :so 475 430 365 320 100 | 350 285 175 140 0,9 [150 [ 540 408 290 225 100 |50 395 270 210
200 |490 453 385 335 125 ) 400 290 195 153 200|610 470 340 26§ 0,08 {125 [380 445 305 240
00 1300 480 440 400 0,08 [150 | 450 323 220 175 300 [ 715 8T0 430 345 130 |640 430 0 275
400 1308 480 466 z3n 2001 500 380 260 210 400 [~ 540 490 400 200 {710 558 325 213
75 (400 315 L4) iso 300 600 470 340 263 100 | 375 263 170 138 200 1800 550 300 400
- . = (N “ o m i
0,02 150 [SIo 415 325 275 200 | 430 .:.o; 91: 163 ’ iso oy s e s e el
"0 {330 410 ate mo %1210 [ 510 a0 280 210 300 lo1s w0 sy e bl b
20 300 | 595 530 439 370 200|501 300 240 20 lms e b 150 |ide e o s
2 500 [705 345 300 ms 6,12 130 |35 395 275 220
Bal 400 1515 860 475 410 3T I B0 25 400 400 210 163 200 1635 470 320 260
100 [400 300 210 160 50 | 480 410 320 270 30 {330 425 310 250 200 l735 sco 405 125
125 450 30 240 190 75 {513 468 B0 313 75 (393 495 380 313 400 (790 635 470 S
0,04 {150 |480 385 260 210 0,01 {100 | 535 490 420 365 100 {635 543 435 380 1150 335 215 140 115
200 |540 420 310 250 125 | 340 510 450 400 0,02 1125 (665 330 480 400 200 |385 265 iT0 138
300 1520 500 380 310 y 150 | 380 525 470 423 150 {680 6L0 510 4233 0. 30 300 (4TS 240 225 175
400 (670 335 440 300 200 | 335 335 500 400 200 {700 G4 560 480 400 1555 P
169 380 250 175 133 400 ] 360 555 340 520 300 |7 35 P e o
] 300 [720 680 625 350
1251390 280 200 155 25| 325 240 165 Ladb 400 1728 700 _ 830 GO0
0,06 {150 {430 320 220 175 30 | 440 245 280 200 25 1300 200 145 115
200 {430 370 260 2I0 75 | 310 405 305 250 50 {445 330 225 180
300 |58¢ -450 328 269 100 | 350 450 3350 296 73 1325 400 200 225
400 {640 303 380 310 0,02 |128 | 380 480 285 325 100 [585 465 240 270
125 {340 240 165 135 |, 130 [ 605 320 430 355 0,04 125 l6is 3510 o s10
156 1370 280 185 150 200 | 630 360 470 400 150 1680 530 420 340
0,08 |200 {440 320 225 1715 fizel 60 {665 610 340 470 |40 200 T30 618 475 285
300 [330 400 280 215 460 | 875 G40 370 813 306|790 685 365 480
400 1600 450 340 280 o (30 7o tas o] 108l 100 1~ 740 430 843
200 |360 250 180 140 TS 1450 M40 240 185 50 |a83 275 155 140
0,12 {300 [420 305 215 175 100 | 310 400 280 =220 75 1475 350 235 185
400 1460 365 250 200 0,04 {125 [ 360 440 310 250 100 {540 405 230 295
150 1006 475 350 285 0,08 {125 585 430 325 253
ggg ;’23 z—llg ::g ::g isu 640 490 55 285
o | e s dan e 200 705 S66 415 338
73 | 395330 190 150 :gg °° ffu W
100 {466 335 230 180 50 1330 ;;3 :;g fﬁﬁ
125 {530 375 265 21o 15 1425 300 205 160
0, 06 }jso- s:;m #5220 235 100 [506 355 250 188
200 1620 475 34§ 215 0,08 125 [350 400 =280 220
soo | 765 o33 ieo s08 bl b
g e L ioa 675 503 370 300
100 $410 295 oo 160 433 Z“ 5;3 4;3 =
125 435 330 230 180 75 |30 ;40 ;5 435
0,08 1150 1300 afe 255 205 100 lil0 200 8% 1o
00 | 570 425 300 245 125 |1as 329 o o
300 |67 325 200 305 8. 12 3o a5 1
400 | 740 GO0 430 365 B :so o w0 om0z, 0,05 m* °Chykear 19 ’
e a0 0 200 (390 430" 220 233 o " *Chykear = 0,043 m? *C/W
15 1315 e 1o 1 100 390 520 370 300 ,iO » =008 »
012 |10 | 120 2y oz a0 100 [735 590 420 350 0  » =0,i72  »
100 (500 330 240 1op 0.30 » =038 »
300 L600 440 300 250
| HOO [GTS 500 330 230J
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r
v éﬁf_{ 8, max . 2 4 Te max . |4l 4 Ts.max . AVE| 4 To max
A Ve \dtly diliy Giii; il Ap | Ve Tdld; oty diia O Ap | Veiduhs ik iy duk; Al Ve faya; dild; aifie Tk
0.08 310 G20 030 G058 0,1¢ 0.20 0,30 Q.05 0,30 0,20 0,30 0,06 3,10 .20 .30
25 |48¢ 355 250 200 25 | 550 420 295 235 23] 325395 270 205 =3 50 500 ':iaﬂ 10
50 |505 480 3?5 oo 501685 300 430 3350 50 665 540 400 320 30 ]~ 670 320 420
75 {665 S70 450 380 75 |15 sd0 515 435 75 733 625 490 400 6,04} 73]~  TA0 G20 320
0,02{ 100 | 700 620 510 438 0,02 100 [ 745 675 370 495 0,04 100 | 790 630 330 <33 wei- - b5 338
125 (720 630 350 473 123 | 760 708 610 540 150 - TI0 GO0 303 125 - - ™5 850
150 | 730 67% 885 5lo 150 | TT0 725 G40 575 50| - B0 G40 330 25| 550 :595 255 200
200 {745 700 630 3563 200 | B0 TS0 GO0 625 ’109 - 800 685 605 304 135 570 -300 3z0
300 {753 735 680 635 25 | 408 300 200 130 A0 B0 15 14 75{- 15 500 405
25 (350 255 170 138 S0 {560 430 305 240 50565 415 285 225 9,06{100 1~ 750 875 473
7 [so0 0 s g b 10| Ho W w5 B4g e DA e
40 765 100 {715 3 - - 5
1od 655 S5 305 315 125° _gs ﬁg 3‘33 233 0,06/1251 790 G0 480 390 001- - 733 635
0,04/125 {705 575 435 153 0,04 |150 | 790 575 330 4d0 150 - 685 325 430 T 473 S gm0 165
150 {740 615 475 295 200 [~ 730 Goo 508 ool I 753 poel i a o a0 e
200 {785 675 840 450 200 |- 795 o8¢ 5 - - 635 75 | 77
300 (- 750 825 345 75 [ 345 220 ;23 :.?g 51350 240 160 130 e, 0,08 200 1 - 670 505 400
400 |- 795 590 600 50 {500 300 240 195 ;g ;ig 252 -;fg fgg ‘L-?_-g - ;;g ;:g ;iz
25 [300 210 135 10§ 7S (600 430 35 25 35 320 2 504 -
30 (443 320 215 170 100 |670 315 375 300 [ __ 106 | 700 530 373 oo 200 - - 690 30
73 1340 400 275 220 125 (725 s70 415 3ep |75 ©.08]125 1730 w5 425 330 151990 288 183 130
100|610 465 330 260 150 | 768 615 60 375 |fars) 180 | §00 540 470 2|3 50| 685 390 260 210
50 0,08|128 {e65 315 375 300 0 0,06 {200 - 685 525 435 204~ TH S 450 5| a0 495 40 370
fc | |asg (ms as s aes P lioe | 1 cas coe ol = Twoms e S i am
+ 5 $00 j- . 535 goo RIS ol I
0 |- 125 370 i:u I5 [300 260 135 100 2‘5’ ﬂzg ;32 jig isg iiﬁ - 3:3 00 :slg
400 |- 790 G35 54§ E 2 5 259 2 200 | - 575
25 |260 130 115 90 7: :gg 3;2 2#2 ;gg 100 1 500 H0 300 240 308 1 - k) 790 300
So 400 275 180 140 0,08 1100 [615 450 325 255 0,12 igg S,g ::wfg ggg 3;3 1;: f._ig ggg J;gf 123
T5 (500 330 240 190 125 |680 515 365 290 20 Py 2 2 o =
6,08(100 555 4le 290 323 150 {725 260 400 330 200 | 800 G20 430 360 1351575 dle 270 2lo
125 515 460 325 255 200 FEO0 640 475 390 :gg - ggﬂ ffg f;: 0,20 :;g ﬁzﬁ 4;; zgﬂ f;‘j
150 {865 505 355 295 300 - 750 530 480 - o 550 5 2 53 5 253
200 {730 380 225 150 400 |~ - 630350 75 [SUF 205 135 103 WA~ 84D 4G5 370
300 [ 630 325 430 30 470 350 180 123 100 1365 290 168 1do jooty o T o A
400 - 750 595  soo 75 470 330 210 170 125 410 285 159 L350
50 1320 226 145 110 100 1350 s 250 200 01 30(130 1465 313 20 170
75 [410 290 185 43 125 lgo0 430 300 238 200 533 85 258 200
100 480 345 325 175 0,12 1130 [656 480 330 265 300 1635 480 335 260
125 [s30 390 260 200 200 (735 350 400 310 300 (713 330 o@0 3io
0,12 (50 |6o0 420 295 235 300 |- 660 500 400 =5 1630 480 330 200
200 (878 300 350 280 400 1. 730 873 465 | 39 y76C G40 490 395
300 |70 00 440 350 135 |343 za8 138 128 0.04) TH - TIE 500 490
400 |- 680 310 413 130|393 285 175 145 100 - 770 G50 560
135|305 205 135 110 0.30 200 [460 325 215 163 125 - T8¢ 700 G1O
15 [aso 230 150 128 300 |355 410 280 220 150 | T30 850
0,30[200 |10 285 185 145 400 (630 475 330 260 25 1250 313 210 169
300 (500 363 245 190 ;‘; 3;2 :;g 3;2 52;
P
i e 0,06{100 {795 Gi0 475 390
125 [- e 330 435
150 {= 745 375 480
206 {- - 530 350
300 - - 730665
2§ 1400 275 180 140
50 |aTo 415 285 220
15 loso 310 360 285
26 10,08/100 [755 300 420 340
135 |-  G30 480 390
fesck 136 |- f06 320 430
200 |- 7115 soe 300
so0 l- - 0 goo
25 j320 2up 140 103
50 473 330 220 175
75 [300 425 283 225
100 670 495 340 275
0,12{125 |70 35¢ 395 308
130 {300 ong 440 350
200 |- 680 500 403
300 |- 800 503 508
300 - - oo 395
75 |355 43 160 143
e 25 200 195 130
123 |80 235 225 173
0,310 (330 375 250 195
200 |610 443 200 235
200 {720 545 285 308
500 oo 625 455 360



Table 4. Maximum steel temperature T¢ max (OC) for a steel structure

Tnsulated with gypsum plaster siabs,
as a function of fictitious fire load density q (Mcal-m=2}{MJ-m~2},

fype Gyproc-(pi = 790 kg-m'3),

fictitious opening factor A/h/A (m1/2}, structural parameter A /¥
(m=1), and insulation thickness d; (mm) [4]
- - ! T,
AVR! Ay Ts.max Ayr| 4; | 'somax AVRI A; 5. max AYE| Ap | s.max . ﬂ Ay §.max
AV, 4 4 TN iy e & AT o o LI o B Ay (Ved g
13 28 ’ 13 26 13 2% 13 2B 13 I6
125 | 215 200 251315 210 25| 305 195 25 | 390 %0 231 195 350
150 | 335 =15 50 | 415 305 50| 435 200 30| 350 870 0,04 | 30] 620 335
0,01] 200 | 365 235 75 [ 465 360 75| 525 45 0,02 75635 500 75) 135 G630
300 | 395 260 100 | 495 295 100 | Go¢ 390 100 | 723 570 LR CRE]
400 | 415 273 0,01 125 | 510 420 0,021125 | 940 425 125 | 155 Gis &g} 465 390
15 1257360 150 150 | 525 440 150 { 675 300 150 | 163 680 0,06 | 15| 320 475
150 | 225 163 200°| 335 465 200 | 700 383 30 { 410 275 100 7% 330
53} [0,02{ 200 350 200 200 { 550 495 300 | 720 30 73 | 500 330 125 - &30
300 { 405 215 400 | 560 510 50| 350 200 100 | 375 330 50| - 675
400 {435 230 | 50 [ 350 215 75 | 425 260 0,04{ 125 | 830 420 EUEIC) Q533
300 {300 120 75 410 265 100 | 483 300 150 | T4% 453 751 523 400
6,04 400 [ 330 3125 100 [ 460 305 0,04 125 | 535 325 200 | 300 100 630 460
T3 345 230 125 [ 495 338 150 | 605 353 300 [ - 535 0,08 |125] 700 535
100 | 380 260 4,02|150 | 320 363 200 | 690 400 50 | 360 203 | .o 150 - 583
125 | 405 280 260 { 570 400 | 4o 200 | 780 495 75 | 435 265 200] - 673
0,01} 150 {420 200 | 30 300 | 640 350 . 00 ] - 350 100 | 510 310 {315f a0 | 320 230
20 {440 225 . 00 Lags 7o | 168 751 365 185 125 | 570 345 731 400 300
a00 | 4g5 383 | (20t 75 | 345 185 100 | 420 255 0,06} 150 [-600 373 1001 475 330
400 | 480 375 100 | 400 215 125 | 450 235( 50 200 { 750 425 o1 [185] 340 375
75 1300 150 125 | 435 245 130§ 483 260 foxol 300§ - 498 77 150 830 dl0
108 1345 200 0,04 1130 | 470 260 0,06 (200 500 300 ' 400 § - 335 200 765 450
125 [ 375 220 200 | 326 306 300 | T30 353 30 300 200 00| - 385
0,02{ 150 {400 235 300 [ 630 350 400 | Bog 385 75 | 315 245 4w00] - 633
20 200 | 440 265 100 | 585 280 75| 205 160 100 | 440 250 150|360 115
300 {490 300 100 | 330 140 100 | 360 183 0,08125 | 490 300 o,ap [200) 325 115
Bl 400 | 530 320 125 1365 153 125 | 400 200 150 | 550 330 T Tao0! W5 125
13571306 130 0, g 1150 [ 395 175 6,08 150 | 445 220 200 |50 373 400, 435 130
150 {325 140 v iao0 | 445 200 200 | 310 250 300 | 770 413 0041 251 ¥T I3
0,04[200 [a70 133 oo 550 238 300 1 600 295 400 | - 500 N 301 300 8G3
300 1435 178 403 | G600 255 400 | 663 323 100 | 340 143 25] 365 310
400 1478 200 | 125 | 305 120 123 ] 315 115 125 {385 130 o gg | 301 330 480
200 {309 10 0,08 (150 | 345 128 150 | 350 L9 o,zn|150 420 183 b 15! ®3 530
0,061300 {350 118 200 {390 135 0,12 {200 400 135 *""l200 | 470 200 901 ~ 720
400 L0 179 300 (450 153 s0e | 430 145 300 | 575 220 35| dl3 260
0,08 | 390 [295 1eo 400 | 500 17¢ 400 | 340 153 400 | 735 230 50| 470 385
' 400 |320 110 o 12 |00 330 120 T 950 223 0. 301300 220 100 0,08 | 73] 425 8%
50 {366 250 PO 1400 {380 135 500 495 335 ' l400 | 260 103 20 0| 300 550
75 {410 300 50 | 390 255 75 ] 600 205 25 | 4G5 320 125 - 683
100 (40 235 75 {463 305 0,021100 | 685 433 0,02 50 |goo 430 |lsc} 30 513 300
125|470 360 100 | 520 245 125 | 715 s00 75 [170 080 | 75 485 a7s
0,0Li15¢ {480 375 125 | 560 380 130 | 740 600 3% 525 263 100] 350 440
200 |500 410 0,02 {150 [395 420 ENETEED 50 {470 390 125| 550 480
300 (320 440 200 | G40 400 75| 460 290 75 | 575 455 0,12 |50 300 325
100|530 465 300 |69 540 100 | 525 330 %% 00 130 20 200 - 600
50 |306 175 <60 {703 570 125 /5 /5 125 |- 355 a0 - 800
75 (385 328 30 |3L0 170 0,04 {150 | 675 400 150 |~ 660 409 ] - -
100 (400 255 75 1385 230 | 200 | 775 445 50 400 295 100 | 295 15
125 [430 2as 100 [ 445 265§ 45 00} - 533 75 400 273 125| 5 125
3,02 |150 {455 300 125 [490 295 { {190} 4001 - ¢30 100 |al0 425 150 | s60 133
200 {500 335 5,04 |L30 |335 313 30| 420 173 0061125 [110 450 0,30 {200] 400 140
25 00 1350 375 200 1600 355 75 400 220 50 i 130 (760 4%0 300 480 170
105} 400 |85 400 300 | 710 425 100 | 460 253 | 200 |- 500 400 | 550 200
102 335 130 | 35 400 1775 413 125 | 505 200 {250} 30 | 950 250 35| 690 580
. {125 {375 180 st 73 320 130 0,06 [150 | 540 313 75 435 H3 0u0% | 5ol -
0,04 1150 {400 200 100 (375 175 200 | 670 360 100 300 365 25| 435 410
200|455 225 125 |45 190 300] - 425 125 {555 400 806§ 5o f 7o eso
306 1550 250 0,06 {150 [0 215 400 | - 1350 0,08 {150 {G50 440 25 ] 390 345
400 (600 223 | 200 (430 245 751 330 200 200 {180 3500 0,08 | 30| 610 Lo
123 {300 130 300 |G40 290 100 | 400 230 300 |- 330 75| - 710
130 1330 138 400|700 318 125 | 445 250 400 [~ 660 25 | 365 385
0,06 (200 375 150 100 [313 140 0,08 [150 | 495 265 73 |30 195 50| 470 3z
300 l413 175 125 |35 150 200 | 585 310 100 400 220 ). 0,12 | 75| 683 500
400|500 185 | 150 1395 160 00 | 685 350 125 |450 250 {120 100 | 800 600
200 [320 113 0,08 {200 {450 18¢ 400 | 160 400 0,12 {150 500 230 [po, o 125] -~ 710
0,08 (300 (370 120 300 {320 220 100 | 305 - 135 . 200 {375 320 T3} 323 1ao
400 410 1ac 400 1390 n4s 135 | 345 175 300 G20 353 100 | 380 200
200 [0 120 150 1 875 130 400 |- 100 1251 435 250
0,12 {300 {306 139 0,12 |200 | 420 155 0,30 390 200 103 0,30 {1501 475 273
Koo [450 135 300 | 500 170 'YV 400 1325 120 2001 560 295
400 | GI5 173 300 745 a5
400 | - 395
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Table 5. Maximum steel beam temperature Tg max (OC) for a steel beam
construction according te Fig. 10, with an insulation in the form of

a suspended ceilingy, as a function of fictitious” f1re ]oad density g
(Mcal-m=2){MJ-m~2}, fictitious opening factor A/h/A g structural
parameter F /V, (m=1}, and insulation parameter dj /13 m2 C-h-kecal-T)c,
The maximum temperature in the suspended ceiling is given in brackets [4]

Maximum steel tampersture?, ., and { } Maximum stesl tamperature T, .. and( §
A F, imaximum suapended celilng tempercturs AVE | F, |mexdmum surpended celiing temperatyre
q h -2 g | — iy - .
A |V BN -/17 5 P Ay |V (dilkpmiee
005 010 020 039 005 010 0.20 0320
0| 130 g0 ss so 50 | 435 315 200 160
100 | 180 130 100 | 450 240 185
$
0,02 00| 0 (470) 30 (440 us ¢ a0y 90 9 (3s0y o,02{ 00 | oo (818) 3 250 0 (570 ES (330) po0 (500)
300 | 260 190 130 100 300 | 435 350 250 200
T 73 rid pr 36 | 340 225 145 110
0,04 2001 150 100 65 5o 106 | 406 185 140
s 200 | 200 (385} 140 (530) g4 (500) o0 (475) 0044 200 | 435 (580) 35 320 5 (630) 220 (89) 155 {560)
300 | 240 178 11p 80 40 300 | 445 330 230 180
o3 30 ss 50 35 25 o 5h 30 | 250 150 154 TS
.o 0 50 40 100 | 340 225 130 100
0,08 | ;00 50(575) Log (830) 32 (890) 37 (370) 0,08 {700 | 312 (7501 223 (700) g2 (650) 4 (625)
100 | 190 125 90 60 300 | 445 315 zm 155
50| 40 35 30 75 50 | 190 130 58
725 660
0,12 |100| 80 oo, 48 (850} o (890) 54 (620) 0.121100 | 288 (780} g ( )uo (639} o4 (650)
**% 1200 | 120 70 50 40 °""izon 1 aTs - 250 158 110
200 { 155 100 60 45 300 ! 420 290 185 130
55| 200 Tio 35 73 50 1475 336 305 55
100 | 290 185 125 160 100 | 510 370 250 190
092 200 | 300 (5107 gp5 (470) (45 (435) ;5 1420 s 0,041,050 [ s15 (7490 g5 (080) gqq (830} 5y (600)
00 | 320 245 170 139 300 | 515 285 276 215
50 | 160 110 15 55 § 330} 50 | 343 225 . 130 100
100 | 230 150 106 15 100 | 420 290 180 130 .
600 630
004 |00 | 200 (990 g5 (365) | 4g (530} gy (515) 0,08 1500 | 480 (7290 359 (730} 5p5 (6751 44 (630)
ss a0 | 223 233 155 115 200 | 495 360 250 190
{' ; 50 1 1i8 TS e 10 30360 150 50 T
10 100 | 160 110 70 55 100 | 570 420 290 320
630
003 1h00 | 2aq (B80) 150 (835} g (395) oq (570) 0,04 1000 | 575 (B9 yp5 (T35) gg (060} 5oq (630
300 | 5 195 - 120 96 120 300 | 575 425 300 230
BT 80 60 30 ) {506 551425 780 ) 135
100 130 80 50 45 100 | 495 45 210 160
2 G670
0412 |uog | 100 (7400 pa5 (690) g4 (650) 4 (620} 0008 |00 | 520 (810} 375 {7507 355 (835) 145 (670)
300 | 235 160 100 75 300 | 525 85 260 208
50 | 300 220 135 1to
. |1oo 1 360 260 175 135
0,62 |,00 | Ja0 (360} agq (5201 507 (480) 132 (460)
300 | 385 293 210 165
50 | 240 160 105 30
100 | 315 220 140 100
6
© 0,04 00 | 3ps (6451 220 (600) 150 (560) 102 (535)
300 1396 . 390 195 150
f1es} 30 1170 110 70 55
100 | 243 150 100 75
0,08 |00 { zag (T15) 5p0 (665} | 0 (525) | 2 (890)
300 | 30 2060 165 129 c
30 | 130 83 53 45 0,05 m® °Ch/keal = 0,043 m? °C/W
, froo 290 130 85 GO 0,10 » = (),086 »
3 "
0:12 Ligg [ 200 (7300 19 (700} 155 (060) o5 (630) 020 » - 0,172 »
300 | 340 225 143 100 030 » = 0,258 »
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Table 6. Summary results of standard fire resistance tests on same ty-
pes of suspended ceilings and connected values, derived from the test
results, for (dj/)ki)ﬁCt and critical temperature of the ceilings [4]

iﬂiﬂim“ . Estimated i Esumated
me in
stzndard firs & A ger ::‘:;::lded
test (!'n Ch 2 ceiling
No  Maks Matarial {rmlny Remarks keal w tempera-
rre(®c)
1 Gyptoe 2x13 mm gypsum plaster stabs 30-40 All teats wers discoatinued beciude 0,075 9, 064 62%
no giase (fbre reinforcement the suspended cetllng fell down. The
2 1x13 mm gypsum plastsr sishs critical temperature had nat been
0.25%glr 48 reached in the ateel girders 0,97% 3, 064 6§30
1 ix16 mm gypsum plaster sizshs
0.25%glr 49 0,10 0,086 5350
4 2x13 mm gypsum piaster slabs
0.25%gr &G 0,15 4,129 650
- Ax13Imm gypsum piaster zlabs
. 0.25%g(r 75-80 9,28 o, 215 623
8 : 2x20 mm gypsum plaster slabs
0.25%g 80 6,30 ¢, 258 825
7 WST 2x13 mm gypsum plastar siaha Ail tests ware deconttnued for the
with 11 mm minersi wool samg reason is above. The gypaum
between them 45 piaster sigha wers aot reinforced 2, 30 @,258 550
8 2x13 mm gypsum plaster slabs
with 13 mm minersai wogl
between them 50 9,30 0,258 550
9 2x13 mm gypsum plaster sisbs
with 43 mm straw between thern 47 4,30 ¢, 258 550
L0 1x13mm gypsum plastsr slabs
with 43 mm straw between them 54 . 0.30 0,258 550
11 ingenjirs- Scundex special suspended celling 99 Parts of the celling fell dowa after 0, 1% 9,129 700
frma Zere tllea. Cast giasa {ibre reinforced 90 minutes. Max, dtzei temperaturs
gypoum plaster tles with "ridges” approx. 440%C
{n & grid pattern. Tile thicknese
18 mm, at the ridges 28 mm
12 Consentus  Armsitorg 13 mm thick 30 No visibie damage o suspended ¢, 05 0,43 580
cefling. Max steel temperature
13 Minersl weol acoustic 80 about 450 9C 0,07% 0, 164 >(1zs)*
16 mm thick
14 Type minahosrd 13 mm thick 85 0,073 0, 084 >(721§l
13 Dansk Deflamit-Asbestalyx 50 No vis{ble damage w0 suspended 0,20 0,172 »(67%
Eternitfabrik (3 mm Defllamit + ceiling. Max steel temperaturs
13 mm minerat wool + about 300 °C
8 mem etarniy) a
L Nordakustik Celotex Acoustformat 90 No visible damage to suspended 0,160 0,086 {725
15 mm thick glass {lbre siab cefling. Max steel iempetature
17 Rockwool Rockfon Decar 851 {15 mm 54 about 430 °C. The test wes dis- 0,20 0,172 600
thick mineral woal slaby continued because the syspended

ceiling lefl down. The critical
tamperature had aot heen reached
in the steel girders,

a
No damage ta the suspended ceillng. Caiculated temperature in the suspended ceiling when the tast was discontibued.
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