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PREFACE

This publication has arizen in direct connection with the work within
IS0/TC92/KG1T on the draft proposal ISO DP 6157 "Fire Resistance Test
- Suspended Ceilings". This standard specifies a method of test for
assessing the contribution of suspended ceilings to the fire resis-
tance of unventilated load bearing floor or roof assemblies composed
of a supporting structure of steel beams and a slab of normal concrete
or aerated concrete. In the test, a fire attack on the underside of
the suspended ceiling is simulated by a thermal exposure according

to the standard fire resistance test IS0 834 [1]. The fire resistance
is obtained being the time of the specified heating process, at which
the supporting structure no longer performs its load bearing function
under the applied loading.

The fire resistance, determined in the test, can be applied directly

for a classification of an assembly with the same structural design

as the one tested. The test result can also be used directly for a
classification on the safe side of the investigated assembly, struc-
turally modified in such a way that the heating of the load bearing

steel beams will be sTowerat a fire resistance test than for the assembly
tested.

For a floor or roof assembly, structurally modified in relation to the
assembly tested, alternatively, a more precise classification can be
pervormed by theoretical calculations which take inte account the real
behaviour at fire exposure of the suspended ceiling as determined in
the test. The present publication deals with this problem and includes
a design basis in the form of diagrams and tables, which can facilitate

such a classification in practice.

The main characteristics of a theoretical evaluation of & fire resis-
tance test, performed according to DP 6167, is presented in chapter 2.
Chapter 3 deals with the basic equations of heat transfer in a fire
exposed floor or roof assembly with a suspended ceiling. A survey of
relevant thermal properties of steel, ordinary concrete, aerated con-
crete and some materials for suspended ceilings is given in chapter 4.



In chapter 5, the theory according to chapter 3 is examined by some
comparisoné with results obtained in standard fire resistance tests.
Chapter 6 comprises the design diagrams and tables for the theoretical
evaluation of a DP 6167 test, determined from the heat transfer equa-
tions in chapter 3 by way of the computer program, described and Tisted
in Appendix A. The evaluation procedure is illustrated by some examples.

For how the results of a fire resistance test according to DP 6167
of an assembly with a suspended ceiling can be used as an input infor-
mation in an analytical fire engineering design based on reatl fire

exposure characteristics, reference is given to [2].



1. INTRCDUCTION. GENERAL BACKGROUND

In DP 6167 "Fire Resistance Test - Suspended Ceilings", drawn up

by IS0/TCS2/WG 11, a standard test procedureis specified for a
determination of the contribution of suspended ceilings to the

fire resistance of an unventilated, load bearing floor or roof
assembly - figure Ta. The test specification refers to IS0 834

[1] for heating, pressure and leading conditions which implies that

{1) the temperature rise within the test furnace shall be control-
led so as to vary with time, within specified limits, according

to the relationship
T - T, =345 log,, (8t + 1) (1a)

where

t is the time, expressed in minutes

T is the furnace temperature at time t, expressed in °¢
TO is the initial furnace temperature, expressed in OC,

(2) an overpressure of 10 £ 2 Pa shall exist in the furnace
during the whole heating period of the fire resistance test -
the condition net mandatory for the first 5 minutes,

(3) the assembly shall be subjected to a Toading which, in the
critical regions of the supporting construction, produces stresses
of the same magnitude as would be produced normally in the full
size element when subjected to the design load.

By means of the test, the fire resistance of the floor or roof
assembly is obtained as that time of the prescribed heating pro-
cess at which the supporting construction no longer performs its
load bearing function under the applied Toading. Strictly, this
corresponds to a rate of deflection of the supporting construc-

tion approaching an infinite value [31. In practice, such a col-
lapse criterion however must be replaced by some limiting deflec-
tion criterion, for instance, the criterion for maximum deflection
or maximum rate of deflection according to RYAN and ROBERTSON (4]

ar some other equivalent deflection criterion, specified in national

standards.
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OP 6167 also permits the contribution of a suspended ceiling to the
fire resistance of a floor or roof assembly to be determined with
the test assembly unloaded. Instead of a limiting deflection cri-
terion, then a temperature criterion must be appiied to the sup-
porting construction, fixed in a conservative way to give test
results which generally are on the safe side in comparison with

the carresponding fire resistance given by a Timiting deflection
criterion in a test with the test assembly loaded. In the commen-
tary to the standard, a temperature criterion of a maximum tempera-
ture of 400°C in any point of the steel beams of the supporting
construction is recommended in evaluating tests carried out with

the assembly unioaded.

> 2000 mm
250 2 750 2 750 250
LOADING
77 SRR
; TOPPING
7
I l E——ﬁ—STEEL BEAMS
4 la o _ SUSPENDED
CEILING
y g2 5mm (\ /\ I

A\;M!NERAL 0OR CERAMIC FiBRE PLATES,
DENSITY 125 = 25 kgm™>

c22d + MAX ALLOWED DEFLECTION

Figure la. Test assembly for a determination according to DP €167
of the contribution of a suspended ceiling to the fire resistance
of an unventilated load bearing floor or roof structure

The standard specifies the test assemdbly to comprise the suspended



ceiling under test (the test specimen) and a supporting construc-

tion of alternatively - figure la

(1) simply supported steel beams, topped with reinforced aerated
concrete slabs of density 6G0 = 50 kg m_g and of thickness not

less than 100 mm, or

(2) simply supported steel beams, topped with reinforced normail
concrete slabs of density not less than 2200 kg m'3 and of thick-
ness not less than 50 mm.

The slabs or slab elements, forming the topping of the test assemb-
ly, are to be arranged in a way not to give any contribution to the
load bearing function and capacity of the supporting steel beams.
The test assembly shall be unventilated, i.e. the cavity between
the floor or roof soffit and the suspended ceiling shall entirely
be surrounded by barriers for the purpose of preventing the trans-

fer of air,

A main principle of the test according to DP 6167 is to give such
information on the contribution of the suspended ceiling to the
fire resistance of an unventilated Toad bearing floor or roof
assembly, that the test results can be used for a direct classifi-
cation with an application in practise, which is as general as
nossible. In order to increase these possibilities, the standard
specifies the test to be carried out with supporting steel beams
of a comparatively high value of U/F, if the test results are in-
tended to be used for a direct ciassification - viz. steel beams
with U/F 3 290 m™), e.g. IPE 140. U is the heat exposed surface of
the steel beam per unit length (mz/m), i.e. the total surface of
the beam except the part covered by the slabs, and F the volume of
the steel beam per unit tength (m3/m).

As concerns a direct application of the test results for a classi-
fication with the tested suspended ceiling as a part of a floor or
roof assembly, the commentary of the standard gives the following

guidance.

The fire resistance time determined in the test can be applied
directly for a classification of a fioor or roof assembiy with the
same structural design as the one tested. The fire resistance time



obtained can also be supplied for a direct ctassification on the
safe side of a floor or roof assembly with the same suspended
ceiling but with the rest of the assembly structurally modified

in comparison to the tested assembly in such a way that the rate

of heating of the load bearing steel beams will be decreased. Al-
terations which each by itself givesan effect in this direction are:

(1} An increase of the volume of the unventilated cavity,

(2) an increase of the density and the specific heat of the topping
material, e.g.'an exchange of an aerated concrete slab to a light
weight concrete slab with a higher density, to a slab of normal
concrete, or to a slab with hollow brick or concrete blocks,

(3) a decrease of the U/F value of the steel beams.

An increase of the thickness of the slab gives a practically negli-
gible influence on the heating of the steel beams, if the thickness

is larger than about 50 mm.

Furthermora, a replacement of the steel beams by beams of reinforced

or prestressed concrete gives a modified floor or roof assembly which
can be classified on the safe side by a direct application of the re-
sults of a fire resistance test in accordance with the standard DP

6167.
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2. MAIN CHARACTERISTICS OF A THEORETICAL EVALUATION OF FIRE RE-
SISTANCE TESTS ACCORDING TO DP 6167

Es an alternative to a direct classification, as described in chap-
ter 1, the commentary to DP 6167 indicates the possibilities of a
more differentiated classification of a floor or roof assembly by
theoretical calculations, taking into account the real behaviour at
fire exposure of the suspended ceiling, investigated in the test.
Such a theoretical, differentiated evaluation of the results, ob-
tained in a fire resistance test for a determination of the con-
tribution of a suspended ceiling to the fire behaviour of an un-
ventilated, load bearing floor or roof assembly according to figure
la, comprises the main steps summarized below. In order to make the
procedure safe, the test assembly should be so designed that as
much information as possible is given in the test concerning the
behaviour of the suspended ceiling. Of that reason, the standard
specifies that supporting steel beams with a comparatively Tow value
of U/F - U/F < 160 m_T, e.g, HE 1408 - shall be used in the test

if the test results are to be applied to a subsequent differentiat-
ed evaluation by calculation. As to siab material, the theoretical
evaluation should go from a material with a higher heat capacity

to a material with a lower heat capacity, which implies, for in-
stance, that an extrapolation from a floor or roof assembly with a
slab of aerated concrete to an assembly with a slab of normal con-

crete should be avoided.

Step 1: The fire resistance test according to DP 6167 gives the
time curve of the steel temperature TS of the bottom flange at mid-
span of the centre supporting beam (figure 2a), the time ts,crit
for collapse of the supporting construction and the corresponding

steel temperature T for the floor or roof assembly tested,

s,crit
specified by

the material, thickness and density of the slab,

the U/F value of the supporting steel beams,

the material and structural characteristics of the suspended ceiling,
its fastening devices inciuded, and

the ratio between the applied test load, ordirarily the design load

0,and the ultimate Toad at ambient temperature Qu'

If the suspended ceiling is damaged in the test, the time of this

damage ti is noted.

,crit
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Figure 2a. Time curve of steel temperature T_ of bottom flange
3T midspan of centre supporting beam, time tg crit for collapse
of supporting construction and corresponding steel temperature

Ts,crits determined in a fire resistance test according to DP 6167

Step 2: This step comprises a determination of a derived value
(dj/.‘ai)der of the suspended ceiling tested - di is a thickness
measure and Ai a thermal conductivity measure for the ceiling. The
determination is based on the requirement that the agreement bet-
ween the time curve of the steel temperature of the bottom flange
at midspan of the centre supporting beam, meastred in the test -
the Ts-t curve according to figure 2a - and the corresponding cal-
culated time curve shall be as close as possible. This determina-
tion is rendered easily feasible by a set of diagrams of the type
shown by the full lines in figure 2b, presented in chapter 6 for
qnventilated fioor or roof assemblies with a slab of alternatively
normal concrete of density 2300 kg m-3 or aerated concrete of densi-
ty 600 kg m_3 and supporting steel beams with an U/F value of al-
ternatively 299 m™! (IPE 140) or 160 m™ (HE 140 B). By this pro-
cedure, the suspended ceiling tested is characterized in an inte-
grated way with regard taken to real structural design and be-
haviour at a fire exposure, including the influence of initial
moisture content, crack formations, disintegration of materials,
and partial failure of the ceiling and its fastening devices.
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! d;/A;=0025m?°Cc w!
0.050

0.100

0.200

Figure 2b. Calculated time curves of the steel temperature T_ of
the supporting beams of a floor or roof assembly, according

to figure Ta, with a suspended ceiling, having different values
of di/xi (full Tine curves), and a measured time curve of the
steel temperature of bottom flange at midspan of centre suppori-
ing beam, determined in a fire resistance test according to DP
6167 (dashed and dotted line curve)

The reference diagrams in chapter 6 are based on heat transfer
equations which neglect the influence of the heat stored in the
suspended ceiling. If these diagrams are used for the determina-
tion of the derived value (di/xi)der of the suspended ceiling
tested, the influence of this stored heat will be included in a

way which has to be described more as a trick of calculation than
as a functionally based procedure. For crdinary types of suspended
ceilings, the approximation is reasonable. For suspended ceilings
with a large thickness and made of materials of high density, it is
recommended to use the computer program in the appendix for a direct
and more accurate characterization of the suspended ceiling.

For some types of suspended ceilings, the measured time curve of the
steel beam temperature can have a form which deviates considerably
from the calculated time curves of the steel beam temperature -
figure 2¢ The criterion for the determination of the va]ue(di/}\i)der
of the suspended ceiling then should be that the calculated curve
and the curve measured in the test give the same steel temperature
Ts,crit at the time ts,crit. For th; gxamg%e, shown in figure 2c,
this leads to a (di/xi)der = 0.05m° “CW . By applying such a
criterion, a (di/Ai)

der is obtained, from which test results can be
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extrapolated without giving values of the fire resistance on the un-
safe side. Already, such a minor deviation as indicated in figure
Z2b may give reasons for the use of this c¢riterion.

} dj /A= 0025 m? °c w-!
0.050

0.100

0.200

Figure 2¢. Criterion for the determination of (d./)\i-)d(?r of a sus-
culat

pended ceiling, if the forms of the measured and'ca ed time
curves of the steel beam temperature deviate. Notation according to

figure Z2a and 2b

If the suspended ceiling is damaged in the test, the time for
can be transferred to a critical temperature

this damage ti,crit
by using design dia-

at the centre level of the ceiling T, crit
grams, presented in chapter 6 and exemplified in figure 2d.
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T, °C
i
di/3=0.025m% °C W
0.050
0.100
0.200
= { h

t

i,crit

Figure 2d. Calculated time curves of the temperature at the centre
Tevel of the suspended ceiling Tj in an unventilated fioor or roof
assembly, according to figure la, for different values of di/xj of
the ceiling. The dashed and dotted line curve applies to a derived
value (di/}j)gepr Of an assembly tested and used for transferring a
time for damage of the suspended ceiling ti crit to & corresponding
critical temperature of the ceiling Ti crit

Step 3: This step comprises a determination of the fire resistance
time of the floor or roof assembly in question, structurally modi-
fied in relation to the assembly tested. This time can be obtained
directly by using the design tables in chapter & with applicable
values of (d]./ki)der for the suspended ceiling and of U/F for the
steel beams, and the type of slab as entrance variables. The limit-
ing design criteria are the steel beam temperature Ts,crit corre-
sponding to collapse of the supporting construction of the assemb-
Ty (figure 2a) and the critical temperature at the centre level of
the suspended ceiling Ti,crit corresponding to damage of the sus-
pended ceiling, if any (figure 2d).

If the floor or roof assembly in question is to be classified for
the same ratio between the design load Q and the ultimate load at
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ambient temperature Qu as applied in the test, the steel tempera-
ture Ts,crit’ determined in the test on the basis of a failure
criterion, is chosen as the limiting value. If the classification
is connected tb another ratio Q/Qu than used in the test, the
limiting steel beam temperature of the supporting construction

T can be taken from figure 2e [5].

s,crit

0/q,
A

0.8

0.6

AN

N

0.2 4 N

0 T T 1 I T T T = °C
0 100 200 300 400 500 600 700 Tq cpit

Figure 2e. Limiting steel temperature Ts crit as function of ratio
between design load Q and ultimate load at ambient temperature Qu [5]

The desribed procedure for a theoretical evaluation of the results of
fire resistance tests according to DP 6167 is further developed in
the following chapters. The basic equations of heat transfer in a
fire exposed floor or roof assembly with a suspended ceiling are
dealt with in chapter 3. Chapter 4 is mainly devoted to a survey of
relevant thermal properties of steel, ordinary concrete, aerated
concrete and some materials for suspended ceilings. Some comparisons

of calculated steel tfemperature-time curves witn those measured
in fire resistance tests are presented in chapter 5. Finally,
chapter 6 comprises design diagrams and tables, facilitating the
steps 2 and 3 of the theoretical evaluation. Some examples of the
practical application of the procedure are given in this chapter,

too.
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3. BASIC EQUATICNS OF HEAT TRANSFER IN A FIRE EXPOSED FLOCR OR
ROOF ASSEMBLY WITH A SUSPENDED CEILING

3.1. The heat balance equations

In a floor or roof assembly of the type shown in figure ig, the
flanges of the supporting steel beams normally cover only a small
part of the suspended ceiling. This gives reasons for a simpiified
heat transfer analysis in two steps according to figure 3.1a for

the assembly, fire exposed from below.

.E{f”liﬁifff;ffg S PO Ty, T
T L TSIT
TN

Ty2
L VP TEITS - VO NTII T T

Yy

Figure 3.%a. Two steps model for a heat transfer analysis at fire
exposure of a floor or roof assembly with a suspended ceiling

The first step comprises a determination of the surface temperature
at the top of the suspended ceiling Tyz and at the bottom of the
slab Ty3 by a one dimensional heat transfer analysis for the sus-
pended ceiling, the air gap and the slab without considering the
presence of the steel beams. In the second step, then the tempera-
ture TS is calculated for the steel supporting beams, as exposed

to heat radiation from the top of the suspended ceiling and the
soffit of the slab, and to heat transfer by convection.

If the suspended ceiling fails at a time ti,crit - ¢f. figure 2d -
the supporting steel beams will be directly exposed to a radiation
from flames penetrating between the beams from that point of time -

see figure 3.1Db.

A calculation of the surface temperature of the suspended ceiling

Ty2 and the slab Ty3 can generally be carried out - as an approxima-

tion on the safe side - without considering the heat capacities of



RN

the steel beams, the air gap and the suspendad ceiling. The approxima;
tion is reasonable for fleoor or roof assembiies with ordinary types

of suspended ceilings, for which usually the heat capacity of the

slab predominates. For assemblies with suspended ceilings of large
thickness and made of materials with high density, the approxima-

tion can give calculated temperatures too much on the safe side. A
more accurate analysis, taking the heat stored in the suspended cei-

Ting into account, then is suitable.

Figure 3.1b. Flames penetrating between the supporting steel beams
after a faiiure of the suspended ceiling

In the following, both alternatives are dealt with.

The theory of a transient heat transfer analysis for this case is
given in [21. This theory is recapitulated below.

In the calculation the siab is divided into a number of elemenis as

shown in figure 3.1.7a.

mU
T T
Tn—-l"-
T
1=
7
Ty3 I
] a.z
T I
2
T 7
Ty T Y
%

Figure 3.7.7a. Divisien of slab into elements
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If the heat capacities of the steel beams, the air gap and the sus-
pended ceiling are ignored, the temperature drops in the various
surfaces and layers from the fire compartment to the slab are pro-
portional to the thermal resistance of the surface or layer con-
~cerned. Using the symbols set out in figure 3.7.7a, the following
expressions therefore hold for the surface temperatures

1

_ aml ) 0
Ty] = T, Ka](Tt T) (°c)
T =T ~K(]——+i)(T e (°c) (3.1.12)
v, ot o TR ok
T "T-K(}-—+ﬁ+m)(T - Tq) (°c)
y3_ t o )\1 9 t ]
The coefficient K follows the formula
1 -2 0.-1
K = . om0y (3.1.1b)
1 i 1 AX
— b -
&] AI az Zhbj

In Equations (3.1.1a) and (3.1.1b}

gas temperature in the fire compartment at time t {OC)

T =

T: = temperature in the middle of the lowest strip of slab at time
t (°c)

di = thickness of suspended ceiling {m) :

A, = thermal conductivity of suspended ceiling (W m 0C'])

4y = surface coefficient of heat transfer in the boundary layer bet-
ween the combustion gases and the suspended ceiling (W m_2 OC"])

a, = surface coefficient of heat transfer for radiation and convection
between the suspended ceiling and the slab (W m2 OC_1)

4x = thickness of the lowest slab strip (m)

Mpj = thermal conductivity of slab (W m! 0C-]).

The surface coefficient of heat transfer o at the fire exposed sur-
face of the suspended ceiling may be assumed to be made up of a radia-
tion component which is dominant at the high temperatures which occur
during a fire, and of a convection component which, with satisfactory
accuracy, can be put constant and equal to 23 W w2 %1 (21, 16).
By applying the Stefan-Boltzman law, this gives for %y
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T+ 273
5.77¢, T, + 273, 2

4 -2 0p-1
oy =23+ —1— | (g - (o) | (M 9%y (3.1.1¢)
' y

The resultant emissivity €. can be calculated from the formula

_ 1
p T T/ét + 'I/e_i =1 (3.1.1d}

where

emissivity of the flames
emissivity of the surface of the suspended ceiling.

m
1l

M
1

Wwith the emissivity of the flames p = 0.85 and the suspended ceiling
emissivity e; = 0.80, Equation (3.1.1d) gives a resultant emissivity
€. = 0.70.

As regards the surface coefficient of heat transfer %n the convection
portion can be assumed to be smaller than in the case of g - A reason-

able value for the convection portion of the surface ceefficient of

heat transfer in this instance is 8.7 W m'2 OC'] [21, [7]1. The sur-

face coefficient of heat transfer % can therefore be written

T + 273 T + 273
5'77€r ¥y v

sy = 8.7 + L R w2 oy (3176

The resultant emissivity can be calculated on the assumption that the
emissivity of both the suspended ceiling and the slab is 0.80 (21, [8].
According to Equation (3.1.1d), this gives the value e, = 0.67.

In order to calculate the surface temperatures according to tgquation
(3.1.1a), we must know the temperature T, in the lowest strip of the
slab according to figure 3.1.1a, in addition to the combustion gas
temperature Tt in the fire compartment. The guantity of heat which
dissipate per unit time to and through the floor or roof assembly can
he determined by solving the general thermal conduction equation for
one dimensional nonsteady thermal conduction, consideration being

given to the temperature dependence of the thermal material properties.

The thermal conduction equation reads as follows

_\(C‘T ;3 )\QT

X/ (3.1.1F)
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where

specific heat capacity (J kg’] OC“1)

O
13

<
n

density (kg m_3)
-1 ¢ -E)

A = thermal conductivity (W m C
x = positional coordinate (m)
t = time (s).

The temperature T, is calculated from the thermal conduction equation
of the slab elements by division of the fire into a number of short
time intervals at. This gives a system of equations

AT
1 _ 1 _ . 1 -

7T GT) T TET

ax, c(x,T) fx)&Tk = 1 (T - T -

ko2 TR TR 5%, k-1 7 'k
LT T T, T)
1

BX) Xy g {Tk = Teet) (3.1-19)

Gt TG

ax_c{x,Tiv( )ﬁT” - ] (T =T ,- 1 T - T)

XpeiXs BiviXi—5e = BX 1 AX n-1 n)  Ax 1 T - To
STT T TG ZiGT) T w (T)

¢c(x,T} = specific heat capacity at section x at temperature T

(3 kg'] OC'])

v(x) = density at section x (kg m"3)

A(x,7) = thermal conductivity at section x at temperature T
(W m'] OC_])

Ty = temperature at the centre of layer k (OC)

BXy = thickness of layer k (m)

a (T} = surface coefficient of heat transfer at the top of the slab
™2 oy



For % 9 the approximate expression can be used [7]

L -8.74+0.033T (Wm2 % (3
u _y4

When the expression for Ty according to Equation ({3.1.1a) is sub-
stituted inte the system ot equations (3.1.1g), this can be solved
by numerical integration. The surface temperatures Ty s Ty s T

. . 1 Yo Y3
are then obtained from Equation (3.1.1a).

.1.7h)

For fleor or roof assemblies with suspended ceilings of large thick-
ness and made of materials with high density, an analysis accerding

to section 3.1.1 can give calculated temperatures which are too
much on the safe side. For such applications, a further developed
analysis taking into account also the heat capacity of the sus-
pended ceiling is preferable. This implies a supplementary split-
ting up of the suspended ceiling intc a number of glements, a&s shown
figure 3.1.2a, and an extension of the system of equations (3.1.1g
by thermal conduction eguations for these elements.

Xy
TO ¢ ;YL
Th—E
T =
m-+1 — T rd )
Y3
f txz
T 1
y
T : _ L2
T -..‘—‘...-".'. '... .‘-.-..l-l. ‘-.-_-‘-._'-.u-.'_'
1 - .
| 7
Tt t Ty,
&4

in

)

Figure 3.1.2a. Division of slab and suspended ceiling inte elements

Using the symbols set out in figure 3.1.2a, the feilowing expressions

are obtained for the surface temperatures T, T , and T - cf.
i Y2 Y3

the
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analogous formulas in Equation (3.1.1a)

_ 1 1 R 0
Ty] =T, - : X, . ET (Tt T]) (7C)
&+ wr)
1 i
AX
_ 1 . 0
Tyz = Tn ™ T 1 BX 1. Ch (o ™ Tt (C) (3.1.2a)
(gt oo * )
?7;' o ?TEE_
~ 1 B ] 0
Ty3 = Tn ” B X (2>L1 * ey ) Ty = T OO
ot o)
1 2 'bj
where
Tt = gas temperature in the fire compartment at time t {OC)
T] = temperature in the middie of the Towest strip of suspended
ceiling at time t (OC)
Tm = temperature in the middie of the highest strip of suspended
ceiling at time t (OC)
Tm+1 = temperature in the middle of the lowest strip of slab at time
t (°0)
Xy = thickness of strip number k (m)
i. = thermal conductivity of suspenced ceiling (M m_] CC-})
! -1 0,-1
Abj = thermal conductivity of siab (W m c )
ap = surface coefficient of heat transfer in the boundary layer

between the combustion gases and the suspended ceiling (W m_2 OC'])

= surface coefficient of heat transfer for radiaticn and convection

[a}
Vi
between the suspended ceiling and the slab (W w2 OC']).

The surface coefficients of heat transfer o, and oy follow Equations

(3.1.1¢) and (3.1.7e), respectively.

For a calculation of the surface temperatures according to Equation
(3.1.2a3), we have to know the temperatures TI in the lowest strip of the
suspended ceiling, T in the highest strip of the suspended ceiling and

Tm+1
temperature Tt in the fire compartment. The strip temperatures are cal-

in the lowest strip of the slab, in addition to the combustion gas

culated from the general thermal conduction equation for one dimensional

non steady thermal conduction, Equation (3.1.1f), applied to the suspended
ceiling and the slab, considering the temperature dependence of the thermal ma-
terial properties. Regarding the strips according to figure 3.1.2a and dividing
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the fire into a number of short time intervals at, this procedure

gives the foliowing system of equatiens

&x]ci(x,T)yi(x) T T 5 (Tt - T]) -

(1) T T)

1
AX] . sz
2Ai(x,T) ?xi(x,T)

1
X &% (Toy = Ty
m + 1 m+ 1
TGy PR T T TG
aT
m+ 1 1 _
Aﬁwﬂ'cbj( Ty 00— X : PR Ty = Tt
+ +
in(x,T} aE(T) ZAbj(x T}
. 1 (T 1 = Trp) (3.1.2)
Ao+ B a2 m i
P 0GTT Ty (%T)
&Tk 1
wx 3 6Ty 0 = 3 kel - K
- +
T 0aT) | D3 ()
T e (T ™ Tee?)
M L e
Z CR O I I CR
ATn 1
ixncbj(X’T)ij(x) X BX i (Tn-l - Tn) -
+
2y 01T T TG T)
1 (T - T)
LX 1 n 0
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Where

cj(x,T) = specific heat capacity of the suspended ceiling at section
x at temperature T (J kg_] OC_])

cbj{x,T) = specifﬁflhiaf1capacéty of the slab at section x at temperature
T (J kg C '}

Yi(x) = density of the suspended ceiling at section X (kg m-3)

ij(x) = density of the slab at section x (kg m_3)

«i{x,T) - thermal conductivity of the suspended ceiling at section X
at temperature T (W ! QC_])

xbj(x,T) = thermal con?#ctivéty of the slab at section x at temperature

T %
= gas temperature in the fire compartment at time t (OC)

T
Tz = outside air temperature at time t (OC)

Tk = temperature at the centre of strip k (OC)

A%, = thickness of strip k (m}

au(T) = surfégeoc??fficient of heat transfer at the top of the slab

(Wm c ).
The surface coefficient of heat transfer o, is given by Equation (3.1.1h}.

The system of equations (3.1.2b) can be solved by numerical integration.
The surface temperatures T, T and T, are then obtained from Egua-

. . 73
tion (3.1.2a).

The quantity of heat Q per unit length of steel beam, required to raise

the steel temperature by aTS OC, is

Q = Cps ATS FS Yo (Jm ) {3.1.3a)
where

Cog = specific heat capacity of the steel (J kg_] 06_1)

ATS = temperature rise in steel beam (OC)

Fo = volume of the steel section per unit length(m m-])

v = density of the steel (kg m'3).
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It is assumed that the steel section is exposed to heat radiation
from the top surface of the suspended ceiling and the bottom sur-
face of the slab, and to heat transfer by convection. The air tem-
perature in the space between the suspended ceiling and the siab is
assumed to be the same as the mean of the surface temperatures Ty
and Ty3. This is a consequence of the assumptions, that the tem-
perature drops in the various surfaces and layers are proportional
to the thermal resistance of the surface and layer concerned, which
led to Equations (3.1.7a)and(3.1.2a). The assumption is valid if the
space is unventilated. If there is no conduction between the top
flange of the steel beam and the slab, then the quantity of heat Q,
which is supplied to the steel beam per unit length over the time

interval At, can be written [2]

0 =ag U (T, - Tg)et +ag U (T, - T)at +

Sz % Y2 >3 Y3
T+ T
o U pfgiﬁr—fﬁ ST yat (Jm ) (3.1.3b)
e U 1.
where
U - surface area of the steel section per unit length, with the

h

exception of the part carrying the slab (m2 m
= temperature of steel section at time % (OC)

S
TYZ = temperature of the top surface of the suspended ceiling at time
t (7C)
Ty3 = temperature of the bottom surface of the slab at time t (OC)
asz,aSB = syrface coefficients of heat transfer due to radiation
e o
o = surface coefficient of heat transfer due to convection
-2 0a-1
(Wm c ).

The radiation portions %, and as3 of the surface coefficients of heat

transfer are obtained from the expressions

4
5.77¢. [/T + 273 4
ro L[y T, + 273 P

_ 2 ([ Y2
R S | {_ 00 =) W e
Y s

(3.1.3¢)
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4
5.775r ( Ty + 273 TS + 273 4 .
S

3 -2
—ToT | oo {Wm e }

The calculation of the resultant emissivity e between two radiating
surfaces, in accordance with Equation (3.1.1d), presupposes that all
radiation from one of the surfaces strikes the other surface, and

vice versa. This does not occur in the case of steel beams in a con-
struction as shown in figure 3.1.7a and 3.1.2a. For this reason, apart
from the emissivity of the surfaces, the value of €. will also de-

pend on the shapes and spacing of the beams. The value of Erz can be
found from figure 3.1.3a and the value of €r3, with satisfactory
accuracy, from figure 3.1.3b [8], a convenient assumption being that

211 surfaces an the suspended ceiling, the slab and the beams have

an emissivity of 0.8. The difference between the resultant emissivity
for the suspended ceiling and the beamSEr and the resultant emissivity
for the slab and the beamszP is due to the?act that in the Tatter case one
of the flanges of the beams éoes not participate in the radiation exchange.

£,
\o Ei=Eg=Ey;=0.8
0.5_ ____._-—C/H:OO
/“"'--———---—-‘--— 5
— '—‘—"—-’—--‘--—

_&C/Hzm
S

0 T T T T T T ™ B/H
C 05 1.0

Figure 3.1.3a. The resultant emissivity € between the suspended
ceiling and the steel beams. 2

e = emissivity of the beams, e, = emissivity of the suspended ceiling,
¢S = emissivity of the slab, BJH = width-depth ratio of beams, C/H =
spacing-depth ratio of beams, ————— = I sections, - - - - = box
sections

The convection portion & of the surface coefficient of heat transfer

can, with sufficient accuracy, be put at a constant value of 8.7
-2 0n-1
m C

W

(see subsection 3.1.1).
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Figure 3.1.3b. The resultant emissivity €y between the slab and the
<feel beams. Notations according to figure”3.1.3a

From Equations {3.1.3a} and (3.1.3b), the rise in temperature ATS in
the steel beams over the time interval at is obtained as

J_oat 2 ol
BT = S X K (T, =TIl (3.1.34)

== =+ (T - Ty + + o
s T Fgv¥s Cpall 20 %2/ Y S 2 sz 3

After a complete failure of the suspended ceiling, the steel beams
will be directly exposed - without any protection - to the fiames
and combustion gases in the fire compartment.

Equation (3.1.3a) still holds for the quantity of heat Q per unit
length of the steel beams, required to increase the steel temperature
by AT °c.

The guantity of heat Q which passes through the boundary iayer bet-
ween the combustion gases and the steel beams per unit length over

a short interval of time At can be written

-1

Q==a US (Tt - TS)At (dm ) {3.1.4a)
where
2 = surface coefficient of heat transfer in the boundary layer bet-

-2 0n-1

ween the combustion gases and the steel beam (W m C )
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S the surface of the steel section per unit length which is exposed
1
)

te fire (m2 m
the gas temperature in the fire compartment at time t (OC)

Lo
1t

the temperature of the steel section at time t (OC)

- —
Eon 2 Ve T o o

It

the length of time interval (s}.

=3

The surface coefficient of heat transfer o of the boundary layer is
made up of a convection portion and a radiation portion. With an
accuracy that is sufficient in a normal fire engineering context, the
convection portion ) can be put equal to 23 W m'2 OC'1 {21,[6]. The
temperature dependent radiation portion o is determined from Stefan-
Boltzman equation. The total surface coefficient of heat transfer a =
ac ooy is thus

5772, [ [T, + 273 4 T, + 273 4

t -2 0n-1
Tt _ Ts ) B U T {_W m C ) (3]4b)

o = 23 +

where

. = resultant emissivity
Tt = gas temperature in the fire compartment at time t (OC)
s~ temperature of the steel section at time t (OC).

The resultant emissivity . is dependent on the emissivities £y and €

of the flames and the steel beams and on their individual sizes and

relative positions.

B
I l l :
IFA 4 4 a8 4 + 4‘ 4, a AAAE
(& A a 4 S Y S {
i

\ T
I

FLAMES
c |

|

Figure 3.1.4a. Floor assembly where the flames are in their entirety
beTow the beams

In the case of beams situated in rooms of sufficient height, the whole
of the heat emitting surface, i.e. the flames, is below the beans.
Some parts of the beam surfaces will not be subjected to full radia-

tion in such a case, since they are partly shielded from the flames
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by other parts of the beams (see figure 3.1.4a). The radiation to
which the beams are subjected, is dependent on the width-heigth

ratio B/H and on the spacing-height ratio C/H of the beams. The re-
sultant emissivity .85 2 function of these geometrical conditions

is shown in figure 3.1.4b {21, [8]. The emissivities e and £ of

the steel beams and the slab have been taken as 0.8 throughout. Unless
some cther value is shown to be more correct, it is recommended that

a value of 0.85 should be taken as the emissivity £t of the flames.

EI"
ES:Ebjzo.S i €s=€bj=0-8
£,=07 059 €y=08 o — C/H=
te —— C/H= —-—-""—_/»—*"' 5
_,--"'—_-— — 5 —_—— ”’
— e — — ,/""‘

0 T T T T T 1 ™ B/H 0 T T T T T T T T T ™B/H
0 0.5 1.0 0 0.5 1.0
E‘lr ES_EDJ_OB
o5 F+70Y SR
‘\C/H:w
0 T T T T T T T 1T ™B/H
8] 0.5 1.0

Figure 3.1.4b. Resultant emissivity e for steel beams under fire
exposure conditions, with the flames situated below the beams. e. =
emissivity of the beams, ey = emissivity of the slab, et = emissivity
of the flames, B/H = width»éepth ratio of the beams, C/H = spacing-
depth ratio of the beams. = ] section,
-------------------- = box section




Figure 3.1.4c. Floor assembly where the flames penetrate between the
steel beams

Where the flames penetrate between the beams {see figure 3.1.4c),

the beams are exposed to greater radiation than beams which are
situated completely above the flames. The resultant emissivity e,

for I section beams carrying a slab on their top flanges, is given

in figure 3.1.4d as a function of the width-height ratio B/H of the
beams, for different values of the flame emissivity gy The emissivi-
ty of the beams was assumed to be 0.8. Unless some other value can

be shown to be move correct, it is recommended that the vaiue of the

flame emissivity is taken to be (.85.

o

Figure 3.1.4d. Resultant emissivity e, for I section beams where the
flames penetrate up to the slab. e+ = emissivity of the flames, B/H =
width-depth ratio of the beams. The emissivity of the beams is assumed
to be 0.8
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For beams of box section, the resultant emissivity €, is to be cal-
culated in the same way as for a column placed inside a fire compart-
ment if it is assumed that the flames reach the bottom surface of the
slab [2]. Equation (3.1.1d} can be used for a calculation of € since
it is assumed that the flames completely surround the beams, all radia-

tion from these will impinge, and vice versa

_ 1
R VERERVENCE (3.7.4c)
where
£y = emissivity of the flames

1]

£ emissivity of the steel beams.

S

1f the emissivities of the fiames and the beams are taken as 0.85 and
G.80 respectively, Equation {3.1.4c} gives a resultant emissivity
of e = 0.7.

The quantity of heat supplied according to Equation (3.1.4a) is equal
to the quantity of heat required according to Equation (3.1.3a) to in-
crease the steel temperature by ATS OC; then it is assumed that there
is no heat conduction between the slab and the top flange of the beam.
This gives the following expression for the rise in temperature ATS in
the beam over the time interval at during the fire

a U

$
Al = - = (T
5 ‘scps Fs

. - Tg)et (°c) (3.1.4d)
Derivation of Equation (3.1.4d) is based on the assumptions, that the
heat flow is unidimensional and that the steel temperature is uniform-
ly distributed over the cross section of the steel beam. Owing tc the
high thermal conductivity of steel, these assumptions give satisfac-
tory accuracy in ordinary cases. Sectiens of extremely thick walls

constitute exceptions to this.

If the gas temperature-time curve and thus Tt is known for a fire com-
partment, the steel temperature can be determined by calculating the
rise in steel temperature for each time interval by means of Eguation

(3.1.4d).
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3.2. Computer program for calculating the transient temperature state
in a fire exposed floor or roof assembly with a suspended ceiling

For a determination of the transient temperature state in a fire ex-
posed, unventilated floor or roof assembly with a suspended ceiling,
structurally designed as shown in figure la, 3.1.la and 3.1.2a, a
computer program, written in Standard FORTRAN, has been developed.
The computer pragram is directly based dn the theory for a heat
transfer analysis according to above. The computer program is de-

scribed in Appendix A.
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4. THERMAL MATERIAL PROPERTIES AND SOME GTHER BASIC QUANTITIES,
RELEVANT TO A HEAT TRANSFER ANALYSIS OF FIRE EXPOSED FLOOR OR ROOF
ASSEMBLIES WITH A SUSPENDED CEILING

in this chapter, a survey is given of those thermal material pro-
perties which are basic gquantities in a heat transfer analysis of
fire exposed floor or roof assemblies with a suspended ceiling. The
survey comprises ordinary structural steel, normai concrete with
density 2300 kg m'3, aerated concrete with density 600 kg m_3 and
some other materials, exemplifying frequent materials in suspended
ceilings. Furthermore, section 4.1.3 presents a summary design basis,
facilitating the determination of the structural parameter US/FS of
the supporting steel beams of the assembly.

4.1. Properties of the supporting steel beams

4,1.1. Density v

Tolebe VEHDILY | g

The density of steel v, = 7850 kg w3,

4.1.2. Specific heat capacity Cpg

The specific heat capacity of steel CpS varies with the temperature
and the type of steel. Representative values for ordinary structural
steels at different temperatures are given in table 4.1.2a and figure
4.1.2a [2].

Temp (°C) | cyq (Jkg~! O¢ 71y

0 482

100 | 482

200 522

300 560

400 600

500 640

600 682

700 695

900 687 (estimated value)

Table 4.1.2a. Representative values of the specific heat capacity ¢

for ordinary structural steels at different temperatures ps
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Cpe 4 k' o’

500

0 ————%
a 500 1000

Figure 4.1.2a. The specific heat capacity Ch for ordinary structural
steels at different temperatures (table 4.2.%&)

4.1.3. U /F ratio

The ratio US/FS between the fire exposed surface of a supporting steel
beam and its volume per unit Tength varies as a function of the sec-

tion dimensions and the structural design.

m

‘=:|Uc:

ur

'l
o]
:
;

Figure 4.1.3a. Formulas for a determination of U./F. for different
types of steel beams with a floor or roof slab a% tﬁe upper flange
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For a beam, where the slab is carried on the top of the upper flange,
the fire exposed surface US is equal to the total surface areaz of the
beam per unit length, less the surface area of the top of the upper
flange, and the volume FS is equal to the total volume of the beam
per unit length.

In figure 4.1.3a, some formulas are given for a calculation of US/FS
for different types of steel supporting beams with a floor or roof
slab at the upper flange [2].

Table 4.1.3a directly gives values of the US/FS ratio (m']) for rolled
standard 1 girders, carrying a floor or roof slab on the top of the
upper flange according to figure 4.1.3a {2].

Tg&eel section US/FS (m'1) Steel section US/FS {m 1)
HEA IPE
100 227 80 380
120 229 Hte 346
140 215 120 321
160 199 140 299
180 182 166 277
200 180 180 260
220 166 200 242
240 152 220 227
260 146 240 212
280 140 270 203
300 130 300 183
320 121 330 180
340 115 360 167
360 1i0 400 157
400 104
HEB
106 188
1206 173
140 160
160 144
180 135
200 126
220 119
240 111
260 108
280 105
300 89
320 g4
340 91
360 88
400 85

Table 4.1.3a. U /FS for rolied standard I girders with a slab at the
upper filange
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4.2. Thermal properties of normal concrete with density 2300 kg m'3

4,2,7. Thermal conductivity a

For such a material as concrete, an experimental determination of
reliable thermal data entails considerabie difficulties. Test results
of measurements, made in different laboratories on "identical” speci-
mens, may often vary not insignificantly, depending on the method
used in the test.

The influence of moisture on the thermal properties of concrete pre-
sents special difficulties. This is relevant for temperatures within
the range up to about 200 OC. Well-defined measurements of the thermal
properties for moist material are very difficult to undertake in this
temperature range due to the complicated interaction between moisture

and heat flow.

For normal weight concrete, the thermal conductivity » decreases with
increasing temperature. This is illustrated in figure 4.2.7a for a
granite aggregate concrete [9]. The figure also shows the i variation
under cooling from different maximum temperature levels.

A wm ogT
i
144
1208
..4!\\\\
J4 RN
; W
3‘3'5\\ 2 -
i N
- i \ ~ ——
.2 -—
N T =
e T~ ——z
i
524
1 et —— =,
i) 200 400 600 800

Figure 4.2.1a. Thermal conductivity » for granite aggregate concrete
as a tunction of temperature under heating and subsequent ccoling.
Cement: aggregate 1:6, w/c = 0.7

For the determination of the design basis, presented in chapter 6,

the thermal conductivity » has been assumed to vary with the tem-
perature according to table 4.2.1a and the full-line curve in

fiqure 4.2.1b. This 2 variation is based on test results from a deter-
mination by St&ihane-Pyks method, made at the Central Laboratory of
Hogands AB for a normal concrete with quartz aggregate and an initial
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moisture content of 1.5% by weight [10]. This corresponds to a moisture
state, representative to the equilibrium moisture content at a condi-
tioning of the concrete in an atmosphere of ordinary room temperature

and a relative humidity of about 60%.

Figure 4.2.1b also includes a dashed curve, which shows the tempera-
ture dependence for the thermal conductivity of normal concrete, dried
by a series of repeated heating. The curve is roughty estimated from
tests according to StdThane-Pyks method, made only at ordinary room
temperature and at 1000 Oc. The A curve for dried concrete is used

in chapter 5 in connection with a theoretical analysis of some stan-

dard fire resistance tests.

1.50 1

1.5 % MOISTURE
CONTENT
1.0G -

050 -

0 (S — °C

T T 1 T
0 500

T
1000

Figure 4.2.1b. Thermal conductivity x as a function of temperature

Tor quartz aggregate concrete with an initial moisture content of
1.5% by weight (full-Tine curve) and dried by_repeated heating (dashed
curve ), respectively. Density v = 2300 kg m"3, w/c = 0.63
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Temp (°C) R
25 1.78

1s 1.28

243 1.17

401 1.17

643 0.92

895 0.85

Table 4.2.1a. Thermal conductivity » as a function of temperature
for quartz aggregate concrete with an initial moisture content of
1.5% by weight (corresgonding to full-line curve in figure 4.2.10).
Density y = 2300 kg m~3, w/c = 0.63

A practical calculation of the temperature-time fields in a fire ex-
posed structural member of concrete gives less difficuities if the
specific heat capacity cp is replaced by its temperature integral,
i.e. the enthalpy per unit mass I or the enthalpy per unit volume IV,
defined by the formulas

I = fcp dT (4.2.2a)

IV = yjcp dT (4.2.2h)
Available methods of measurement enable a determination of the speci-
fic heat capacity or the enthalpy versus temperature for a material

of the type concrete only under cocting from different temperature
levels. The latent heat of various exothermic and endothermic reac-
tions taking place under the initial heating then is not included.

Table 4.2.2a gives the temperature variation of the specific heat
capacity cp, determined in this way by a Dynatech apparatus for nor-
mal concrete with granite aggregate [11]. The test values refer to
concrete with a ratio cement: aggregate 1:4.5 and w/c = 0.55. Published
results verify, however, that the influence on the specific heat
capacity of varying w/c and proportion cement: aggregate is tolerab-

1y negligible.
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Temp (°C) cp(d kg~ o¢~hy
200 852

400 853

600 967

800 992

1000 1049

Table 4.2.2a. Specific heat capacity ¢, of granite aggregate concrete,
determined as an average value under cooling from various temperature.

Cement: aggregate 1:4.5, w/c = 0.55

As a consequence of the testing technique, the ¢_ values in table
4.2.2a are valid for dry concrete. A transfer of the c_ values to the
volumetric enthalpy IV results in curve (:) in figure 4.2.2a. Curve
(:) gives that variation of the enthalpy I, which can be expected
during heating of concrete without free moisture. The curve has been
determined theoretically on the basis of stochiometric calculations
and simplified assumptions on the chemical reactions [12]. A signi-
ficant difference between the two curves exists for temperatures
above about 500 °c.

2500 4

/
/.
2000 4 o//;
1500 - (:%;;iziéﬁi’<z>

-

T T T T T
G 200 400 B0O 800 100C

for concrete with granite aggregate. Measured curve under cooling
(corresponding to the cp values in table 4.2.%2a), (:) theoretical
curve

Figure 4.2.2a. Volumetric enthalpy Iv(js a function of temperature

The most important modification of the enhtalpy-temperature curve
measured under cooling, however, is due to the presence of evaporable
water. During a fire exposure of a concrete structure, the moisture
distribution changes continuousiy. A consideration of this in a cal-
culation of the transient temperature state requires a very complicated

analysis of the connected heat and moisture transfer mechanisms.
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In the simplified approach, usually applied in a structural fire
engineering design, this difficulty is avoided by including the
effect of free moisture into the thermal properties - which is prin-
cipally not correct - and by assuming that all free moisture eva-
porates at its initial place in the structure within a temperature
range between 100 O¢ and T] OCc according to figure 4.2.2b. T1 then
depends on the dimensions of the structure and the size and distri-
bution of the pores of the material. For the determination of the
design basis in chapter 6, TT is put equal to 105 °c.

»-°C

0 .
0 100 Ty

Figure 4.2.2b. Assumed variation of moisture content u versus tempera-
ture in arbitrarily selected point of fire exposed concrete structural
member, Uy is the initial moisture content

The above discussion can be summarized in a simplified form according
to figure 4.2.2¢c and table 4.2.2b, giving the voiumetric enthalpy IV
as a function of the temperature for on one hand dried concrete on

the other concrete with an initial moisture content U, = 1.5% by
weight. The simplification implies that the different parts of the
enthalpy-temperature curves have been linearized. The steep branch of
the curve, valid for concrete with an initial moisture content, corre-
sponds to the evaporation of the moisture within the temperature range
100 to 105 °C.

Temp (°C) | I, (MJ ™)

Dried concrete Concrete with Ug = 1.5%

0 0 0
100 168 183
105 273

1060 2340 2430

Table 4.2.2b. Volumetric enthalpy I, versus temperaturg for dried concrete
and concrete with an initial moisture content up = 1.5% by weight, res-
pectively. Concrete with granite aggregate, density v = 2300 kg m~
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IV MJ m
3000 4
2000 +

1.5 % MOISTURE

- CONTENT

1000 4
DRIED
o —r—T1T—T7T T T T T T 7™ °C
4] 500 1000

Figure 4.2.2c. Volumetric enthalpy I ~as a function of temperature
according to table 4.2.2b for granitg aggregate concrete with density

v = 2300 kg m 3

4.3. Thermal properties of aerated concrete with density 600 kg m—3

4.3.1. Thermal conductivity X

Aowon ecT!

0.30 4

S
0.20 4 .
//

~

b

010
04— T T T T T T °C

s} 500 1000
Figure 4.3.1a. Thermal conductivity » for dry aerated concrete with
a density v = 600 kg m~3 as a function of temperature. - - - - according
to D'Ana and Lax, ----- according to Forschungsheim fiir Wdarmeschutz,

Miinchen, -x-x- according to National Swedish Institute for Materials
Testing and Meteorology, [ ] according to Saare and Jansson
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In figure 4.3.1a, some published experimental results are put together
for the thermal conductivity x» of dry aerated concrete with a densi-
ty v = 600 kg m™> as a function of the temperature. The results are
valid for the first heating of the material.

A linear regression on the test values in figure 4.3.1a gives the ther-
mal conductivity-temperature curve, denoted by "dried® in figure 4.3.1b
and determined by i = 0.122 W a1 % Vat 09 and » = 0.303 U m b ¢!

at 1000 °c.

wmloeg!

A
0304{
i

3% MOISTURE
" CONTENT

0204 :

0.10 4

0 T T —r— T °C
G S00 1000

Figure 4.3.1b. Thermal conductivity i as a functign of temperature
Tor aerdied concrete with a density y = 600 kg m™”, dried, respective-
ly with an initial moisture content of 3% by weight (table 4.3.1a)

No test results are available, showing the temperature dependence for
the thermal conductivity of aerated concrete with an initial moisture
content. Consequently, this information must be found by a reasonable
estimation. [13], {14] give » = 0.163 W m ! o7
ordinary room temperature for aerated concrete with a density v =

600 kg m_3, having a moisture content of 3% by weight, which corre-
sponds to the equilibrium moisture confent at a conditioning in an
atmosphere of ordinary room temperature and a relative humidity of
about 60%. Hypothetically, it may be assumed that the initial moisture
content is kept unchanged up to the temperature 100 OC and then is
evaporated linearly between 100 9 and T] - 105 °C; cf. section 4.2.2.

as a mean value at
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This leads to a thermal conductivity-temperature curve, consisting of
three linear parts according to figure 4.3.1b and table 4.3.1a.

Temp (°€) v %¢h
0 0.159
100 0.177
105 0.141
1000 0,303

Table 4.3.1a. Thermal conductivity » as a fuggtion of temperature for
aerated concrete with a density v = 600 kg m ~ and an initial moisture
content of 3% by weight

Table 4.3.2a gives the temperature variation of the specific heat capa-
city cp of aerated concrete, determined by a Dynatech apparatus as the
average value under cooling from various temperature. The determination
was made on crushed material at the National Swedish Institute for Ma-
terials Testing and Meteorology. The applied testing technique makes
the cp values best representative to dry aerated concrete.

Temp (°C) ¢, (J kgh] o~y
198 938
299 917
397 976
498 984
600 980
697 1047
801 997
901 1030

Table 4.3.2a. Specific heat capacity cy of aerated concrete, determined
as an average value under cooling from various temperature

The ¢_ values in table &.3.7a can be transferred to the corresponding
volumetric enthalpy iv by applying Equation (4.2.2b). After linear
regression, this gives the curve, denoted by "dried" in figure 4.3.2a
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and determined by I, =0 at 0 o, I, =48.7 M m™> at 100 °C and

I, = 608 MJ n~> at 1000 °c.

An approximate modification of the enthalpy-temperature curve with
respect to the influence of an initial moisture content can be done
by the use of the simplified technique according to section 4.2.2.
This leads to the enthalpy variation, shown in figure 4.3.2a and
table 4.3.2b for aerated concrete with a density y = 600 kg m_3 and
with an initial moisture content of 3% by weight, i.e. a moisture
state representative to the equilibrium moisture content at a con-
ditioning of the material in an atmosphere of ordinary room tempera-
ture and a retative humidity of about 60%.

The » and Iv curves, given in figure 4.3.1b and figure 4.3.2a, res-
pectively, for aerated concrete with the initial moisture content

% by weight, are used as input material characteristics for the
determination of the design basis, presented in chapter 6.

500 -

3% MOISTURE
CONTENT

~—DRIED

Figure 4.3.2a. Volumetric enthalpy I, as a function of temperature
according to table 4.3.2b for aerated concrete with density v =

600 kg m™3




-45-

Temp (°C) I, (M m )
Dried material Material with Uy = 34
0 0 0
100 48,7 56.2
105 99.9
1000 608 656

Table 4.3.2b. Volumetric enthalpy I, versus temperature for dried
aerated concrete and aerated concrete with an initial moisture

content u, = 3% by weight, respectively. Density v = 600 kg m-3

4.4, Thermal properties of gypsum slab material with density 800 kg m_3

4.4.7. Thermal conductivity 2

Gypsum plaster with a density of about 800 kg m_g is frequently used
for fire insulation of structures and structural members of steei. It
is also a frequent material for suspended ceilings or components of
them.

Gypsum plaster contains relatively large quantities of water in both
free and chemically bound forms. At heating by a fire exposure, this
water evapcrates under the storage of large guantities of energy. To-
gether with the direct thermal insulation effect, this storage of
energy retards the temperature rise in the insulated structure or
structural member efficiently. When all water has evaporated, the
gypsum piaster material disintegrates. By adding small quantities of
glass fibres as reinforcement to the material, the critical temperature
for disintegration can be increased and by that improving the fire

resistance.

Table 4.4.1a and figure 4.4.1a are giving the thermal conductivity x
as a function of the temperature for gypsym plaster slabs, type Gyp-
roc, with a density v = 790 kg m™3 [15]. The * values are based on
test results determined by Stdlhane-Pyks method at the Central Labora-
tory of Hoganis AB and at the National Swedish Institute for Materials
Testing and Meteorology.
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Temp (°C) sm ocTh
0 0.209
99 0.209
101 0.116
1000 0.326

Table 4.4.1a. Thermal conductivity » as a function of temperature Yor
aypsum plaster slabs, type Gyproc, with density vy = 790 kg m”

o owm' et

OSO—}

0 —— e ———————————=C
0 500 1000

Figure 4.4.1a. Thermal conductivity i as a function of temperature
according to table 4.4.]a_§or gypsum plaster slabs, type Gyproc,
with density v = 790 kg m

4.4.2. Enthalpy

The volumetric enthalpy IV of gypsum plaster slabs, type Gyproc, with
density v = 790 kg m ™2 is shown in table 4.4.2a, table 4.4.2b and
figure 4.4.2a as a function of temperature. These I, variations have
been constructed on the basis of results from small scale and full
scale tests and of information in the literature [16]. The enthaipy-
temperature variation is differentiated with respect to the rate

of heating. The alternative of a rapid rate of heating then is repre-
sentative to a gypsym plaster slab which is directly fire exposed,
and the alternative of a slow rate of heating to a gypsum plaster
slab which is protected from a direct fire exposure.
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Temp (°C) 1, (M)
0 0
9 92.4
101 107
185 211
225 588
400 628
1000 1047
L.

Table 4.4.2a. Volumetric enthalpy Iv versus temperature for gypsum plaster
slabs, type Gyproc, with density vy = 790 kg m-3. Rapid rate of heating

Temp (°€) I, (M)
0 0
90 84.0
10 469
150 574
295 588
400 628
1000 1047

Table 4.4.2b. Volumetric enthalpy I versus temperatgge for gypsum
plaster slabs, type Gyproc, with deHsity-y= 790 kg m °. Slow rate of

heating

I, MJ
1000 4
_Si.OW RATE
— -\_GF HEATING
i %
500
7 RAPID RATE
- OF HEATING
0 77— 1™ °C
o] 500 1000

Figure 4.4.2a. Volumetric enthalpy IV as a function of temperature
according to table 4.4.2a and 4.4.§b for gypsum plaster slabs, type
Gyproc, with density vy = 790 kg m”~
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As mentioned in section 4.4.1, gypsum plaster slabs are characterized
by a critical temperature state with respect to disintegration. From
standard fire resistance tests, it then appears that this critical

state can be specified by a temperature of about 500 9C at the unex-
posed side of the unilaterally fire exposed gypsum plaster slab without
any glass fibre reinforcement, if the slab is placed horizontally [15].
For a glass fibre reinforced gypsum plaster slab, the corresponding
critical temperature is about 550 °C on the unexposed side. In [2],

the critical temperature on the unexposed side of the horizontal slab
is replaced with a critical temperature at the centre level of the
slab, amounting to about 625 OC for a non-fibre reinforced and to about
650 °C for a glass fibre reinforced gypsum plaster slab.

4.5. Thermal properties of mineral wool

4.5,1. Thermal conductivity 2

In the table 4.5.%1a, table 4.5.1b and figure 4.5.1a, the thermal con-
ductivity » at elevated temperatures is shown for two types of mineral
wool slabs with the densities y = 75 and 150 kg m_3, respectively. The
presented » values have been determined according to StaThane-Pyks
method at the National Swedish Institute for Materials Testing and

Meteorology.
0 -1 0p-1
Temp (7°C) A m C )
0 0.052
200 0.116
600 0.314
1000 0.547

Table 4.5.1a. Thermal conductivity A as a function of temperature_gor
sTabs of mineral wool, type Textur 887, with a density v = 75 kg m
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Temp (°C) A (W ! OC“])
a 0.037
100 0.054
200 0.071
300 0.09¢6
400 0.129
500 0.167
600 0.205
700 0.250
800 0.303
i 800 0. 366
1000 0.4590

Table 4.5.1b. Thermal conductivity » as a function of temperature for
sTabs of mineral woo]3 type Minwool 3060 or Rockwool 337, with a
density vy = 150 kg m™>. The A values for 900 and 1000 OC are extra-

polated values

»owm o

A owtec™!

050+ 0.50— /

Figure 4.5.1a. Thermal conductivity i as a function of temperature
according to table 4,5.1a and b for slabs of mineral wool. Left: o
Density v = 75 kg m~3, type Textur 887. Right: Density y = 150 kg m ~,
type Minwool 3060 or Rockwool 337

4.5.2. Enthalpy

The volumetric enthalpy I, for mineral wool slabs with the densities
vy = 75 and 150 kg m3 s given as a function of the temperature in
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table 4.5.2a, table 4.5.2b and figure 4.5.2a. The I, values are based
on the results of tests, carried out at the National Swedish Institute

for Materials Testing and Meteorology.

Temp (°C) I, (M0
0 0
100 6.4
200 13,9
300 22.7
400 32.7
500 44.0
600 56. 6
700 70.9
800 86.3
900 103.2
1000 121.2

Table 4.5.2a. Volumetric enthalpy Iv VErsus temperature for slabs of
mineral wool, type Textur 887, with'a density v = 75 kg m =3, The IV
values for 900 and 1000 °C are extrapoiated values :

Temp (OC} IV (MJ m"3)
0 U
00 12.8
200 27.8
300 45.3
400 65.3
500 87.9
600 113.3
700 141.7
800 172.5
300 206.4
1000 242.4

Table 4.5.2b. Volumetric enthalpy I, versus temperature for slabs of
mineral wool, type Minwool 3060 or Rockwool 337, with a density v =

150 kg m=3. The I, values for 900 and 1000 °C are extrapolated values
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I, Ml m7
1, MIm? P
300
i /
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Figure 4.5.2a. Volumetric enthalpy IV versus temperature according to
table 4.5.2a and b for slabs of mineral wool. Left: Density v = 75 kg
m=3, type Textur 887. Right: Density y = 150 kg m~3, type Minwool 3060
or Rockwool 337
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5. COMPARISONS OF CALCULATED TEMPERATURE-TIME FIELDS WITH THOSE
MEASURED IN TESTS

In this chapter, som comparisons are presented between temperature-
time fields, calculated according to the theory developed in chapter 3,
and the corresponding temperature-time fields, measured in standard
fire resistance tests. The comparisons include four types of suspended
ceilings, forming part of unventilated floor assemblies with following
geometrical characteristics, specified from top to bottom.

Type 1 - figure Sa

Slab of normal concrete - thickness 160 mm, density 2300 kg m-3,

steel beams of section IPE 270 - centre distance 1200 mm,

suspended ceiling of one gypsum plaster slab without fibre reinforce-
ment - thickness 13 mm, density 790 kg m >, free vertical distance
from bottom of steel beams to top of ceiling 200 mm.

Type 2 - figure 5b

$lab of normal concrete - thickness 160 mm, density 2300 kg m'3,

stee] beams of section IPE 270 - centre distance 1200 mm,

suspended ceiling of two glass fibre reinforced gypsum plaster slabs -
thickness 2 x 13 mnm, density 790 kg m_3, free vertical distance from
bottom of steel beams to top of ceiling 200 mm.

Type 3 - figure 5¢C

Slab of normal concrete - thickness 160 mm, density 2300 kg m“3,

steel beams of section IPE 270 - centre distance 1200 mm,
suspended ceiling of three glass fibre reinforced gypsum plaster slabs -

thickness 3 x 13 mm, density 790 kg m_3, free vertical distance from
bottom of steel beams to top of ceiling 200 mm.
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Type 4 - figure b5¢

Slab of normal concrete - thickness 50 mm, density 2300 kg m_3,

steel beams of section IPE 140 - centre distance 750 mm,

suspended ceiling of slabs of mineral wool, type Textur 887 - slab
dimensions 1200 x 600 x 40 mm3, density 75 kg m'3, free vertical

distance from bottom of steel beams to top of ceiling 160 mm.

The reason for choosing suspended ceilings of gypsum plaster slabs
in a dominant extent for the comparison between calculated and
measured temperature-time fields is, that such a type of suspended

ceiling gives a very decisive control of the theory due to its fire
behaviour with a critical temperature state for slab disintegration.
For type 2 and 3 of the floor assemblies chosen, this implies that
the theory must simulate also a successive collapse of the ceiling

slabs.,

In figure 5a, b, ¢ and d, the full-Tline curves are showing the time
variation of the temperature, measured in specified points of the
respective floor assemblies, when tested according to the internatio-
nal standard ISO 834. For the floor assemblies, type 1, 2 and 3, these
tests have been performed at the National Swedish Institute for Materials
Testing and Meteorology {17]. The fire resistance test of the fioor
assembiy, type 4, has been carried out at the Research and Development
department, A/S ROCKWOOL, Hedehusene, Denmark. Figure 5a, b and ¢
include the measured time curves for the average furnace temperature,
the temperature in four measuring points (1, 2, 3, 4) in the steel
beams, and the temperature in two measuring points (5, 6) at the top
surface of the suspended ceiling. A dashed and dotted curve in the
respective figure gives the mean value for the steel beam temperature
in the measuring peints 1 - 4. The full-line curves in figure 5d are
reporting the time variation of the temperature in the lower flange

of the steel beams (measuring point 4) and at the top surface of

the concrete slab (measuring point 8). Both curves then represent

the mean value of 6 measuring points with equivalent location.

The corresponding temperature-time variations, caiculated according to
the theory developed in chapter 3, are shown in the figures as dashed
curves. The calculation then is based on the following assumptions:
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(1) The initial temperature of the floor assembly is 20 °,

(2) the fire exposure is specified according to the ideal IS0 834 fur-

nace temperature-time curve, Equation (la),

{3) the heat capacity of the suspended ceiling is taken into account,

(4) the influence of the quotients B/H and C/H is considered in speci-
fying the radiation characteristics within the floor assembly - figure
3.1.3a and b,

(5) the thermal properties of the concrete slab are described by the
temperature curves for dried material in figure 4.2.7b and 4.2.72c,

(6) the thermal properties of the material of the suspended ceiling are
determined according to the data in section 4.4 for gypsum plaster

slabs and in section 4.5 for mineral wool slabs,

(7) a gypsum plaster slab disintegrates and falls down when the criti-
cal temperature state according to section 4.4.3 is reached.

The comparison between calculated and experimentally determined tempera-
ture-time curves, presented in figure 5a - d, verifies the theory de-
veloped in chapter 3 as sufficiently accurate for a fire engineering
design in practice. This conclusion then should be seen in the light

of that uncertainty which is inherent in the choice of representative
data for the thermal properties of the slab and suspended ceiling materials.

For the floor assembly, type 1, the collapse of the gypsum piaster slab
occured after 48 minutes in the fire resistance test. Theoretically,

the collapse time was found to 54 minutes. For the floor assembly, type
2, including two 13 mm gypsum plaster slabs, the theory gives a collapse
for the first slab after 40 minutes and for the second slab after 78
minutes fire exposure. In the fire resistance test, the fire behaviour
of the suspended ceiling was not that absolute. The final collapse of
the suspended ceiling occured after about 60 minutes. For the floor
assembiy, type 3, including three 13 mm gypsym plaster slabs, finally,
the calculated collapse time is 41 minutes for the first slab, 58 minutes
for the second slab and 87 minutes for the third slab. Experimentally,
the ultimate collapse of the suspended ceiling took place after 75 to 80
minutes fire exposure. Accordingly, the theory developed in chapter 3
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describes the detailed fire behaviour reasonably correct also for
such a complicated suspended ceiling which has disintegration in-
cluded in its behaviour.

For the floor assembly, type 4, which has a iess complicated fire
behaviour, the calculated and experimentally determined temperature-
time curves are in close agreement.
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°C
A
8 STEEL BEAM 4
AOG_ T a B &L A G B a LA s AL .
A -
200 —
0
0
Figure 5d. Calculated (- - -} and experimentally determined (

Temperature-time curves in specified points 4 and 8 of a floor assembly,

consisting of a 50 mm slab of normal concrete, steel beams IPE_140 and
a suspended ceiling of 40 mm mineral wool with density 75 kg m 3, type
Textur 887. Fire exposure according to IS0 834
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6. DESIGN BASIS FOR A THEQRETICAL EXTRAPOLATION OF RESULTS FROM
FIRE RESISTANCE TESTS. EXAMPLES

The procedure for a theoretical extrapolation of the results from a
fire resistance test of a suspended ceiling, forming part of an un-
ventilated, ioad-bearing floor or roof assembly, is described in
chapter 2. The procedure includes three steps.

Step 1 consists of an evaluation, from the fire resistance test, of
the time curve of the steel temperature TS in the bottom flange at
midsparn of the centre supporting beam, the time ts,crit for a collapse
of the supporting construction, the corresponding steel temperature

Tq cpite and the time t for a failure of the suspended ceiling,

if any - figure Z2a.

i,crit

def is determined for the suspended

ceiling tested. The determination, which is illustrated in figure 2b
and 2c, is to be based on time curves of the steel beam temperature

TS, calculated for different values of di/Ai of a suspended ceiling,
entering into a floor or roof assembly with the same siab and the

In step 2, & derived value (di/hi)

same steel beams as in the tested assembly. The criterion for the
derived value (di/,\i)der is that the calculated TS-t curve of the
steel beams and the corresponding curve measured in the test are

giving the same steel temperature T at time ts By this

s,crit LCrit’
technique, the tested suspended ceiling is characterized in an inte-
grated way with regard taken to the real structural design and fire
behaviour including the influence of initial moisture content, crack
formations, disintegration of materials, and partial failure of the

ceiling and its fastening devices.

If the suspended ceiling has failed in the fire resistance test and if

then the failure temperature 7. of the suspended ceiling has not

been measured, this temperatur;’gggtto be determined theoreticaily in
step 2. This can be done according to figure 2d by way of the calculated
time curve of the temperature Ti at the centre level of the suspended
ceiling with di/Ai = (di/ki)der' The time ti,crit for the failure of
the suspended ceiling, obtained in the fire resistance test, then di-
rectly gives the failure temperature Tﬁ,crit'

Step 3, finally, consists of the theoretical extrapolation of the re-

sults from the fire resistance test. By this extrapolation, the time
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of fire resistance can be determined for a structural modification of
the tested floor or roof assembly, having a suspended ceiling which

is identical with the one tested. The modification relates to the siab
and/or the supporting steel beams. As to slab material, the extrapola-
tion then should go from a material with a higher heat capacity to a
material with a lower heat capacity. This implies, for instance, that
an extrapolation from an assembly with a slab of aerated concrete to

an assembly with a slab of normal concrete should be avoided.

A quick carrying through of step 3 requires that a design basis is
available, which directly gives the steel beam temperature TS and the
temperature T, at the centre level of the suspended ceiling for vary-
ing slab material, steel beam characteristics and (di/Ai)der for the
suspended ceiling at a fire exposure according to IS0 834. The Timiting
criteria for the fire resistance of the assembly are the steel beam
temperature Ts,crit’ corresponding to collapse of the supporting con-
struction, and the critical temperature Ti,crit at the centre level

of the suspended ceiling, corresponding to failure of the suspended

ceiling, if any.

A design basis, facilitating the practical carrying through of the
steps 2 and 3, is presented in sections 6.1 and 6.2. The design basis
has been determined by applying the theory developed in chapter 3 and
the connected computer program presented in Appendix A. Generally, the
influence of the heat stored in the suspended ceiling during the fire
exposure has been neglected in the determination of the design diagrams
and tables. This leads to computed temperatures which are one the safe
side. For ordinary types of suspended ceilings, the approximation

is reasonable. For suspended ceilings with large thickness and of
materials with high density, the approximation may give a design which
is too much on the safe side. For getting an accurate description of
the fire behaviour for such suspended ceilings, the extrapolation has
to be done by using the computer program in the appendix. It is, however,
important to point out in this connection that the procedure of extra-
polation in itself has such a structure, that the influence of the heat
stored in the suspended ceiling will be included indirectly in an
approximate way in deriving the quantity (di/)\i)der from the real fire
behaviour of the assembly in a standard fire resistance test.

If the extrapolation of the test results is done for the same ratio
between the design load Q and the ultimate load at ambient temperature
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Qu as applied in the fire resistance test, the steel beam temperature
Ts,crit obtained in the test is chosen as the limitina criterion for
collapse of the supporting construction. If the extrapolation is con-
nected to another ratio Q/Qu than used in the test, the Timiting

steel beam temperature TS can be determined on the basis of fi-

,crit
gure Ze.

The extrapolation procedure is further illustrated in section 6.3 by

some examples with detailed solutions.

6.1. Design basis for determination of (d./X;)4.._and critical tem-
perature Ti of suspended cejling - step 2

crit

For facilitating the practical carrying out of step 2 of the theore-
tical extrapolation of the results from standard fire resistance tests
of suspended ceilings, the design diagrams in figure 6.1a - f have

been computed. The diagrams in figure 6.7a, b, d and e then are giving
the steel beam temperature TS versus time and the diagrams in figure
6.1c and f the temperature at the centre level of the suspended ceiling
Ti versus time at varying dj/Ai of the suspended ceiling for an un-
ventilated floor or roof assembly, consisting of a slab, load-bearing
steel beams and a suspended ceiling and fire exposed according to IS0
834. Figure 6.1la, b and c refer to a slab of normal concrete of density
2300 kg m™3 and of thickness not less than 50 mm, figure 6.1d, e and f
to a slab of aerated concrete of density 600 kg m~3 and of thickness
not less than 100 mm. Figure 6.%1a and d are applicable to steel beams
of section HE 140 B (U /F_ = 160 m_]) and figure 6.1b and e to steel
beams of section IPE 140 (U /F_ = 299 m~1). For the time variation of
the temperature Ti at the centre level of the suspended ceiling (figure
6.1c and f), the influence of varying steel beam section is practically

negligible.

The design diagrams have been calculated by applying the theory accord-
ing to chapter 3 and the connected computer program in Appendix A. The

calculation then is based on the following assumptions:
{1) The initial temperature of the floor or roof assembly is 20 Oc,

(2) the fire exposure follows the ideal IS0 834 furnace temperature-

time curve, Equation {ia),



-53-

(3) the heat capacity of the suspended ceiling is neglected,
{(4) the steel beams have a centre distance of 750 mm,

(5} the thermal properties of the slab material - normal concrete

and aerated concrete - at elevated temperature are described by

figure 4.2.1b, 4.2.2c, 4.3.1b and 4.3.2a with regard taken to an
initial moisture content, which corresponds to the eguilibrium moisture
content at a conditioning of the material in an atmosphere of ordinary
room temperature and a relative humidity of about 60%.
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6.2. Design basis for step 3

After having passed step 1 and 2 of the theoretical evaluation of a
fire resistance test according to DP 6167, the foilowing basic guanti-
ties of the tested flcor or roof assembly are known:

(1) The critical steel beam temperature TS crit? corresponding to
collapse of the supporting construction of the assembly - figure Za,

(2) the critical temperature T. at the centre level of the sus-

i,crit
pended ceiling, corresponding to failure of the suspended ceiling, if
any - figure 2d,

(3) the derived value {di/Ai)deP of the suspended ceiling, characteriz-
ing the real structural design and fire behaviour of the suspended

ceiling in an integrated way - figure 2b and c.

For a comparatively quick calculation of the fire resistance of struc-
turally modified versions of the tested floor or roof assembly, a de-
sign basis must be available for a direct determination of the time
curves for the steel beam temperature TS and the temperature at the
centre level of the suspended ceiling Ti for varying material and
thickness of the slab, ratio US/FS for the steel beams and derived
insulation parameter (di/ki)der for the tested suspended ceiling. Table
6.2.a - d constitute such a design basis, computed by applying the
theory developed in chapter 3 and the connected computer program in
Appendix A under the same assumptions as specified in section 6.1, ex-

ciuding assumption (4).

Table 6.2a and b then apply to a floor or roof assembly with a top
slab of normal concrete of density 2300 kg m'3. Tabel 6.2a is valid
for a slab thickness of 50 mm and tabie 6.2b for a slab thickness >
100 mm. For a slab thickness within the interval 50 to 100 mm, the
temperature values can be calculated with acceptable accuracy by
Tinear interpolation between the two tables. The temperature values
have been computed for the width-depth ratio of beams B/H = 0.5 and
the spacing-depth ratio of the beams {/H = 5, but the values can be
used also for other ratios B/H and C/H with an accuracy which is

sufficient for ordinary practical appiications.
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Table 6.2c and d apply to a floor or roof assembly with a top slab of
aerated concrete of density 600 kg m_3, having a thickness > 100 mm.
The tables are differentiated with respect to the spacing-depth ratio
C/H. Tabte 6.2¢c then is valid for C/H <5 and table 6.2d for C/H > 5.

In addition to the steel beam temperature TS and the temperature Ti at
the centre level of the suspended ceiling, table 6.2a and b are giving
aiso the maximum temperature at the upper surface of the concrete slab.
The values of this surface temperature, given in table 6.2b, then apply
only to the slab thickness 100 mm. For a larger slab thickness, the
surface temperature decreases with increasing thickness. For slab thick-
nesses between 50 and 100 mm, the surface temperature can be determined
by tinear interpolation between table 6.2a and table 6.2b. For a floor
or roof assembly with a top slab of aerated concrete - table 6.2c and

d - the maximum temperature at the upper surface of the siab lies
generally below 65 9 within the area of application, covered by the
tabTes.
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Table 6.2a
NORMAL CONCRETE SLAB: Density y = 2300 kg m'3, thickness 50 mm
Maximum steel temperature Tg may, Maximum temperature at centre level
ty {Us/Fg |of suspended ceiling Ty pmay ( ), and maximum temperature at top
surface of floor or roof siab [ i
(mind| [ '] (4.7 ) gaps M - OCWT]
0.025 0.0650 0.100 d.200 0.300 0.400
50 70 55 45 35 30 30
100 115(560)|  90{(525)|  65[(495)| 50(465)[  40(445)|  35(435)
15 |200 185 140 100 70 55 50
300 235| {451, 180 fd40l| 130 [35] 85| [30] 70| [25] 60 [25]
400 270 |. 210 150 160 80 65
50 160 115 80 55 &5 40
100 260 |(650)| 185|(610)| 125|(570)| 85((535)] 65 (510}  55|(500)
30 1200 360 265 185 125 95 80
300 4001| [90]1| 305] [753 215 [651] 145 (501, 115] [40] 95| {35]
400 415 320 230 160 125 100
50 265 180 120 80 65 55
100 390 |(715)| 280|(665)| 185{(615)| 120 ((570) 95 1(550) 80 |{535)
45 1200 470 355 245 165 130 iGh
300 490 (1303 375 [951| 270 [8&5] 180 | [70] 145 | [55] 120 [50]
400 495 380 275 190 150 125
50 370 255 165 105 85 70
100 495 |(760)| 355|(705)| 240(650)] 155|(605)| 120 |(580)| 100 (565)
60 1200 540 410 290 195 155 130
300 550 [185) 425|[1351] 305| (9511 210| [803{ 165| {701} 140 [60]
400 555 430 310 215 170 145
50 475 325 210 130 100 85
100 570 [(800)| 420((740)| 285|(680)| 185|(630)] 145](605) 120 {(585)
75 1200 £00 460 325 220 175 145
300 610 ({2351 470|[1751; 335|01151} 230} [90] 180 [801] 155| [701
400 615 470 335 235 185 160
50 560 390 250 155 120 100
100 * | 635((835)| 475((770)1 325|(705)] 210|(650)| 1651(620)] 135 (605)
90 | 200 655 500 355 240 190 160
300 660 [[2751| 510/[21011 365|[1451] 245| [95]| 195; [851] 165 [80]
400 660 510 365 250 200 165
50 6c0 505 330 205 155 125
100 730(895)| 555|(820)| 290|(745)| 250((685)] 195(655)| 165 (635)
120 12060 740 570 410 270 215 180
300 740:[33011 575([2601| 4151{1851| 2801201} 220 {951 185| [85]
400 740 575 415 280 220 185
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Table 6.2a cont.
NORMAL CONCRETE SLAB: Density vy = 2300 kg m"3, thickness 50 mm
Maximum steel temperature Ts,max’ maximum temperature at centre level
td Us/F of suspended ceiling Ti,max ( }, and maximum temperature at top
surface of floor or roof slab { ]
tmin]| (m”! (d./3)gaps " - CCWTT
0.025 0.050 0.100 0.200 0.300 0.400
50 770 585 395 245 210 175
100 (940)! 615i(860)| 440 (780) 290|(715); 240 (680} 200 (660)
150 | 200 625 435 305 250 210
300 [360]1] 630i[3001| 4601([2201| 310|[145]; 255|[1101] 215]|[95]
400 630 460 310 255 215
50 645 450 235 210 175 _
100 665|(895)| 475((810)| 320((740)] 240|(700}| 200|(680)
180 { 200 €70 485 330 250 210
300 675([325]] 490([245]1] 335|[165]] 255{[1251] 215|[1C0]
400 675 450 335 255 215
50 635 485 315 235 190
100 695/(920}| 510((830)| 345|(760); 260((720)| 215:(695)
210 ;200 700 515 355 270 220
300 700([3401] 520({265]] 355((1801f 275|[140]] 225{[115]
400 700 520 355 275 225
50 715 520 345 260 210
100 720((940)| 535|(855)| 365{(775)] 280|(735)| 230(710)}
240 1200 725 535 370 285 235
300 725((350]1] 540i{275)] 3701953 2901[1501] 240[125]
400 725 540 370 290 240
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Table 6.2b
NORMAL CONCRETE SLAB: Density y = 2300 kg m_3, thickness > 100 mm
Maximum steel temperature Ts,max’ maximum temperature at centre level
td US/§ of suspended ceiling Ti,max { y, and maximum temperature at top
surface of floor or roof slab { ]
(mind| tm™ 1] (4573 )ggme [0 - %W
0.025 0.050 0.100 0.200 0.300 0.400
50 70 55 45 35 30 30
100 115{(560) 90 {({525) 65 [(495) 50 |(465) 40 {445} 351(435)
15 1200 185 140 100 70 55 - 50
300 235 [20] 180 ([201] 136 {[2C] 85 ([20] 701120] 60({20]
400 270 210 150 100 30 65
50 160 115 80 55 45 40
100 260 [(650)| 185:(610)| 125|(570) 85 {(535) 651(510) 55((50C0)
30 200 360 2565 185 125 95 80
300 400 1[35] 305 [30] 215 {[30] 145 |125] 115[25] 95 ({251
400 415 320 230 160 125 100
50 260 180 120 80 65 55
100 385((710)| 275,(660) 185{(615}| 120|(570) 95{(550) 801(535)
45 | 200 465 350 245 165 130 105
300 435 1[50] 370.[45] 265 1[40] 180 |[35] 145[30] 120([30]
400 490 375 270 190 150 125
50 365 250 160 105 85 70
100 4851(755)| 3501(700)| 235((645)| . 150{(600)| 120|(580); 100 (565)
60 | 200 530 405 285 180 150 125
300 540 (/0] 415 [60] 2951[50] 205|401 160 [35] 135/[35]
400 545 420 300 210 165 140
50 460 315 205 130 100 80
100 555((795) 410{(735)i 280|(675)| 180|(625)| 140|(600)} 115 (585)
75 1200 585 445 315 215 170 140
300 595 |[85] 455{[70] 325 |[60] 225 (£50] 175([451 150 (40]
400 595 455 330 230 180 155
50 540 375 240 150 115 95
100 615((825) 460[(760)| 315|(700)| 200|(645)] 155/(620)| 130/ (605)
90 | 200 635 485 345 230 180 155
300 640 1[95] 490 [85] 3501{[70] 2351[551 1851 [50] 160! [45]
400 640 490 350 240 190 160
50 665 480 315 185 145 120
100 705((885)] 530,(810)] 370|(740)| 240|(680)] 185|(650}; 155|(630)
120 200 715 545 390 260 205 170
300 715|[140]f 550([10031] 385|185} 270([70] 210:[60] 175] [55]
400 715 550 385 270 210 175
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Table 6.2b cont.

NORMAL CONCRETE SLAB: Density v = 2300 kg m_s, thickness > 100 mm
Maximum steel temperature Ts,max’ maximum temperature at centre level
ty US/Fé of suspended ceiling Ti,max ( }, and maximum temperature at top
surface of floor or roof slab [ i
[mindim " (d/0;) g [ - CC W7
0.025 0.050 0.100 0.200 0.300 0.400
50 750 560 375 235 200 165
100 (930)| 590((850)| 415((770)| 275|(705){ 230|(675)| 190 |(655)
150 1200 600 430 290 240 200
300 [185]F 605([140]| 435|(95] 295 |[80] 245 1[70] 205 |[651
400 605 435 295 245 205
50 620 425 270 200 165
160 645|(885)| 450((800)] 300((730)] 230|{695)| 190(675)
180 200 650 460 310 240 209
1300 655 |[175]| 465|[120]7 315{90] 245 ({751 205 |[70}
400 655 465 315 245 205
50 675 465 295 225 185
100 690 (915)| 490(825)| 325((750)] 2501(715); 205 |(690)
210 1200 695 495 335 260 215
300 700 (20031 500([145]; 335|[95] 260 ([801] 215 |£75]
400 700 500 335 260 215
50 720 500 325 245 200
100 730 ((945)| 520((850); 345|(770){ 265|(730); 220 (705)
240 1200 735 525 355 270 225
300 735|[220]| 530{[165]| 355|[105]1] 275|[90] 230 |[8G]
400 735 530 355 275 230




Table 6.2¢ - 76-
AERATED CONCRETE SLAB: Density v = 600 kg m-3, thickness z 100 mm, C/H<5
td Us/% Maximum steel temperature Ts,max and maximum temperature at centre level
of suspended ceiling ( )
(min]| (n” (d,/23)gops M+ °C W]
0.025 0.050 0.100 0.200 0.300 0.400
50 130 100 70 50 45 40
100 220 165 115 75 60 55
15 | 200 355 |(645)| 270 (610} 185 |{560)| 120((510) 95 |(480) 80|(465)
300 430 346G 235 150 120 100
400 480 330 270 175 135 115
50 350 265 175 110 80 70
100 525 415 285 175 130 105
30 |200 645 ((765)] 5401(725)! 400 |(665)] 260 |(605)| 195](575) 155 {{550)
300 670 575 440 300 | - 230 180
400 680 585 460 320 245 200
50 555 445 305 185 135 110
1100 600 445 285 210 170
45 1200 (835)| 660 (795)| 525(735)! 365{(665)| 280 (625), 230 (600}
300 670 545 395 310 255
400 675 550 400 320 270
50 595 430 | 285 195 155
100 705 555 380 280 225
60 | 200 730 |(845)| 600 |(785) 440((710)| 345|(670)| 285|(640)
300 735 610 455 360 300
| 400 740 615 460 365 305
50 700 540 350 255 200
100 630 450 345 280
75 (200 (880} 655 |(825)| 4951(750) 395((705)| 330((670)
300 660 500 405 340
400 660 505 410 345
50 620 425 315 250
100 680 510 400 330
90 (200 695 |(855)| 535 |(780), 435(730)} 365i(700)
300 700 549 440 375
400 700 545 445 380
50 730 540 415 335
100 755 580 475 400
120 (200 (910)| 600i(830)| 495|(780)| 420/(745)
300 605 500 425
400 605 500 430




Table 6.72c cont.
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AERATED CONCRETE SLAB: Density vy

- 600 kg m >, thickness z 100 mm, C/H<5

td US/% Maximum steel temperature Ts,max and maximum temperature at centre level
of suspended ceiling ( )
tmind} fm '] (d.73,) gopr [0 OC W]
G.025 0.050 0.100 0.200 0.300 0.400
50 615 495 410
100 645 535 455
150 1200 650:(870)| 545((820)| 465|(785)
300 655 550 470
400 655 550 475
50 670 550 465
100 685 575 495
180 1200 690,(905)| 585((850)| 505[(815;
300 695 585 510
400 695 585 510
50 595 510
100 815 530
210 1200 620((880)| 535((840)
300 620 540
400 620 540
50 635 545
100 645 560
240 1200 6501(905)] 565
300 €50 570
400 650 570
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Table 6.2d
ARERATED CONCRETE SLAB: Density y = 600 kg m"3, thickness > 100 mm, C/H>5
td Us/a Maximum steel temperature Ts,max and maximum temperature at centre level
of suspended ceiling { )
(mind| (™! (/3 Y ggrs I+ O]
0.025 0.050 0.100 0.200 0.360 0.400
50 140 105 70 50 45 40
100 230 175 120 80 60 55
15 |200 370|(645)| 280((610)| 195i(560); 125((510) 95 ((480) 80 |(465)
300 445 350 235 155 125 105
B 400 490 390 275 180 140 120
50 370 280 185 115 85 70
100 545 430 295 185 135 110
30 {200 655{(765)| 550((725)| 410((665)| 265[(605)| 200 |(575)| 160 (550)
300 675 580 445 305 235 185
400 680 585 460 325 250 200
50 580 465 320 195 140 115
100 610 460 295 215 175
45 |z00C (835)| 6€65((795)| 530[(735)| 370|(665)] 285|(625)| 235|(600)
300 675 545 395 310 260
400 680 550 405 320 270
50 615 450 280 200 160
100 710 565 390 290 235
B0 |200 730|(845)] 605|(785)) 445((710)] 350((670) 290((640)
300 735 610 455 360 300
400 740 615 460 365 305
50 715 555 365 265 210
100 635 460 355 285
75 1260 {880)| 655!(825)| 495((750)] 400(705); 330(670)
300 660 500 405 340
400 660 505 410 345
50 630 435 325 260
100 685 515 405 335
90 200 695 |(855)] 535,(780)] 435{(730); 365((700)
300 700 540 440 375
400 700 545 445 380
50 735 550 425 345
100 755 590 480 405
120 {200 (910} 600({830)| 495|(780}! 420|(745}
300 605 500 425
400 605 500 430
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Table 6.2d cont.

ACRATED CONCRETE SLAB: Density v = 600 kg m_3, thickness > 100 mm, C/H>5
td Us/i; Maximum steel temperature Ts,max and maximum temperature at centre level
of suspended ceiling ( )
[min]| [n '] (/3) gor m2 - °c w3
0.025 0.050 0.100 0.200 0.300 0.400
50 620 500 415
100 - 645 535 455
150 [ 200 650 |(870)| 545{(820)| 465|(785)
300 655 550 470
400 655 550 475
50 675 555 470
100 685 575 485
180 200 690 {(905)| 585|(850)| 505|(815)
300 695 585 510
400 : 695 585 510
50 600 515
100 615 530
210 1200 620 [(880); 535,(840)
300 620 540
400 620 540
50 635 550
100 645 560
240 200 650 1(905)| 565 (865)
300 650 570
400 650 570
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6.3. Examples

Example 1

A test roof assembly according to figure la is composed of a top

slab of normal concrete with thickness 50 mm, simply supported steel
beams HE 140 B and a suspended ceiling of mineral wool type. At a

fire resistance test, performed in conformity with DP 6167, the fol-
Jowing vaiues were recorded for the steel temperature TS of the bottom
flange at midspan of the centre supporting beam:

t min 15 30 45 60 75 90 | 105 | 120

T % 100 | 190 | 280 | 330 | 375 | 410 | 440 | 470

The assembly was subjected to a test load producing the maximum per-
missible stress in the supporting steel beams.

The supporting steel beams collapsed at the time ts crit = 122 min
- the collapse defined by a limiting deflection criterion. The cor-
responding steel beam temperature TS cpit Was measured to 475°C.

At the collapse of the steel beams, the suspended ceiling was intact.

The time curve of the measured steel beam temperature TS is plotted

as the dashed and dotted line curve in figure 6.3a together with the
corresponding calculated time curves, applicable to the same material
and thickness of the slab and the same steel beam section as for the
test assembly - the time curves according to figure 6.1a. The measured
time curve and the calculated time curves are obviously very similar
in shape in this case, which is to be expected for a suspended ceiling
keeping completely intact during the fire exposure. By linear inter-
polation, figure 6.3a gives a derived value

(d:/2,) yop = 0-075 n° °C W™ (a)

der

for the tested suspended ceiling.
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Figure 6.3a. Measured time curve of the steel temperature Tg of bottom
fTange at midspan of centre supporting beam, obtained in the fire re-
sistance test according to DP 6167 (dashed and dotted line curve), and
corresponding time curves for varying di/ij, applicable to the same
material and thickness of the slab and the same steel beam section as
for the test assembly - time curves according to figure 6.1a

For di/ki = 0.075 m2 °c N“1, figure 6.7c gives a temperature at centre

level of the suspended ceiling Ti which amounts to
T, = 780°C (b)

at the time tS crit © 122 min for the collapse of the supporting steel
beams. Since the suspended ceiling was intact at the collapse of the
steel beams, this Ti value is not a critical temperature for the sus-

pended ceiling.

20 1

Using the derived valued (d./x;)4,, = 0.075 m" °C W' of the tested
suspended ceiling as basic information, determine theoretically the
fire resistance time tfr for a floor assembly with the same suspended

ceiling as in the test and having

(a) a slab of normal concrete with a thickness 120 mm and simply
supported steel beams IPE 160,
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(b) a slab of normal concrete with a thickness 120 mm and simply
supported steel beams HE 300 B,

(c) a slab of aerated concrete of density 600 kg m_3 and of thickness
150 mm and simply supported steel beams HE 300 B with a spacing-depth

ratic C/H = 4.

In all three cases, the ratio between the design load Q and the ulti-
mate load at ordinary room temperature Qu is assumed to be the same
as for the tested assembly, which means a critical steel beam temper-

ature TS = 475% all through.

,Crit

(a) A floor assembly with a normal concrete siab of thickness 120 mm
corresponds with the design table 6.2b. For supporting steel beams
IPE 160 U /F, = 277 m | - cf. table 4.1.3.

With linear interpolation, table 6.2b gives for a floor assembly with

_ 2 0~ 1 B -1

(di/xi)der = 0.075m" “C W " and US/FS =277 m
at a standard fire duration td = 890 min

_ 0 _ -1
TS = 415°C for Us/Fs =200 m

_ 0 _ -1
TS = 4720°C for US/FS =300 m

0 _ -1

TS = 420°C for Us/Fs = 277 m
and at a standard fire duration td = 120 min

_ 0 _ -1
TS = 470°C for Us/Fs = 200 m

_ 0 _ -1
TS = 475°C for US/FS =300 m

. 0 B -1
TS ~ 475°C for US/Fs =277 m
Accordingly, the critical steel beam temperature TS crit T 475°¢ qs

reached after a 120 min standard fire exposure, i.e. the fire resis-

tance time

te, = 120 min (c)
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The tested and the structurally modified floor assemblies have ob-
viously about the same fire resistance. Consequently, the favourable
influence of a larger slab thickness for the modified assembly (120
against 50 mm) is approximately balanced by the unfavourable influence
of a larger value of U /F_ (277 m ! for IPE 160 against 160 n ! for

HE 140 B). For the modified floor assembly, table 6.2b

gives a temperature at the centre level of the suspended ceiling

Ti = 775°C at the fire resistance time tfr = 120 min, {i.e. an insig-

nificantly smailer value than for the tested floor assembly.

(b) As for the problem {a}, design table 6.2b is applicable. For
supporting steel beams HE 300 B U_/F_ = 99 nV - cf. table 4.1.3a.

2 0~ -1

For a floer assembly with (d./}\.)d = 0,075m "CW and U_/F_ =
. i’ "i’/der s S
99 m ', table 6.2b gives

at a standard fire duration td = 120 min

_ ¢ _ 0
T, = 450°C, T, =775°C

and at a standard fire duraticn td = 150 min

T =505%, T. =810
S i
By linear interpolation, the critical steel beam temperature TS crit =
4759C is calculated to be reached after a standard fire exposure of

about 135 min, i.e. the fire resistance time

te, = 135 min (d}

£
The corresponding temperature at the centre level of the suspended
ceiling Ti = 795°C, i.e. a somewhat higher value than achieved in the
fire resistance test from which the theoretical extrapolation starts.
Consequently, a practical application of the calculated fire resistance
according to Equation (d) requires a verification that the temperature
Tj = 795%C does not give rise to any failure of the suspended ceiling,

which can be examined by a small scale test.
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(c) A floor assembly with a slab of aerated concrete of density

600 kg m-3 and with steel beams having a spacing-depth ratio C/H = 4
corresponds with the design table 6.2¢c. For supporting steel beams
HE 300 B U/F, = 99 m | - cf. table 4.1.3a.

. _ 2 0p -1 _
For a floor assembly with (di/li)der = 0.075m “C W and US/FS =

99 m-T, table 6.2c gives

at a standard fire duration td = 30 min

T, = 350°¢, T, = 695°C

and at a standard fire duration td = 45 min

T =525%, T. =765

s i
By linear interpolation, the criticai steel beam temperature TS crit -
475°C is found to be reached after a standard fire exposure of about
40 min, i.e. the fire resistance time

te, = 40 min (e}

.F
The simultaneous temperature at the centre level of the suspended
ceiling Ti = 74OOC, for which the suspended ceiling is verified to be

intact by the fire resistance test.

A comparison between problems (b) and (c) demonstrates the very large
influence on the fire resistance of a replacement of a slab of normal
concrete by a slab of aerated concrete in a floor or roof assembly
with load-bearing steel beams, protected by a suspended ceiling - a
decrease of the fire resistance tfr from 135 to 40 min. Compared to
this, the influence on the fire resistance of an altered US/FS ratio
of the load-bearing steel beams is modest. This is jllustrated by
problems (a) and (b) showing an increase of the fire resistance i,
from 120 to 135 min at a decrease of the US/FS ratio from 277 to

99 m_].
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Example 2

Starting from the results of the fire resistance test, described in
Example 1, determine theoretically the fire resistance time tfr for
a floor assembly with the same suspended ceiling as in the test and
having for the rest a slab of normal concrete with a thickness 120
mm and supporting steel beams HE 300 B which are built in at both

ends - case (2) in figure 6.3b.

SRR NN IR

{
P =

1
......q2|_

N\ 16 J2u //E I8 “2u
| £
| . i

Figure 6.3b. Simply supported floor assembiy, subjected to a fire
resistance test according to Example 1 - case - and a floor
assembly with supporting steel beams, built in at both ends, theo-
retically analysed in Example 2 - case

As stated in Example 1, the fire resistance test was performed with
the load-bearing steel beams simply supported and subjected to a test

Toad producing the maximum permissible stress Gperm in the beams - cf.
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case (:) in figure 6.3b. With the test load applied as a uniform-
1y distributed load qy» the maximum bending moment during the test
is determined by the relationship

_ 1 2
Mnax = “perm" = 8 4t (a)
where

W = elastic modulus of steel beam section (ms).

The ultimate bending moment Mu and the corresponding ultimate load
4 at ordinary room temperature are given by the formula

_ 1
M—ouN——B—q]uL (b}

yield point of steel material at ordinary room temperature {MPa)
plastification factor of the cross section.

[&]
il

o]
n

From Equations (a) and (b), the ratio between the design load Q.E
and the uitimate load Qlu is obtained as

QT _ q]L - “oerm ‘ (c)
Gy It oy

At the fire resistance test, the load-bearing steel beams collapsed
at a temperature TS crit - 47506, measured in the bottom flange at
midspan of the centre beam. By way of figure 2e, this temperature cor-

responds to

1
o 0.53 (d)
For the floor assembly with the load-bearing steel beams built in at
both ends, the bending moment distribution is shown in figure 6.3b
- case (:) - for elastic conditions and for the ultimate state. At
elastic conditions, the following relationship applies between the
uniformly distributed load dp and the maximum permissible stress Sy

in the beams
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. o] 2

Moax = Upermw =17 9t (e)
At the ultimate state, the connection between the ultimate bending
moment Mu and the ultimate load 9oy is given by the equation

_ 1 2
Mu = cyapw = TE qZUL (f)
From Equation (e) and (f), the ratio between the design load Q2 and
the ultimate load QEu

Q2 _ q2L 3Uperm

Oy Gyt Bo.%, (9)

follows. Combined with Equations (c) and (d), this value is trans-

formed to
Q 3Q
2 1 3

o =gg— =7 ' 0.53 = 0.40 h
Q2u Qlu 4 e
which according to figure 2e corresponds to the critical steel beam
temperature

- 0 .
Ts,crit = 540°C (i)

for the floor assembly with the load-bearing steel beams built in

at their ends.

Knowing the design characteristics of the floor assembly - slab of
normal concrete with a thickness 120 mm, load-bearing steel beams
HE 300 B (U_/F_ = 99 w1) with T 5y = 540°C, suspended ceiling
with (di/ki)der = 0.075 m2 Oc W' (Example 1) - the fire resistance
teps asked for, can be directly determinated from table 6.2b. With
Tinear interpolation, this gives

at a standard fire duration td = 150 min
~ 0 _ 0
TS = 5057C, Ti = 810°C

and at a standard fire duration td = 180 min
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T = 550°¢, T, - 845°¢

The critical steel beam temperature TS crit = 540°C will be reached
after a standard fire exposure of about 175 min, i.e. the fire re-
sistance

te. = 175 min (3)

The corresponding temperature at the centre level of the suspended
ceiling Ti amounts to 8400C, i.e. about 60°C more than achieved in
the fire resistance test on which the theoretical extrapolation is
based. As a consequence, the calculated value of the fire resistance
tfr can not be used in practice until additional test - suitably a
small scale test - has verified that the temperature Tj = 840°¢ does

not cause any failure of the suspended ceiling.

Under this reservation, a comparison between problem (b) in Example 1
and the problem dealt with in the present example illustrates an increa-
se of the fire resistance tfr of about 30 % - from 135 to 175 min -

when the support conditions of the load-bearing steel beams in the

floor assembly are changed from simply supported to built in at both
ends of the beams. In reality, a supplementary fire resistance test for
the load-bearing steel beams having their ends built in can be expected
to give a higher percentage increase of the fire resistance due to a
favourable influence of a lower temperature within the support regions
than at the centre of the span in ordinary fire resistance tests. A
theoretical estimation of this influence, assuming a temperature dif-
ference of 100°C between the centre and the supports of the load-bearing
steel beams at the time of collapse, gives an increase of about 50
instead of 30 % in the fire resistance by replacing the simply suppor-
ted end conditions of the beams by built in end conditions in the

actual case.

Example 3

A test roof assembly according to figure la is composed of a top slab
of normal concrete with thickness 160 mm, simply supported steel beams
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IPE 270 and a suspended ceiling of gypsum plaster slab type. At a
fire resistance test, performed in conformity with DP 6167, the
following values were recorded for the steel temperature Ts of the
bottom flange at midspan of the centre supporting beam:

tmin | 7.5 { 15 | 22.5| 30 | 37.5| 45 | 52.5} 60

T, Oc | 25 |30 | 40 50 | 95 1150 | 225 1300

The assembly was subjected to a test load producing the maximum per-
missible stress in the supporting steel beams.

After about 30 min fire exposure, the first cracks were observed

in the suspended ceiling. The extent of the crack pattern then in-
creased successively and a total failure of the suspended ceiling
occured after 60 min fire exposure. After this failure, the Toad-
bearing steel beams were directly exposed to the hot gases 1in the
test furnace, having a temperature of about 950°C at that time. The
load-bearing steel beams collapsed about 4 min later by reaching a
1imit deflection. At the collapse, the steel temperature Ts,crit of
the bottom flange at midspan of the centre supporting beam was 496G7C.

Since the test assembly had load-bearing steel beams of other section
than HE 140 B or IPE 140, the diagrams in figure 6.1 can not be used
as a basis for a direct derivation of (di/xi}der of the suspended
ceiling. Consequently, the theoretical evaluation of the test must
begin with a determination of the corresponding design basis applicable
to a floor or roof assembly with the same steel beam section - IPE

270 with U_/F_ = 203 m™'; cf. table 4.1.3a - and the same slab - normal
concrete, thickness 160 mm - as for the test assembly. This determina-
tion can be done directly from table 6.2b, giving the time curves of
the steel beam temperature for varying di/xi of the suspended ceiling

in figure 6.3c.

The time curve of the steel temperature, measured at the fire resis-
tance test of the floor assembly in the bottom flange at midspan of
the centre supporting beam, is plotted in figure 6.3c as the dashed
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Figure 6.3c. Steel beam temperature versus time for varying d;/x4
of the suspended ceiling, applicable to a floor or roof assembly
with a stab of normal concrete of thickness > 100 mm and load-
bearing steel beams IPE 270 - full line curves. Time curve of the
steel temperature of the bottom flange at midspan of the centre
supporting beam, measured at the fire resistance test of the
assembly - dashed and dotted line curve

and dotted line curve. The tested type of suspended ceiling is appa-
rently characterized by a time curve of the steel beam temperature
with a form, which deviates considerably from the corresponding time
curves, calculated for varying di/xi under the assumption of a comple-
tely intact suspended ceiling during the fire exposure. In such a
case, the value (di/Ai)der of the suspended ceiling should be deter-
mined for a criterion which requires, that the calculated time curve
and the time curve measured in the test are giving the same steel
beam temperature at the time of damage of the suspended ceiling t

i,crit
or at the time of collapse of the Toad-bearing steel beams t. . .. -
cf. chapter 2. For the floor assembly tested, the time ti = 60 min

,erit 7
decides. By applying this criterion, a linear interpolation between the
time curves for di/hi = 0.050 and 0.100 m2 °c w'] gives the value
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2 0n =1
(di/xi)der = Q.095 m CW {(a)

for the suspended ceiling. As appears from figure 6.3c, this value
brings about a calculated steel beam temperature TS which is gene-
rally higher than the measured temperature for t < ti crit’

The temperature at centre level of the suspended ceiling T1 crit at

the time of damage ti crit - 60 min can be obtained directly from

figure 6.1c which is approximately applicable irrespective of the

steel beam section. For d;/i; = 0.095 mé ¢ w'], this gives

_ 0
Ty cpit = 850°C (b}
After having found (di/)\i)der and Ti,crit of the tested suspended

ceiling, determine theoretically the fire resistance tfr for a floor
assembly, composed of a top slab of aerated concrete of density

600 kg m“3 and thickness 150 mm, Toad-bearing steel beams with (a)

U /g = 50, (b) U/F = 400 m ! and a spacing-depth ratio C/H = 7,
and a suspended ceiling of the same type as the one tested.

The ratio between the design load Q and the ultimate load Qu at

ordinary room temperature is assumed tc be the same as in the fire

resistance test, i.e. the critical steel beam temperature TS crit -
0 ]

= 490G°C.

The roof assembly in guestion connects to the design table 6.2d. By

linear interpolation, this gives for (d./A;)4.,. = 0.095 n? %c Wl at

- . - 0 ~ -1
td = 15 min: TS = 75°C for US/FS = 50 m
- 0 _ -1
TS = 285°¢ for US/FS =400 m
T, = 565°C
_ . . 0 _ -1
td = 30 min: TS = 195°C for US/FS =50 m
— C _ -1
TS = 470°C for US/FS = 400 m
T. = 670°%¢
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Accordingly, the critical temperature of the suspended ceiling Ti,crit =
= 650°C is found to be attained after 27 min standard fire exposure.

At this time, the steel beam temperature TS is Tower than the critical
value Ts,crit = 490°C for both values of Ug/FS. After the damage of

the suspended ceiling, the steel beam temperature increases very ra-
pidly and can be estimated to have reached the critical value about

6 min later for the alternative US/Fs = 50 m-] and within Tess than

1 min for the alternative US/FS = 400 m"].

The fire resistance of the roof assembly in question, consequently,
is to, = 33 min, if the assembly has steel beams with U_/F_ = 50 ml,
and t. =27 min, if the assembly has steel beams with U /F_ = 400 m
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7. SUMMARY

The draft proposal to ISO standard DP 6167 "Fire Resistance Test -
Suspended Ceilings" specifies a test method for a determination of
the contribution of a suspended ceiling to the fire resistance of

an unventilated, load-bearing floor or roof assembly of the type
shown in figure la. A primary aim of the test method is to give

such information on the thermal and mechanical behaviour of the sus-
pended ceiling at a fire exposure, that the test results can be used
for a direct classification with an application in practise, which

is as general as possible.

The fire resistance determined in the test then can be applied direct-
1y for a classification of a floor or roof assembly with the same
structural design as the one tested. The fire resistance obtained can
also be used for a direct classification on the safe side of a floor
or roof assembly with the same suspended ceiling but with the rest

of the assembly structurally modified in comparison to the tested
assembly in such a way that the rate of heating of the load-bearing
steel beams will be decreased.

Alternatively, the test results can serve as an input information for
a theoretical extrapolation in order to get a more accurate deter-
mination of the fire resistance of structurally modified designs of
the tested floor or roof assembly. This possibility is indicated in
the commentary to DP 6167. The present paper is devoted to such a
theoretical extrapolation of the test results.

Chapter 2 describes the main steps of the extrapolation procedure.

In a first step, the results of the fire resistance test are charac-
terized summarily by the time curve of the maximum steel temperature
in the Toad-bearing beams, the critical steel temperature TS crit
s,crit for a collapse of the load-bearing

for a damage of the suspended ceiling, if any.

and the corresponding time t
beams, and time ti,crit
The second step comprises a determination of a derived value (di/ki)der
of the tested suspended ceiling - di is a thickness measure and x. a
thermal conductivity measure for the ceiling. The criterion for this
determination is defined by figure 2b and c. The derived value
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(di/li)der characterizes the suspended ceiling in an integrated way
with regard taken to the real design and behaviour at a fire exposure,
including the influence of initial moisture content, crack formations,
disintegraticn of materials, and partial failure of the ceiling and
its fastening devices. If the suspended ceiling is damaged in the

is transferred in step 2 to a
accor-

test, the time for this damage ti,crit

critical temperature at the centre level of the ceiling T. ...
ding to figure 2d.

The third step comprises the calculation of the fire resistance of

the floor or roof assembly in question, structurally modified in
relation to the assembly tested. Entrance variables then are the type
and thickness of slab, the derived value (di/)\i)der of the suspended
ceiling, and US/FS for the steel beams - US is the heat exposed sur-
face of the steel beams per unit length and FS the volume of the steel
beams per unit length. The Timiting design criteria are the steel beam
temperature Ts,crit corresponding to a collapse of the load-bearing
beams, and the critical temperature at the centre level of the sus-

pended ceiling T at damage of the ceiling, if any.

i,crit
In chapter 6, a design basis is presented in the form of tables and
diagrams which facilitate the practical carrying through of the second
and third steps of the theoretical evaluation. The chapter also in-
cludes some examples of the practical application of the evaluation

procedure.

The design basis has been computed from the equations of heat transfer
in a fire exposed floor or roof assembly, derived in chapter 3. A con-
nected computer program is presented in Appendix A. Chapter 4 gives a
survey of relevant thermal properties of steel, normal concrete, aerated
concrete and some materials for suspended ceilings. Chapter 5 shows

some comparisons of calculated time curves for the steel beam tempera-
ture with those measured in fire resistance tests. The comparisons
validate the derived heat transfer equations, the computer program and
the design basis, presented in chapter 6.
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APPENDIX A. Computer Program for Heat Transfer Calculations of Fire
Exposed Floor or Roof Assemblies with a Suspended Ceiling.

In chapter 3, an analytical model is presented for a simulation of
the heat transfer within a fire exposed, unventilated floor or roof
assembly of the type shown in figure la. The model gives the complete
transient temperature field for the top slab, the supporting steel
beams and the suspended ceiling.

The model is given in two alternative versions, corresponding to diffe-
rent degree of éccuracy. In the less accurate version, the influence
of the heat capacity of the suspended ceiling is neglected. In the
more accurate version, this influence is considered. In both versions,
the influence of the heat capacity of the slab is taken into account.
Neglecting the heat capacity of the suspended ceiling is a reasonable
approximation for floor or roof assemblies with ordinary types of
suspended ceilings. For assemblies with suspended ceilings of large
thickness and made of materials with high density, this approximation
can give calculated temperatures which are too much on the safe side.
The more accurate analysis, taking the heat stored in the suspended
ceiling into consideration, then is suitable.

In what follows, a computer program is described for a determination of
the transient temperature state in a fire exposed, unventilated floor
or roof assembly with a suspended ceiling. The program is written in
Standard FORTRAN and is directly based on the heat transfer equations
derived in chapter 3.

Input data in the computer program are

(1) the fire exposure characteristics, specified by the ISO time curve
of the temperature rise within the test furnace according to Equation

(1a)
(2) the geometrical data of the floor or roof assembly

(3) the emissivities of the combustion gases in the test furnace and
of the surfaces of the suspended ceiling and the slab as well as the
resultant emissivities between the suspended ceiling and the steel
beams and between the slab and the steel beams
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(4) the thermal properties of the different materials of the floor
or roof assembly - the thermal conductivity and the volumetric en-
thalpy of the slab and suspended ceiling materials, the specific
heat capacity and the density of the steel beam material

(5) a critical temperature state for damage, if any, of components
of the suspended ceiling, e.g. a gypsum plaster slab.
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A.1. Description of FUNCTIONs and SUBROUTINEs in the program

A.T.1. INPUT

This SUBROUTINE contains reading of datacards. Following cards are

included.

ESTIM-card. A logical which is true, when the heat capacity of the
suspended ceiling is not considered, otherwise it is false.

NUMBER-card. Contains two integers. The first is telling how many
strips the suspended ceiling s’ divided into and the second how
many strips the suspended ceiling together with the floor slab are
divided into,i.e. the total number of strips. If the heat capacity
of the suspended ceiling is not considered, the suspended ceiling
should not be divided into strips and consequently the first integer
should be 0 (zero). If the heat capacity of the suspended ceiiing

is considered and the suspended ceiling is built up by siabs, which
have a critical temperature state for damage and hence may fall down,
the strips should coincide with the slabs, i.e. the first integer
should be the same as the number of slabs. See also DX-card. Due to
the width of the paper used when the result is printed, the number
of strips of the suspended ceiling is Timited to 8 and of the top
slab to 7. However, this is possible to change by some adjustments
in SUBROUTINE OUTPUT.

THICK-card. Contains two reals. The first value is the thickness of
the suspended ceiling and the second the thickness of the top slab.

DX-card. One or two cards, containing reals. The values on the cards
give the thickness of each strip, in order from the bottom to the
top of the assembly. Naturally, the number of values are the same as
the number of strips. If the heat capacity of the suspended ceiling
is built up by slabs, which may fall down at a critical temperature
state, the strips should coincide with the slabs, i.e. the thickness
of the strips in the suspended ceiling should be the same as the
thickness of the slabs.

TETI-card. Contains two reals. The first value shows the initial tempe-
rature in the whole assembly. The second value gives the chosen length
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of the thermal exposure in hours.

TEXT-card. At least three cards. The first contains an integer,
telling how many cards with text following. In this version of the
program, the number of cards with text is limited to 14. This can
easily be changed.

BEAM-card. Contains two reals. The first value gives the ratio US/FS
of the steel beams. The second value gives the density of the steel
beam material.

EPS-card. Contains four resultant emissivities, viz. between the com-
bustion gases and the suspended ceiling, between the suspended cei-
1ing and the top slab, between the suspended ceiling and the beams
and between the top slab and the beams. The order is as indicated
above. The resultant emissivities should be reals with values accor-
ding to sections 3.1.1 and 3.1.2.

DELTA 1-card. In the integrating SUBROUTINE KUTMER, the length of the

time increment is adjusted by the SUBROUTINE so that the maximum rela-
tive error of the dependent variables is less than the value prescri-

bed on this card. The card applies to the case of an intact suspended

ceiling. In the calculations, presented in chapters 5 and 6 and in the
following examples, a prescribed value of 1.0 10"3 has been used.

SPECH-card. At Teast 3 cards and, in this version of the program, not
more than 31 cards. The SPECH-card builds up a tabular of the tempera-
ture dependence of the specific heat capacity of the steel beams. The
first card contains an integer, telling how many cards that follows.
Each of these following cards has two reals, first a temperature and
after that the corresponding specific heat capacity (J kg-1°C"l).

CONFL-card. Between 3 and 31 cards, building up a tabular of the tem-
perature dependence of the thermal conductivity of the top slab
(vm1'1°c"]), principally in the same way as the SPECH-card.

ENTFL-card. Between 3 and 31 cards, building up a tabular of the tem-
perature dependence of the volumetric enthalpy (Jm-s) of the top slab,
principally in the same way as the SPECH-card.
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CONIS-card. Between 3 and 31 cards, building up a tabular of the
temperature dependence of the thermal conductivity of suspended
ceiling (wm-]OC-]), principally in the same way as the SPECH-card.
GYPSUM-card. A Togical, which is true, when the suspended ceiling
is built up by slabs, which are damaged and fall down at certain
critical temperatures. The card also applies to suspended ceilings
of other materials, being damaged at certain critical temperatures
and by that causing the ceiling to fall down. A postulate is that
the heat capacity of the suspended ceiling is considered in the
calculation, i.e. if the GYPSUM-card is true, the ESTIM-card must
be false. For suspended ceilings, which are intact during the fire
exposure, the logical has the value false.

If the ESTIM-card has the value true, no more input data are required.

ENTIS-card. Between 3 and 31 cards, building up a tabular of the
temperature dependence of the volumetric enthalpy (Jm-3) of the
suspended ceiling, principally in the same way as the SPECH-card.

FALL-card. Contains three reals. The first one is giving the critical
temperature between the lowest and the second Towest slab, when the
lowest one falls down. The second tells the critical temperature 1in
the middle of the last slab, when this falls down. The last vaiue
gives the resultant emissivity between the flames - combustion gases
in the furnace - and the unprotected steel beams. See section 3.1.4.

DELTA 2-card. This card, which contains a real, fills the same demand as
the DELTA 1-card but for the case, that the suspended ceiling has fallen
down. In the calculations for the following Example 3, the value
0.5.107° has been prescribed.

FENIS-card. Between 3 and 31 cards, building up a tabular of the
temperature dependence of the volumetric enthalpy (Jm'3) of the Towest
slab, i.e. the lowest strip, of the suspended ceiling, principally in
the same way as the SPECH-card. Although the FENIS-card is the same
as the ENTIS-card, the values must be red again.

That completes the list of input data.
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CALCUL
This SUBROUTINE calculates the net inflow of heat per m2 and s to
each of the strips at a certain temperature condition.

ECHO
At a call to this SUBROUTINE, the input data will be written out in

a suitable form,

ENTTEM
This SUBROUTINE transfers the enthalpy of all the strips into tempera-

ture.

FATEST
This SUBROUTINE investigates, if the critical falldown temperature of

the suspended ceiling is reached. An accepted deviation of # 5°C from
the critical falldown temperature is prescribed. Everything is 0K, it
the temperature is less, but if it is higher the calculation in the
integrating SUBROUTINE KUTMER is repeated with a shorter length of the
time increment. Prescribed, accepted deviation can easily be changed.

INTVUE
At a call to this SUBROUTINE, a number of variables are given their

initial values.

KUTMER

This SUBROUTINE integrates a system of ordinary first order differen-
tial eguations from one point of time to another, by the Kutta-Mersons
method. The length of the time increment is adjusted by the SUBROUTINE
so that the maximum relative error of the dependent variables is less
than a prescribed value, see DELTA 1-card and DELTA 2-card. The evalua-
tion of the temperature in the assembly is done in two steps. First

an integration is done to determine the temperature of the strips.
When this step is finalized, a determination of the temperature of

the steel beams is done. If the steel beams are unprotected - after

a damage of the suspended ceiling - their temperature is determined
directly without any calculation of the temperature in the strips.

The SUBROUTINE is not written in a general way but directly adapted

to the program. This SUBRCUTINE can be seen as a main program.
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QUTPUT

This SUBROUTINE gives outprint of the evaluated temperatures of

the assembly with a time interval not less than 0.025 h. The inter-
val can be adjusted in SUBROUTINE KUTMER. The form of the outprint
is adapted to the number of strips in the suspended ceiling and

the top slab, and further more to the consideration of the heat
capacity of the suspended ceiling and to a falling down of ceiling
slabs, if any.

REDUCE
This SUBROUTINE adjusts the values of some variables after a falling

down of a ceiling slab.

STETEM
This SUBROUTINE calculates the derivative of the temperature of the

steel beam at a certain temperature condition.

SURTEM
A SUBROUTINE, which determines the surface temperatures at the bottom

and the top surfaces of both the suspended ceiling and the top slab
at a certain temperature condition.

TEMENT
This SUBROUTINE transfers the temperature of all the strips inte

enthalpy.

THCOND
This SUBROUTINE determines the surface coefficient of heat transfer

in the boundary layer between the combustion gases and the suspended
ceiling and the surface coefficient of heat transfer between the
suspended ceiling and the top slab. If the heat capacity of the
suspended ceiling is not considered, the SUBROUTINE also determines
the thermal conductivity of the suspended ceiling. If the whole
suspended ceiling has fallen down, only the surface coefficient of
heat transfer in the boundry layer between the combustion gases

and the steel beams is determined.

UNPRCT
This SUBROUTINE calculates the derivative of the temperature of steel

beam, when the whole suspended ceiling has fallen down. The derivative
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depends on the temperatures of the steel beam and the combustion

gases.

XINTPO
This FUNCTION works as a table look up function in an array with
two colons. For a certain value in the second colon, the function

looks up the corresponding value in the first colon.

YINTPO
This FUNCTION works as a table look up function in an array with

two colons. For a certain value in the first colon, the function
looks up the corresponding value in the second colon.

WRONG
If the input value in the functions XINTPO and YINTPO is outside

the values of the table, this SUBROUTINE prints out the input value
and the table.
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A.2. Main program

The main program starts with some preparatory measures. After the
reading of the input data, an input receipt is printed as a control
and some checking measures are made. Finally, the head of the table
is printed and some variables are given their initial values.

Then the calculation procedure is called upon and at the end the
result is printed. The calculation procedure must be followed only
if the heat capacity of the suspended ceiling is considered and the
suspended ceiling is built up by slabs, which are damaged and fall
down at certain temperature conditions. After a falling down of a
ceiling slab, some adjusting measures must be done and then the
integration procedure is called upon again. The time of the falling
down is printed after the table.
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A3. Listing of computer program

MAIN PROGRAM

1= COMMON FA/ESTIMINSDX{i5)+ THICIS  THICFL

2% COMMON /8/TIME«Y(16}+ TIMEFL/FIRST

3% COMMON /E/EPSI«EPS2¢ TEXT (14, 14) o NTEXTr TIKEAT

4x : COMMON /F/IPHASE»GYPSUMFALL + NISOL+ROOMT

5% COMMON /J/NFALLTIFALL{B)#X{16)

(-2 EXTERNAL CALCUL »UNPRCT

T* LOGICAL ESTIMsGYPSUMIFALL/FIRST

B* 100 FORMAT{1H149H TIME TFL TS51 ~TEMPERATURE IN THE SUSPENDED.
9% *62H CEILING STRIPS- 152 TST TS3 «TEMPERATURE IN THE FLOOR,
10+= *20H SLAB STRIPS- TS4/)
11% 101 FORMAT({1Hl 480 TIME TFL Ts1 TiS TS2 T&T 753 =TEM?
12x% *ULHPERATURE IN THE FLOQOR SLAR STRIPS- TSu/)
13* 102 FORMAT(S4H IT IS NOT POSSIBLE TO HAVE BOTH GYPSUM aNp ESTIM TRUED
14» 103 FORMAT(1Xr29HTIME FOR FALL OF GYPSUM SLAB:I8{F6.0r11H MINUTES n
i5=* 104 FORMAT(S5iH IF ESTIM ARE TRUE(THEN NISOL MUST BE EQUAL TO ZERO)
lex 108 FORMAT(51H IF ESTIM ARE FALSEsTHEN NISOL MUST NOYT gE EQUAL TO»
17% *5H ZERO)
1% caLi INPUT

i9=* CabL ECHO
20% IF(ESTIM) 60 To 14
21% IF(NISOL.NE+O) GO TO 13
22% WRITE{(6+105)
23% STOR
204% 1q IF(GYPSUM) WRITE{6+102)

25% IF(NISOLWNE«.O} WRITE(E,104}

26% IF{(NISOLWNE«D) s OR«GYPSUM) STOP

27% 13 IF(.NQT.ESTIM) WRITE(E:100)
28 IF(ESTIM) WRITE(6,101)

29% CALL INTVUE )

30* 12 CALL KUTMER{NsTIMEsYrEPS1rTIMEFLsCALCUL/FIRSTIX)

31x IF{ NOT.GYPSUM) STOP

32=* IF(.NOT.FALL) 60O TOQ iC

33% CALL REDUCE(TIME)

34* TIMEFL=TIHEAT~TIME

35% IF(TIMEFL.LT.0.05}) GO TO 10

36 NN=N+1

37 DO 11 I=1eNN

3ax* 13 Y{I)z=x{I}

39% IF(NISOLWNE.DO) GO TO 12
40% IPHASE=2

4i* Y{1)=X(N+1)
L42x N=1

43 CALL KUTMER(NsTIMEYsEPS2+ TIMEFL UNPRCTeFIRSTX)

LY ] ip IF(NFALL.NE«O} WRITE(E:,103) (TIFALL(IieI=2s¢NFALL}

45% STOP

L1:1] END

Lx SUBROUTINE CALCUL (TIME,ENT(RES)

2% COMMON FA/ESTIMeN,DX(15) s THICIS THICFL

Ix COMMON /F/IPHASE rGYPSUMsFALL »RISOL ¢ ROOMT

W* COMMON /G/CONIS(30¢2) rNCONIS»CONFL(30+2)} +NCONFLeFCONISTFALLLY
S* . *TFALL2

b* COMMON /I/ALFINtALFAIR:ALFOUT/EPSINL/EPSIN2 EPSAIR

T* LOGICAL ESTIM»GYPSUM.FALL

ax DIMENSION ENT(1}rRES(1}TEMP(16)DENOM{16)+PSI(16)

O* CALL gNTTEM(ENT-TEMP}

10=* TEMP {N+1)}=ROCGMT

11=* TFL=345,*AL0G10 (U0, *TIME+L . ) +ROOMT

i12% DENQOMO=1,./ALFIN

13% ) IF(ESTI¥)} DENOMO=DENOMO+THICIS/ECONIS+1./ALFAIR

1yx* IF{NISOL.EQ+D) GO TO 11

15* DO 10 I=1,NISOL

le% 10 CENOM{II=DX{I) /(2. *YINTPO(TEMP(I) rCONISPNCONIS))

17% 11 NHISOL=NISOL+1

1% DO 12 I=NNISOLN

15x% 12 DENOM(IT=DX (I / (2, *YINTPO{TEMP(T) + CONFL rNCONFL) )

20% DENOM(N+1)=1./ALFOUT

21% PSI({1}=1,/{DENOMO+DENCHMI(1})}
22% NN=N+1

23% DO 13 I=2¢NhN

ch* A3 PSEI(I}=1+/ (DENOM{I=1)+DENOM(T})

25% IFINISOLHE«G) PSI{NISOL+1)}=1,/(DENOM{NISOL) +1./ALFAIR+



26%*
27%
2B%
29%
30#
Six
2%

i*
2%
3%
L
S*
¥
Tk
HE
Ox%
10%*
1i*
le*
13
1u*
15%
lo*
17%
13=%
19%
20%
21%
22%
23%
2u4*
25%
26%
27%
24%
29%
3u*
3ix
S2%
53%
4%
35%
36%
3T+
ok
S9%
Lo*
4%
42
4 3%
Yk
45%
4H*
47%
[yt
HG*
50%
S5i*
52*
53%
S54%
55=*
So*
57%
ba*
59%
60x
bl*
62%
6%
b4x
65
66
67*
68*
69*
70=*
Tix
T2*
T3i*

iy

190
101
ige
103
lod

127
130

131
128
129
105
lu6
107
ina
ige
110

112
113

115
116
117
118
119
120
121
122
123
124

125
126

19

11
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*DENOM(NISOL+L))
RES(l}-(PSI(iltlTFL*TEMPCIJ)-PSI(Zit(TEMP(l)—TEMPIZFI}*Séﬂﬁc

DO 14 IS2N
RESII}“(PSI(I]i(TEMP(I-l)-TEMP(I)J-PSI(l+1)t(TEMP(I)-TEHP(I+1)J)!
+3600,

RETURN

END

SUBROUTIME ECHO
COMMON ZA/ESTIMeN,DX(15)» THICIS THICFL
COMMON /D/ADIVVeDENS»SPECH{3IN s 2) fNSPECHPEPSST2+EPSSTS
COMMON FE/EPS1 EPS2,TEXTULUr 14} /NTEXT»TIHEAT

COMMOI{ /F/1PHASE » GYPSUMeFALL fNISOL +ROCMT

COMMOH /G/CONRIS(30¢2Y tNCONISrCONFL(30r2) s NCONFLSECOMISITFALLLY
*TFALLZ

COMMOI /HAENTIS(30¢2) +NENTISENTFLIZ002) P NENTFLAFENTIS {3002} NFENTS

COMMO. ZI/ALFINsALFATRALFOUTEPSINLFEPSINZPEPSAIR

Luslcal, FSTIMeavPSUMPFALL

FORYMAT{1HLr13AArA2)

FURHMAT( 1xel3ABra2)

FORMAT(//41H GAS TEMPERATURE IN THE FIRE COMPARTMENT!)

FORMAT(LIXsF1l0.3¢2H HelBX,F10.0+12H DEG CELSIUS)

FORMAT{/4zH ORIGINAL TEMPERATURE OF THE CONSTRUCTIONT(FU4.0r4H DEG
#8H CELSIUS)

FURMAT( 334 THE LENGTH OF THE HEATING PHASE=rF&.3+12H H)

FORMAT{//50H MO CONSIDERATIOM IS TAKEN TQ THE HEAT CAPACITY OF«
«H3H THE SUSPENNED CETLING,THAT WILL SAY ESTIM=.L2)

FOR#AT(//51H CONSIDERATION IS TAKEN TO THE HEAT CAPACITY OF THE«
«39H SUSPENDED CEILING»THAT WILL SAY ESTIM=,L2)

FORMAT{//45H THE NMATERIAL IN THE SUSPENDED CEILIMG IS NOT»
+344 GYPSUMLIKE.THAT WILL SAYD SYPSUM=,L2}

FORMAT(//52H THE MATERIAL I THE SUSPENDED CEILING IS GYPSUMLIKEs
#23+s THAT wILL SAY: GYPSUM=,L2)

FORMATL 36H THICKRNESS OF THE SUSPEMDED CEILINGSFE.3e2H M/

*1g8H MJMASK OF STRIPS=.13)

FORAATL 25R THICKNESS OF THE STRIPS:»8(F8, 3-2H MI}

FORMAATI/4T7H THERMAL COWDUCTIVITY OF THE SUSPEMDED CEILING:)

FURMAT{1XsF1l0,0ri2H DEG CELSIUSBX Fl0.5,16H W/M DEG CELSIUS)

FORMAT{/35H ENTHALPY OF THE SUSPENDED CETLING?}

FURMAT(IXPFLI0.0r12H NEG CELSTUS 4X+FEL,0,7H J/CU M)

FoR 481 {/30d ENTHALPY OF THE LOWEST GYPSUW SLARL)

FORMAT (/530 TEWPERATURE RETWFEN THE LOWEST AND THE SECOMD LOWEST:
x38H GYPSIm SLARPTHEN THE LOWFST ONE FALLS/6H DOWMZISFS,0+4H DEGe
*Br CELSIUS/ 5014 TEMPERATURE IN THE MIDDLE OF THE LAST GYPSUM SLAR
*20MHs THEN IT FALLS DOWNZsF5S.0+124 UES CELSTUS?Y

FORUATU//30H DENSITY OF THE STEEL GIRDERS=r F6.0+8H KG/CU M/
*6UH SURFACE AREA OF THE STEEL SECTIOMeWITH THFE EXCEPTION OF THF»
#4001 PART CARRYING THE FLOOR SLAB PER VOLUME/L13H OF THE STEELe
#1544 SECTIWHADIVVZWFT.2910H SG M/CU M}

FuavAT{/45H SPESCIFIC HEAT CAPACITY OF THF STEEL GIRDFRS!)

FORMAT(IXFi0aNe12H NEG CELSIUS BXsF10G.3+17H J/KG DEG CELSIUS)

FORAAT(/ /290 THICKNESS OF THE FLLOOR SLARP=+«F6.3+2H M/ T7H NUMBER,
«11H OF STRIPS=,13)

FURAAT (/40 THERMaAL COWDUCTIVITY OF THE FLOQR SLAR!)

FURMAT(/28H ENTHALPY OF THE FLOOR SLAB:)

FURMAT(//52H THE RESULTANT EMISSIVITY BETWEEN THE FLAMES AND THEs
=194 SUSPENDED CEILINBZsF5.3)

FURMAT( S2H THE RESULTANT EMISSIVITY BETWEEN THE FLAMES AND THEs
#2044 UPROTECTEND STEEL GIRJER=F5.3)

FORMAT( 47H THE RESULTANT EMISSIVITY RETWEEN THE SUSPENDED:

#28H CEILING AND THE FLOOR SLAB=+F5.3}

FORYAT( 52H THE RESULTANT EMISSIVITY EETWEEN THE GIRNDER AND THE:+
*12H FLOOR SLABZF5.3)

FURMAT{ 52K THE SESULTANT EMISSIVITY BETWEEN THE GIRDER AND THE«
*19H SUSPENUED CEILING=(FS5.3)

FORAAT{//58H THE ALLOWABLE FRRCR IN THE ITERATIONZ:E9.2)

FOR4AT( S1% THE ALLOWABLE ERROR IN THE ITERATION,IF ALL GYPSUM,
*18H SLABS HAS FALLFM=+E9,2)

WRITE(6,100) (TEXT(I+1)eIZirit}

00 10 Jz2,NTEXT

WRITE(6r1G1) {(TEXT(I+J}rIz=1lrlé)

WRITE(&r162)

T=N.

TFL=345,%AL0G10 (460.%T+14) +ROOKNT

wRITE(&:103) T»TFL

DELTAT=0.05

IF(T.67.1,299) DELTAT=C.10

IF(T«GT.0.,999) DELTAT=0.25

IF(T.6T.1.499) DELTAT=0.50

T=T+DELTAT

IF(T4LE. (TIMEAT+DELTAT=0,001}) GO TO il
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Ta*
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S0%
Bix
2%
83
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85*
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BY*
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91=*
92
93x
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WRITE(&s1l04} ROOMT

WRITE(Br127) TIHEAT

IF(ESTIY) wRITE(6s130) ESTIM
IF(LNOTVESTIM) wRITE(6,131) ESTIM
IF(.HOT.GYPSUM) WRITE{6+128) GYPSUM
IF(GYPSUM) WRITE{(&r129) GYPSIM
WRITE(6+1035) THICIS NISOL

IF(NISOLNE.D) NRITE(6,106) (DX{T)rIZ1sNTSOL?

WRITE(B,107)

DO 13 IZ1/NCONIS

WRITE{(6&+108) CONIS(Irl)sCONIS(Ir2)
IF(ESTIM) GO TC 16

WRITE(6+109)

DO 14 I=1v/NENTIS

WRITE(6r110) ENTIS(I¢i}+ENTIS(Ir2)
IF(.NOT.GYPSUMY GO TO 16
WRITE{6+112)

0O 17 I=1+NFENIS

WRITE{6+130) FENIS(I«L)sFENIS(I+2)
WRITE{(6.113) TFALLZ.TFALLL
WRITE{&s114) DENSrADIVV
WRITE{(6,115)

DO 18 I=1rNSPECH

WRITE(6+116) SPECH(IrL)¢SPECH(T2)
NFL=N=NISOL

WRITE{6+117) THICFLeNFL
NNISOL=NIS0L+1

WRITE(6+106) (DX(I}rISNNISOLN)
WRITE(6,118)

DO 29 I=1#NCONFL

WRITE(6+108) CONFL(TI»1)rCONFL(I+2)
WRITE(6+119}

DO 21 I=1eNERTFL

WRITE(6¢110) ENTFL(I+1)eENTFL{I 2)
WRITE(60120) EPSINI

IF{GYPSUM) WRITE(6.121) EPSIN2
WRITE(6r122) EPSAIR

WRITE(6r123) EPSST3

WRITE(6rle4) EPSSTZ2

WRITE(6:125) EPSL

IFIGYPSUM) WRITE{&.126) EPS2
RETURN

END

SURROUTINE ENTTEM(ENT: TEM}
COMMON /A/ESTIMsN»DX(15)»THICISs THICFL
CUMMON /F/IPHASE +GYPSUMeFALL o NISOL s ROOMT

COMMOw /H/ZENTIS(30,2) +NENTIS EMNTFL(3002) +HENTSLyFENIS(3002) P MFENTS

LOGICAL GYPSUMWESTIMeFALL

CIMENSION EnT(1}»TEM(L)

IF(.NOT.GYPSUM) GO TO 11
TEMOL)SXINTPO(ENT (L /DX (1) v FENIS HHFERTS)
IF(NTSOLWEQW1) GO TO i3

DO 10 Is2¢NISOL
TEM{L)SXINTPOC(ENT (I} /70%{I) rENTISPNENTIS)
GO TO i3

IF{NISOLLEQ.0} &0 7D 13

DU 12 I=1+NISOL
TEM{I)=XINTPOIENT (I /DXL T) +EMTIS P LENTIS)
NNISOLENEISOL+1

DO 14 I=NNISOLeid
TEM{I)EXTWTPO(ENT (I /0X (T ENTFL P isENTFLY
RETUR.

END

SURNUTINE FATEST{Y«NISOL!FALLPASS)
COUMB.y FAJESTIMINGDX{15) s THICISs THICFL

CarA0 /G/CONiS(EG-?)rNCONIS-CONFL(30!2)rNCONFLvFCONIS:TFALLI-

«TFALLSZ

DIVMEMSICH Y1)

LGGIC4L FALLrPASS

FALLT+FALSE .

PASST.FALSE .

IF(HISOL.C G2} GO TD 10

HEON 1Y INTPOLY (1) »CONIS MCONIS?
HCOMZ2ZYINIPG{Y (2}, CONIS HCOMNTS)

TCRiT:(Y(l)*HCONl*DX(2)+Y(2)tHCONE*DX(11}/(HC”Nl*DX(Z)*HCONE*



13%
14%
1o+
16%
17+
18%
19%
20%
2L*

1%

2%

3#

free

5#

6%

T*

B¥

g*
10
1=
12+
13*
La*
15+
lo*
17
ig*
19*
20*
21%
22
2%
2u*
25%
26%
27*
28%
29%
3=
S1%
2%
3%
Sux
35x
6%
37%
8%
39=
40*

1*
2%
3%
G
"
G
T+
as
g%
LG¥
L1=*
12
13%
1y
15%
16¥
17*
1%
1l9*
20%
21%
22%
23*
24x%

10

101
102
103
134
105
136

11

190

i0

il

14

~-109-

«[X0111

IF(TCRIT.GT. {TFALL2=5.1) FALL=.TRUE,
IFITCRIT.GT. {TFALL2+5.)) PASS=,.TRUE.
RETUR:

TCRIT=Y (1}

TF(TCRIT.GTW (TFALLL1-5.1) FALL=.TRUE,
IFITCRIT 0T (TFALLL+5.}) PASS=.TRUE,
RETURN

EwDh

SUBROUTINE INPUT

COMMOIl FAZESTIMIN, DX (18) ¢ THICIS THICFL

CovMOiN /D/ADXVV-D&NS:SPECH(SO.2)-NSPECH:EPSST?-EPSS?3
COMMOw /E/EPSLIEPS2 s TEXT (1014 o NTEXT P TIHEAT

CUMMO.4 FE/IPHASE e GYPSUMs FALL #HISOL P ROOMT

CuMln /G/CONIS(3092)-NCONISrCONFL(EOralvNCONFL-FCONIS'TFALLir
«TFALLLZ

COMMON /M/ENTIS(3Dr2)rNEMTISvENTFL(SOrZ)'NENTFL-FENiS(SUvE)cNFENIS
CuMMON /I/ALFIU:ALFAIR;ALFOUT-EPSINLnEPSINZ-EPSAIR
LUGICAL GYPSUMyESTIMeFALL

FORMAT(BFL10.3}

FURMAT (BEL0.3}

FURMAT(ILIL/(2F10.23})

FURMAT (BLLO)

FORMAT{RILO}

FORMAT{13AGAZ2)

READ(Sr1N4) ESTIM

READ(Dr105) NISOL M

READ(S,121) THICIS»THICFL

READ(Se10L) (DX(I}eIZLehi}

READ(S¢1NL) ROOMT+TIHEAT

READ(59105) NTEXT

Do 11 J=1#NTEXT

READ(Ss106) {TEXTU(IsJ)rlzlell)

READ(S+101} ADIVV.DENS

READ(5+1011} EPSIN]I frEPSAIRPEPSST2+EPSSTS

READ(5e1n2) EPSI

READ(Sr103) N$PECHr(SPECH(I.i)-SPECH(I:E)rI:lvNSPEcH)
READ(Sr103) NCONFL (CCONFLUL#E)»CONFLUI2YyrI=1eNCONFL)
READ{5¢10G3) NEMTFL (ENTFL{Er 1} +ENTFL{I»2) rIZ1+NENTFL)
READ({5»103) MNCONTS» (COMIS{TI+1)} s CONIS(I 2 v Ix1sHCONIS)
READ(Ss 104} GYPSUM

IFC({«NOT ESTIM) OR.EYPSUM) RFEAD{5r103} NENTIS»(ENTIS{I+1)+
*ENTIS(Ir2) e IZ1 o WENTIS)

IF{,NOT.GYPSUM) RETURN

READ{Se101) TFALLL1,TFALL2,EPSINZ

READ(S+102) EPS2

READ{5+103]) NFENIS+ {FENIS{I 1) rFENIS{I,21+I=1+HFENIS]
RETURN

END

SUBROUTINE INTVUE .

COMMO FA/ESTIMINGDX{L15) » THICISTHICFL
COMMONW /B/TIMEsY(16) ¢ TIMEFL+FIRST
COMMON /C/TSURF {4} HC» IPLOC ILOC TIMOUT
COMMON /E/EPS1sEPS2yTEXT(1414) fNTEXT» TIHEAT
COMMON /F/IPHASE 1GYPSUMrFALL fNISOL+ROOMT
COMMON /J/NFALL TIFALL(B) X (16)

LOGICAL FIRSTeFALL/ESTIM,GYPSUM
FIRST=+TRUE.,

IPHASE=L .

DO 10 I=ls4

TSURF { I)=ROOMT

TSTEEL=ROOMT

DC 11 IS1eN

Y {I)ZROOMT

Y{N+1)=TSTEEL

TIME=O.

TIMEFL=TIHEAT

IF(.NOT.GYPSUM) RETURN

NFALL=0

DG 14 I=LisNISOL

TIFALL(I}=C.

RETURN

END
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Ix SUBROUTINE KUTMER(NrTIME» Y+EPS+HiFCTFIRST I X)
2& COMMON /C/TSURF{L} rRCe IPLQCY ILOC TIMOUT
3% COMMON /F/IPHASE «GYPSUMsFALL e NISOL ROOMT
: 4% DIMENSION Y1) ,X(1)YO0{15} YFNTU(lS)rYENTl(lS)nYENT2(15)-
H 5% AFENTO(LIS) s FENTLIL1S) s FENT2(15} TS (4}
6% LOGICAL GYPSUM,FALL FIRST+DQUBLEsPASS
T* DO 10 IZ1N
8% 10 Yo(Iy=y(I
g% IF({IPHASEEQ.s1) TSTEEL=Y(N+i}
L0* IF(WNOT.FIRST) GO TO 11
lix IHDEX=SINT (ALOG10{H/0.010)/AL0G1G(2.}40.5)
12* IF(INDEX.LT+0) INDEX=0
13* IPLOC=2**INDEX
14 HC=H/FLOAT{IPLOC)
15% ILOC=0
lé* TIMOUT==0,0000¢%
17x FIRST=,FALSE,
18x% il IF{IPHASE.EQ.2) YENTO{L}=¥O0(1)
19=% IF(IPHASE.EQ+2) TSURF{1)=YG(1}
20% IF{IPHASE.EQ.1) CALL TEMENT(YQ!YENTO}
21x 23 CALL THCOND{TIME« TSURF)
22% 1a CALL FCT(TIME:YENTO+FENTO)
23% DG 12 I=1+N
eu* 12 YENTL(I)=YENTO{I)+HC/ 3. ¥FENTO(L)
25% CaALL FCT{TIME+HC/3..YENT1+FENTL)
26%* DO 13 I=1+N
27+ 13 YENTI(II=YENTO(1)+HE/6 % FENTOLI) +HC /6. #FENTLILT)
28%* CALL FCT{TIME+HC/3.»YENT1sFENTL)
29% DO 14 I=1eN
30% 14 YENTL{E)=SYENTCIIY+HC/ B *FENTO( IV 43, «HC /B, ¥ FENTE (T}
31+ CaLL FCT(TIME+HC/2.+YENT1)FEMNT2)
32% DY 15 IZifN
33% 15 CYENTL(IV=YENTO(IV+HC /2, ¥FENTO( T =3 %HC /2, ¥ FENTL (1142 ,*HC*FENT2(1)
3u=* CALL FCT(TIME+HC»YENTI1»FENTL)
35 DO 16 I=1N
Jo* 16 YENT2{I}=SYENTO{I)+HC /6. *FENTD(I)+2.*HC/3.*F£NT2(I)+Hc/5 *FENTL(I)
37 = DOUBLEZ.TRUE.
38% DO 17 JZieN
39 ERRQR=ABS(0,2=0. Z*YENthdl/YENTitd})
40% IF(ERRCR.LE.EPS) GO TO 17
bl HC=HC/ 2.
42x IPLOCZIPLUC*2
43 ILOCZILOC#*2
LY 60 TO 18
45% 17 IF{ERROR*64.+GT.EPS) DOURBLE=.FALSE.
46%* IF{IPHASE.EQs1) GO TO 19
47 YO{1IZYENT2{1}
LY:t4 TSURF{L1IZYENT2(1)
49% TSTEELEYENT2(1)
50=* GQ TO 20
S1% 1g CALL ENTTEMIYENT2.YD)
Sex* IF{.NOT.GYPSUM) GO TO 27
53=% CALL FATESTI(YO.NISOL»FALL/PASS]
S4x IF{.NOT.PASS) 6O TO 27
55% HC=HC/2,
56% IPLOCSIPLOCH2
57%* ILOL=[LOC*2
58« GO TO 18
S9¥ 27 CALL SURTEM(TIME+HC,»Y0,TS)
6O* CALL STETEMITSURF{2)TSURF(3),TSTEELrADDD)
Gl=* TST=TSTEEL+MC/ 3.*A0D0
62% CALL STE?EM((2.*TSURF(2)+TS(2})/3.-(2.*TSURF(3)+T5(3))/E.DTSTn
63 *ADD1}
bLux TST=TSTEEL+HC/ 6« ¥ADDO+HC /G- *ADDL
65% CaLl STETEM({2,¥TSURF{2Y+TS{2)31/3.1 (2. *TSURF(3}+TS(3}1)/3.+¢TST,
66% *ADDD)
b7* TST=TSTEEL+HC/8.%ADDO+3.#HC /8. *ADD1
68x% CALL STETEM{{(TSURF{2Y+TS(2))/2.+ {TSURF(31+TS(3))/2,+TSTrADD2)
69* . TST=TSTEEL+HC /24 #AD00=3 4 #HC/2 . *ADD1+2 « *HC*ADD2
70% CALL STETEM{TS(2):TS{3)+TST»ADDL)
Ti* TITSTSTEEL+HC/6.%ADDO+2.xHC/ 3. *xADD24HC /6, %ADDL
T2+ ERROR=ABS(0.2=0.2*«TIT/TST)
T3 IF(ERROR.LELEPS) GO TO 28
Tyux HC=HC/2.
75% IPLOCSIPLOC*2
To¥ ILCC=ILOC*2
T G0 TO 18
TB* 28 IF (ERROR*64 ,+GTEPS) DOUBLE=Z.FALSE.
79« TSTEEL=TIT
80% DO 29 I=tet
81= 29 TSURF(II=TS(I)
82* 20 ILOC=ZILOC+]
8ix TIMESTIME+HC
SL* DO 21 IZi+N

85% 21 YENTO{I}=YENTZ(I)
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86% IF(TIMOUT.GT.TIME) GO TO 26
87* CALL QUTPUT(TIMEYOTSURFTSTEEL)
&8=* TIMOUTSTIME+0.02499
89% 26 IF(ILOC.GE.IPLOC) GO T 24
4 9g* IF({.n0T.GYPSUM) ,OR, (IPHASE.EQ.,2)} GO TO 22
: 9ix* IF{FALL) GO TO 24
: 92x 22 IF({MODIILOC,2) v NEO} s OR {IPLOC.LE+1]40R, {+NOT,DOURLE}) GO TO 23
93x HC=HC*2.
Yyx* ILOC=ILOC/2
95+ . IPLOC=IPLOC/2
S6# GO TO 23
97 24 DO 25 IS1sN
8= 25 X{1i=yo(1)
99x% IF(IPHASE.EG+1) X{N+1)=TSTEEL
100 RETURN
1a1* END
1* SUBROUTINE OUTPUT(TIME Y0+ TSURFTSTEEL)
2% COMMON AAZ/ESTIMsN,DX{1S)»THICISs THICFL
3% . COMMON /F/IPHASE  GYPSUMsFALL »NISOL PROOMT
18 LOGICAL ESTIMeGYPSUMsFALL
S DIMENSION YO(1l} s TSURF(1)y0UT{3}+SEC(B)
6% 100 FORMAT(1X+F5.3+13F6,0)}
T* 101 FURMAT(1H+»B3X:+F6,01}
8% 162 FORMAT(1XrF5.3+2F6.0)
9% 103 FORMAT {1+ 125X F6.0)
10# 104 FORMAT(IXeFS«3¢F6.0r60XrF6,0)
11% - DATA QUT(L) rOUT(3)/SHI1H+r ¢+ SHF6.0)/
12+ DATA SEC/6HSIXs L1rBHSIX e 12,6HUTX s 13¢6HUIY +10906H3SX, 15+ 6H2GX 160
13« *E6H23IX e 1T rbH1ITX 1B/
ly* TFL=345.*%AL0G10 (480, *xTIME+1,)+ROOMT
15% IF{.NOT.ESTIM) GO T¢O 10
la%* TISOL={TSURF{1)+TSURF{2))%(0,5
17% WRITE(6+100) TIME!TFLsTSURF (1) sTISOLsTSURF(2) s TSTEEL+ TSURF{3)
18= *{YO({I)eI=1leN)
19 WRITE(6¢10L) TSURF (4}
20% RETURN
21%* 10 IF(IPHASE.EQ.2) 60O T 11
22 WRITE(be102) TIME+TFLsTSURF(1)
23% OUT{2)=SEC(NISOL)
24% NNISOLSNISOL+1
25% WRITE(6eOUTY (YC(I)»IS1/NISOL) ¢ TSURF(2) »TSTEELsTSURF (31}
26% *{Y0{I)s ISNNISOLN)
27+ WRITE{6»103} TSURF {4}
28% RETURn
29% 11 WRITE(6rluu) TIME,TFL»TSTEEL
0% RETURIN
31* EiiD
1% ST INe EQUCE(TID)
2* O CUTADy FASESTIN e DX {1S) e THICIS THICFL
3% CUMADN /F/ZIPHASE »CYPSU L FALE +11TSOL s N0MT
G # Cultady /JAUFALL« TIFALL(B) 1 X{16}
S* LUGICAL FaLLeESTIN+GYPSUR
&% NFALL=HFALL+1
7% TIFALCAMEALL)STIME*60.
a¥ tizt=1
9* NISOL=rT150uL-1
10¥% Du 10 I=1ek
11#* ATTI=DX i+
12+ 1y X(Ii=A(I+1)
13+ X(H+3 =X (42}
lux RETUR:y
15%* Eqn
i* SURROUTING STETEM(TS2e TSI+ TSTEFL e RES)
2% COMMGIy ZN/ADIVVIDENS I SPECHI3N ¢ 2} ¢ NSPECH:FPSST2EPSSTS
3% TS24z (TSe+273.27/100. ) %%y
4% T34z ((TS3+273.1 /710041 *%4
5% TSTUS{(TSTEEL+273.) /71004 ) %*i
o* CP=YINTPOLTSTEEL » SPECH»NSPECH)

T* RES=360C.*ADIVY/ (CENSECP)# {8, T ({TS24TS3)*#0.5-TSTEEL) +
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17%*
lax
19=%
20%*
1%
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25%
2o¥
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31i*

1%
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Lo*
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1u*

i*
PE
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¥
G
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10

i1

le

13

10
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+5, 77*(EFSST2+ [ TS2u=TSTUI+EPSSTI*{TS34=F5Tu ) 1)
RETURN
Eip

SURROUTINE SURTEM (TEME TEMe TSURE}

CUMMON /AZESTIMetN DX (151 v THICIS s THICFL

COMM04 /F/IPHASE  GYPSUMeFALL (NISOL s ROCHT

COeA0 /G/CONISLI0s2) rNCONIS CONFL {302} s HCONFLIFCONTS P TRALLY ¢
+TFALLZ

L CUMMO ST/ALFINe ALFATRIALFOUT EPSIMILEPSINZPEPSATR

TLOUGICAL ESTIMeSYPSUMeFalL

DIVENSION TEMIL13 s TSURF(L)
TFL=345.*AL0G1I0 (48N #+TEME+], }+ROOMT

Rizl./ALFik

IF(ESTIYY GO TO t4

R=DXCL) /(2 YIUTPOITEA(L} COMISPNCOMIS)

RAIZIX(NISOLI/ (2EYIMNTPILTEMIHNTISOL) fCONIS«HICONIS) )

GO TO 11

RZ=THICIS/ECONIS/Z,

RA=RZ

Fa4=1./ALFulR
RETUXINISUL+L] /7 {2xYINTRPO(TEM (NISOL+1) » COMFLAMNCONFLY )
RezdX (GO /AL{2«Y INTPO(TEXAINY P CONFLaNCOIFL))

R7Z1./7ALFLUT

IF(ESTIH) G TO 12

TSURFLI)=TFL=RL/(R1+R2)* (TFL=TFM4 (1))
TURFLZ2)STEM(NTISOLI=R3I/{RI+RY+RS) # (TEMIMISOL )} ~TEM (NISOL+1))
TSURF () SHEM{NISOL)I = {R3+RY) /7 {RI+Ry+RE} * (TEM(MISOL ) =TEM(NISOL+1))
Gu TO 13

TSURF (1) =TFL=RL1/ (R1+R2+RZI+RU+RBI* (TFL=TEM(1})
TSURF(2)=TFL={21+R2+R3)/(R14R2+R3+R4+RSI*{TFL=TEM (1)}
TSURF (3)=TFL=(R1+R2+RI+RU} /{RI+P2+R3+RU+R5} * (TFL=-TEM (1))
TSURF L4} =TEM{NI=R6/(RE+RTI# {TEM(N)~ROOMT )"

RETURN

END

SURROUTINL TEMENT (TEMPEHT)

CUMMOM ZAZESTIMeMN DX {15) s THICIS» THICFL
CONMOW /E/IPHASE GYPSUMrFALL s NI SOL s ROOHT
CuttA0W AHAENTIS (A0 2o NEHTIS«ENTFLIA0 s 2 ) s NENTTL+FERIG {3Ds 2) P HIFEMTS
LoGICal ESTIMssYPSUMLFALL

DIYENSION TEMP(1)ENT{L)

IF(Io0Lee.0) 60 T2 11

Lo Lf ISt«NISOL
EnTCLISYTLTPO(TEMP I s FNTIS s MENTIS *NX{T)
NinISOLSHIS0L+E

Du 12 I=HiIsel.ld
ENTIIISYINTRPO(TEM (D) pFUTFLp HEDTFL) #NX (T}
RET G

B

SUARDJT EHe THECOMD (TIYE s TRURF)

CuMMDA ZA7ESTINeHyDX(15) s THICIS» THICFL

CO AN /F/1PHASE r GYPSUMPEALL r HISOLPROOMT

Cu¥ay; /G/CONIS(30r2)Y s NCONIS»CONFLII0 2 yHCONFLIFCOMISs TFALLI
«TFALLZ

COMou /I/ALFINeALFAIRALFQUTYEPSINILIERPSTHZ (ECSAIR

LocICal GYPSUMESTIM FaLL

DIFENSIOH TSURF{1)

IF(ESTIY) ECOMIS=YINTPO{(TSUPF{1)+TSURF(2))/24+CONISPNCONIS)
TFL=345. 4L 0GIN{UEN.*TIME+L L} +ROOMT

TFLGZ L (TFL+273.1/7100. ) %*4

TS1us (L (TSURF(1)+273.) /71004 ) %%4

ALFINZ35,

EFSIMSEPSIN]

IF (IPHASE.EQ.2) EPSINZEPSIMNZ

IF(TIMEGEa0+05) ALFINZ23.+45,77T#FPSTN* {THLU~TS14) /(TFL=-TSURF(1})
IF CIPHASE JEQ.2) RETURN

TS2uS ((TSURF(21+273.)1/7100.) %%y

TS3uz ((TSURF(3)1+273.1/7100. ) %4

ALFAIR=8.7
IF(ABS(TSURF (2} =TSURF (3} 12GTeleE=6) ALFATRSALFAIR45,77+EFSALIRS
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*(TS24=TS34) /{TSURF (2}=TSURF {31})
ALFOUT=8,7+0.033*TSURF (4)
RETUR
ElD

SUBROUTINE UNPRCT({TIME,TEMP:RES?

COMMON ZD/ADIVVIDENRS»SPECH( 3027 +NSPECHr£PSST2EPSSTS
COMMOI /F/IPHASE + GYPSUMrFALL f NISOL +ROOMT

COMMO ZI/ALFIMrALFATR ALFOUT +EPSINLSEPSINZfEPSAIR
CIMENMSION TEMP{L) RES(1) ’

LOSICAL GYPSUM,FALL
TFL=345.%ALOG10 (480 *TIME+] . ) +POOMT
CPZYINTPO(TEMP (1) »SPECK+NSPECH?
RESL1)I=38U0.*ADRIVy*xALFIN® (TFL-TEMP{ 1))/ (DENS*CP)
RETURN

END

FUNCTION XINTPO{YrAReM)

DIMENSION ARL3D 1}

IF (Y e ST AMAXLIAR{1¢2) v AR(NI2) I oOR,,Y LT AMINI(AR (1 r2) s ARINI 2 )
*Go TO 14

Mle=H=1

IF(AR(1¢2) LTWaAR(e2)}} GO TO 11

DO 10 Izletin

IF(Y.oTaAR(I+1,2)) GO TO 13

CONTINUE

DO 12 I=1sMi

IF(Y+LTeAR{I+L1e2)}) GO TO 13

CONT INVE

XIMTPOSAR LI+ 1) 4{Y=AR(I 121}/ {AR(TI+1+2}=AR{I¢2) 1% (AR{I+1r1)=ARII,1)]
RETURN

CALL wRONG(YrAR M)

STOP

END

FUNCTION YINTPO(XeARIN)
DIMENSIOM AR(30,1)
TFIXeGTeAMAXLEARCLPE) s ARIMNP L) ) uORWY LT (AMINLCARCL 1) s AR(M1)))
*30 TO -14

MNSH=1

IF{AR{L#3)«LT.ARINs1)) GO TO 11

00 10 I=) NN

IF(XGTaBRII+L,1) 6O TO 13

CONTINUE

NG 12 T=1sNN

IF{X.LT+AR{I+1s1)) GO TO 13

CONTIMIE :

YINTPOZAR (I r2)+(X=AR(I,11)/(AR(I+1+1)=ARCI»1) ) #{AR(I+1s2)=AR(Te2)}
RETURN

CALL WRONG(XrAReM)

STOP

END

SUBROUTINE WRONG(ZrARIN)
DIMENSION AR{30+1}
FORMAT(///1X+F15+335H IS QUTSIDE THE LIMITS OF THE ARRAY)
FORMAT(/1X+F15.3¢F20.3}
FORMAT{ 1XeF15.3+F20.3)
WRITE(6+100) Z

WRITE(6¢101} AR(1rilrAR(1,2)
0O 10 I=2sN .
WRITE(6r102} AR{IrlirAR{I:2)
RETURN

END



