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PREFACE

The project is a part of the research programme "Timber constructions and fire” and
has been financed by funds from the Swedish Fire Research Board. The aim of the
project is to illustrate the possibility of calculating the fire resistance of building
panels and wall constructions. The work has been planned in consultation with the
steering group "Timber construction and fire" of the Swedish Fire Research Board.

The members of the steering group have been as follows:

Vidar Sjodin, chairman Rockwool Inc.
Birgit Ostman, secretary Swedish Institute for Wood Technology Research

Bengt Bengtsson Swedish Wood Panel Inc.

Hans Ohlsson National Board of Physical Planning and Butlding
Ulf Wickstrom The Swedish National Testing Institute

Kai Odéen Royal Institute of Technology, Stockholm

Jan Hagstedt Swedish Timber Council

The calculations in this work are based on the model developed by the anthor and
presented in [1]. The simulations comprise a total of 23 different calculation cases.
The calculations have been compared with experimentally determined fire resistan-
ces in most of the cases. In two cases the influence of a varied opening factor for a
fire compartment type A is studied.

This document refers to research grants 814-89-1 and 814-89-2 from the Swedish
Fire Research Board within the limits of the special programme "Timber construc-
tions and Fire" to the author's company Bedec Engineering. The special programme
is a collaboration between the Swedish Fire Research Board, the Swedish Council
for Building Research, the Swedish National Board for Technical Development and
the Swedish Institute for Wood Technology Research.

The author wishes to thank Marianne Abrahamsson who typed the final version of

the manuscript and Lewis J Gruber for correction of the English language.

Lund, January 1990
Rertil Frediund
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i INTRODUCTION

Traditicnally, the fire resistance of building components and building structures is
determined by experiments according to the internationally accepted test method
ISO 834 or its Swedish counterpart SIS 02 48 20. For example, testing of a wall in
a full scale furnace implies that samples of the dimension 3x3 m are used. The wall
samples are installed in a vertical position on one side of the furmace. The tempera-
ture in the furnace is then increased according to the Tequirements in the test

method. If a loadbearing structure is tested, external load is applied to the structure.

The fire resistance of a building component is defined as the time when some of the

following performance reguirements are no longer comphied with,

- The insulation requirement, i.e. the rise in temperature on the unexposed
face is not allowed to exceed 140 °C on average or 180 °C for a single
point

- The integrity requirement, i.e. the building component is not allowed to be
penetrated by flames or hot gases

- The loadbearing requirement. This requirement is to be excluded for non-
loadbearing stractures

In the following theoretical analysis it is the first reguirement, i.e. when the rise in
temperature on the unexposed face exceeds 140 OC, that determines the fire resis-
tance of the walls and the wood based boards studied.

Since full scale testing is very expensive, small scale tests have been developed [2].
These methods are however only possible o use when non-loadbearing structures
are fested.

It is of course desirable 1o be able to esiimate the fire resistance by analytical
methods. In this connection the addition principle might be mentioned. The method
is based on adding the fire resistances of separate building components to a total fire
resistance of a building structure. The fire resistance of the separate building com-
ponents is determined from experiments.

Introduction
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The objective of this study is to demonstrate that he fire resistance can be calculated
on the basis of analytical weatment instead of the results of furnace tests. The cal-
culations in this work are based on the model developed by the author and pre-

sented in [1].

The calculated fire resistances are compared with those measured in tests in accord-
ance with IS0 834 and presented in [2] and {3}

(hapl(r f
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2 DESCRIPTION OF THE ANALYTICAL MODEL

In this chapter the theoretical model according to [1] is summarised. The formula-
tion is based on energy and mass transfer in two dimensions.

2.1 Heat transfer analysis

Energy transfer is assumed to occur as thermal conduction and convective flow as
volatile pyrolysis products and water vapour move along the pore system of the
wood material.

One fundamental assumption is that for each arbitrary point and time there is total
thermodynamic equilibriom, i.e. the solid phase and the gaseous phase in the mate-
rial have the same temperature over a small space about the considered point. We
also neglect the contributions due to the work done by pressure.

The original moist wood material is assumed to be divided into four phases: active
wood material which forms volatile pyrolysis products, a charcoal phase which can
be oxidised at the surface of the material, water in the liquid phase, and water
VapOUr.

The energy content per unit volume is assumed to be equal to the sam of the energy
contents of each constituent material. In calculating the temperature rise in the mate-
rial, the effect of thermal inertia in the gaseous phase can be ignored.

The energy released internally is obtained as the sum of the rate of pyroysis times
the reaction energy and the rate of vaporisation times the latent heat of vaporisation
respectively, attention being paid to the sign of the phase transformation energies
(vaporisation or condensation). In this context, consideration rmust also be given o
the differences in energy content (enthalpy) of the reacting substance and the reac-
tion products.

Pyrolysis is assumed to conform to a mean reaction which is described by an
Arrhenius function. Vaporisation is assumed to conform to a relationship which is
obtained if the pore system is fully saturated so long as there is water left in the pore
systemn. The oxidation of charcoal at the surface of the material is also assumed to

conform to a type of Arrhenius function. The thermal properties of the wood mate-

Description of the analytical model
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rial are calculated as weighted mean values of the concentrations of the constitugnt

materials obiained at the time under consideration.,

The boundary conditions consist of an exchange of energy with the surroundings.
The energy flow at the boundary comprises radiation and convection. The con-
vective energy flow is influenced by outward flow of gases at the boundary.

The fundamental equation for conservation of energy in two dimensions can be

sumimarised as

ixx;ﬁ;ﬁ)+.§m(}ty§_'£)a1¢x&t_ w8 pedL i gieQh=0 @D
5% ox! By &y ax Sy &t
where
T = femperature, K
X,y = positional coordinates in the x and y directions, respectively, m
AxsAy = thermal conductivity in the x and y directions, respectively,
Wi 1K
Ky,Ky = convective terms in the x and y directions, respectively, Wm2
p = nass per unit volume, kgm-3
c = specific heat capacity, Jkg 11!
t = time, §
0N = net exothermic effect in conjunction with pyrolysis, Jms-1
Qw = netexothermic effect in conjunction with vaporisation of water,
Jm3g-1

The convective terms K and Ky are defined as

Ky = MixgCg + MyyCy (2.2)
Ky = MygCq + MyyCy (2.3)
where
Myg,Myg = flow of volatile pyrolysis produets in x and y directions,
tespectively, kgm2s-1
Myy,Myy = vapour flow in x and y directions, respectively, kgm—2s-1
Cg = specific heat capacity of volatile pyrolysis products,
Jkg 1K1
Cy = specific heat capacity of vapour, Jkg 1K-1

Chapter 2
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The net exothermic effect in conjunction with pyrolysis 3" and vaporisation Qy” 18

defined as

Q) = -AH,; Bp1 +H, Bpg (2.4)
&t ot
: & b
Q= -aH,, 2P gy, 2P (2.5)
ot &t
where
AH,AH = enthalpy change due to pyrolysis and vaporisation,
respectively, Jkg-t
Hg, Hy = enthaipy of volatile pyrolysis products and vapour,
respectively, Jkg!
61,0g,8w,0y = mass per unit volume of active material, volatile pyro-

Iysis products, water and vapour, respectively, kg

The enthalpy change due to pyrolysis AHy and vaporisation Ay 15 given by

AHy =Hy - Hy -Ly 2.7
where
Hi,Hy = enthalpy of active material and water, respectively, Jkg-!

Lgly = heatof reaction and latent heat of vaporisation, respectively, Jkg-t

Equations (2.4) and (2.5) contain the derivatives with respect to time of p, pg, Pw

and py for which we need expressions. These derivatives can be written as

op1 _ -p1 b c(E4RT) (2.8)
ot

Opg _ Opy By, Bmy, (2.9)
8t T oy

0w g (2.10)
&t

Description of the analytical model
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(2.11)

where
b = preexperimental rate constant for pyrolysis, s-1
BEs = activaiion energy, Jmoi-!
R = universal gas constant, Jmol- 1K1
Gy = rate of generation of waler vapour, kgm3s-1

Explicit expressions for the vaporisation erm Gy in equation (2.10) and for the

flow terms Mg, Myg, Myy and myy are given in Section 2.2,

2.2 Mass transfer analysis

Generally speaking, transfer of water may take place in both the gaseous and liquid
phases. In a number of models, this problem is studied in connection with the dry-
ing of wood. In the drying processes in guestion, however, mass wansfer is nor-
mally very slow, and vapour transfer due to pressure differences can therefore

usually be ignored.

It is stated in [4] that in certain cases a reasonable assumption is to divide the
moisture flow into a vapour flow and a water flow. An important example given is
drying in conjunetion with relatively rapid heating, when account must be raken of
the fact that the heat flow is different from the total energy flow. At moderate
moisture contents, there are no continuous water phases, and moisture flow takes

place essentially in the vapour phase.

Generally speaking, the forces driving the moisture flow are dependent on differ-
ences in concentration, temperature gradients and pressure gradients, The flow due
to differences in concentration is assumed to conform to Fick's law. The pressure
gradients in the material initiate a flow which is assumed to conform to Darcy's

law.

According fo the universal gas law, temperature changes in the gaseous phase in a
volume which is largely constant give rise to a change in pressure. In fire exposure
applications, however, this pressure change is small compared o the pressure

changes due to vaporisation of water, giving a steep pressuze rise [5].

Chapter 2
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The model for mass transfer of volatile pyrolysis products and water vapour which
is presented here is based on gas flows driven by pressure gradients. Flow is given
according to Darcy's law. Mass transfer in the liquid phase is considerably slower
than that in the gaseous phase and can therefore be neglected.

We assume that the two gaseous phases, water vapour and volatile pyrolysis pro-
ducts, follow the universal gas law. This applies for dilute gases, i.e. low pressure
and not very low temperatures. The saturation pressure for water vapour is a
function of temperature and can, as a good approximation, be assumed to follow an
exponential function. The fundamental assumption made here is that vaporisation is
sufficiently rapid for complete saturation of water vapour in the pores to be
possible. This holds so long as there is water in the liquid phase at the point in the
material which is under consideration.

The total pressure is obtained according to Dalton’s law as the sum of the partial
pressures of water vapour and volatile pyrolysis products.

The comprehensive differential equation for the mass flow in the two directions x

and vy is
B |, O + 6 (py§¥g)+\1f9+(}*~m§£::0 (2.12)
5% Sx! By \ Dy t
where
P = total pressure, Pa
PPy = mass ransfer coefficient in x and y directions, respectively,
mole s kgl
Yy = thermal expansion coefficient, mole J-1s-1
G¥ = total rate of molar production of water vapour and volatile
pyrolysis producis, mole m3s-}
w = mass capacity coefficient, mole J'!

The rate of molar production of volatile pyrolysis products and water vapour is de-
fined as

¢ Gy , Gy (2.13)
G WMW+M3

Description of the analyiical model
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where
My, Mg = molar mass of water and volatile pyrolysis products, respectively,
kg mole™!
Gy, Gy = raie of generation of water vapour and volatile pyrolysis products,
respectively, kgm-3s-1

The production of volatile pyrolysis products (g is given by an Arrhenius rela-

tionship according to equation {(2.8); we have

Gy = py b e (EL/RT) (2.14)

A relationship for the production of water vapour Gy is needed in equation (2.13).
For a known temperature and pressure distribution, Gy, can be calculated from the

relationship
G, =Me%[ﬁ_ 1}&,@ m_&__a_az}
RT? T Ta SxlPvtPe 5
i ,;5;{ Py, 32 (2.15)
By | Pv + Py &y
where
Oy, 0y = mass transfer coefficient in x and y directions, respectively, s
ky.ko = constants in expression for saturation pressure of water vapour

ky=414 kPa, ko=4820 K

The relationship beiween the mass transfer coefficients 0y, oty and Py, @y is given

by

Pv | Pg
oy My (2.16)
Pv T Py
where
i =  direction concemed, x ory

Eqguation (2.15) contains temperatures and pressures which, during the iterative

calculation, are obtained from the immediately preceding calenlation step.

Chaprer 2



215 -

When a new pressure distribution has been calculated, the corresponding gas and
vapour flows can be calculated according to

myj = bl m; (2.17)
Pv T+ Py
where
i = direction concerned, x or y
i = volatile pyrolysis producis or water vapour
m = mass flow, kgn?s-1

Finally, for known mass flows the change in concentration of volatile pyrolysis
products and water vapour can be calculated from the relationship

Oty | Slyg 3 OPe (2.18)

Ox Oy it

&x Sy dt

ity +5m)’\f =G, dpy (2.19)

2.3 Initial and boundary conditions for the energy and mass
conservation equations

In order that equations (2.1) and (2.12) may be solved, the boundary and initial
conditions must be specified. The initial conditions are given by the initial tempera-
ture and pressure distribution in the solid phase at the reference time zero. The
boundary conditions for the energy conservation equation are specified as pre-
scribed energy flow rates or temperatures at the boundaries. The mass flow at all
boundaries is determined by the fact that the pressure along the boundaries is out-
ward pressure.

Description of the analytical model
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2.4 Solution techniques

The heat balance and mass balance equations set out contain non-linear boundary
conditions and material properties which vary with temperature, pressure and mass
fraction of the substance in different states. Analytical solutions are available only
for linear applications of simple geometries and simple boundary conditions. The
only way in which a solution can be obtained in a more general case is therefore a
numerical method.

The method chosen in this case is the finite element method. A descripiion of the
finite element approximation and the evaluation of all the element matrices using 4-
node isoparametric elements are given in [1].

The integration with respect to time is an implicit single step method. The implicit
method 18 uncondidonally stable but this obvicusly does not imply that the size of
the computational increments is subject to limitations. The limiting factors are due to
the physical nature of the problem. Examples that may be mentioned are that the
changes in boundary conditions and non-linearities in the transfer and capacity

matrices must be reproduced in a reasonable manner.

Chapter 2
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3 MATERIAL PROPERTIES

In this chapter, the material data for the model developed are put together. Experi-
mental determination of physical data did not form part of this project. The data
given have thus been collected by studies of the literature. In certain cases, the
physical data have been estimated on the basis of information found in the literature.

Generally speaking, it is difficult to obtain reliable material data for material proper-
ties at elevated temperatures, For wood, the reasons are that the properties of the
original material are subject to a large scatter, and that there are practical difficulties

in determining material parameters at high temperatures,

in order that calculations may be carried out according to the model developed, we

need information concerning material properties for the following components

- solid wood

- chipboard

- fibre board

- plasterboard

-~ mineral wool

- glass wool

- charcoal

- calcinated gypsum
- waler

- water vapour

- volatile pyrolysis products

The material properties we need are thermal conductivity, specific heat capacity,
reaction rate and heat of reaction, surface reaction rate, permeability and dynamic

viscosity.

3.3 Material properties of wood based boards and building panels of
Wwood

in the calculations which have been carried out, all the material data have been taken
from [1]. We do not distinguish between the thermal properties of solid wood,
chipboard or fibre board. The only input data which have been varied are thick-

ness, density and moisture congent,

Material properiies
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3.1 Thermal conductivity of weod and charcoal

The thermal conductivity of the original wood varies as a function of the mass per
unit volume of dry wood maierial, water content and temperature. During pyrolysis
the wood material decoroposes to charcoal and volatile pyrolysis products. For the
partially charred material, the thermal conductivity is assumed to vary linearly be-
tween the original wood material and the final charcoal. The effect of the tempera-
ture on the thermal conductivity of charcoal, and the moisture content in the wood
are taken into consideration, The thermal conductivity of wood as a function of
moisture content and density for radial heat ansfer is given by MacLean [6].

The thermal conductivities of dry wood material and charcoal as a function of
termnperature are dlustrated in Figure 3.1,

{ THERMAL CONDUCTIVITY WOOD AND CHARCOAL R
DENSITY 450kg/m3, 150kg/m3
05 Cond {W/m/K)}
04}
0af
o2t p— W}ﬂ
i L=
I R . B S S . CHAR
0 | i L i L il 1 1 Il i ] i 1 1 i I e WOOD
0 200 400 600 800 1600
Temp {Deg C)
A J

Figure 3.1 Thermal conductivity of dry wood material and charcoal as a
function of temperature

Chapter 3
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3.1.2  Specific heat capacity of wood and pyrolysis products

In the calculations of energy transfer and the heat generated internally in conjunction
with phase changes we need information concerning specific heat capacity as a
function of temperature for the constifuent materials.

Figure 3.2 shows the specific heat capacity as a function of temperature for original
wood, charceal, volatile pyrolysis products and water vapour.

i SPECIFIC HEAT CAPACITY OF WOOD AND )
PYROLYSIS PRODUCTS
2500 ?pec Heat, (J/kg/K)
L
2000 [F-———p————
B
1500 | ————| T
1000 e e T -
e, s <een VAPOR
- ~ CHAR
b b b L L I HOOD
0 200 400 600 8G0 1000
Temp (Deg C)
N L

Figure 3.2 Specific heat capacity of original wood, charcoal, volatile pyrolysis

products and water vapour as a function of temperature

Material properties



220 -

3.1.3  The kinetics of woed pyrolysis

The process of pyrolysis is assumed to conform to a mean reaction described by an
Arrhenius function according to equation (2.8), and repeated here

?ﬂi = -y b e(Ea/RT) 3.1)
ot
where
Ea = activation energy, Jmol-!
= universal gas constant, 8.314 Jmol-1K-!
b = preexperimental rate constant for pyrolysis, s-1
p1 = mass per unit volume of active material, kgm-3
T = temperature, K
t = fime, $

In the calculations the following numerical data have been used

26300 Jmol-!
0.55 s°1

Ea
b

it

Since there is great uncertainty regarding the heat of reaction, it has been decided
that in the simulations described in this report, this parameter would not be used in
order to fit the calculation results to experiments. Quite simply, as a temporary
solution, we assume that the heat of reaction hg=0.

3.1.4 Surface reactions

It is assumed that the chemnical reaction at the surface is described by the following

empirical equation [7]

|5 = T B e{ESRT) (3.2)
where

5 = rate of recession of material surface due to the reaction, ms-!

Ts = surface temperature, K

B = empirical constant, s 1K1

Ea = activation energy, Jmol'!

R = universal gas constant, Jmol-1K-1

Chapter 3
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in the calculations the following numerical data have been used

B=10"7 g 1K-1
Ep = 25770 Jmol'l

The heat of reaction at the surface of the material is obtained if we assume that the
reaction oceurs between carbon and oxygen, with carbon monoxide as the reaction
product. The carbon monoxide then reacts with oxygen in the transition layer out-
side the solid phase and forms carbon dioxide. The heat of reaction at the surface of
the material, given by the first reaction, is

AHg = - 395.5 kJmol™!

3.1.5 Permeability of wood and charcoal

The permeability of wood and building panels of wood varies considerably. In
addition, if the description of the material also includes the carbon layer, it is further
complicated as a result of shrinkage and cracking. In [1], these problems are further
discussed and the permeability estimated.

In the computer program the variation in permeability I2 is given by

D=km ekm{} ) {%E};} (3.3)
where

kpj = preexponential constant depending on material, m?

kpz = exponential constant

p = current density, kgm™3

py = density of charcoal, kgm

po = original density, kgm

In the simulations the following numerical data have been used

kpt =0.15 1015 m2
kpy =11

Material properties
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3.1.6  Dynamic viscosity

Mass wansfer of volatile pyrolysis products and water vapour occurs under the in-
fluence of gradients in total pressure. The dynamic viscosity of the gases varies as a
function of temperature. In [1] the dynamic viscosity of volatile pyrolysis products
is given, based on experiments according io [8].

The weighted mean value of the dynamic viscosity of the volatile pyrolysis products
together with water vapour is given in Figure 3.3.

( DYNAMIC VISCOSITY OF VAPOR AND GAS R
50 Vise *10 6(kg/m/s)
i "f"_‘,.s
40} s
] ,,,J—f"""ff /
30 — ;,,f’/

20} o
o™

—— VAPOR
ol o b o b G
0 200 400 600 800 1000

Temp (Deg C}

Figure 3.3 Dynamic viscosity of volatile pyrolysis products and water vapour

Chapter 3
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3.2 Material properties of plasterboard

The thermal properties of plaster vary as a function of density, chemical composi-
tion and temperature. Gypsum is calcium sulphate consisting of two moles of
hydration water per one mole calcium sulphate, CaS0O4-2H70. By weight gypsum
consists of 21% hydration water and 79% calcium sulphate.

If the gypsuin is heated it is calcined, i.e. the hydration water vanishes. Calcination
occurs mainly in two steps. At 100 °C 3/4 of the hydration water vanishes accord-
ing to the reaction

CaSQy - 2HO + Energy ===> CaS804 - 0.5H20 + 1.5H0 (3.4)

The energy needed for this reaction is 515 klkg-! gypsum or 3270 kJkg-! released
water. In addition, energy of 2260 kJkg-! is required for vaporisation of the water.

The remaining part of the hydration water is released at 210 0C according to
CaSQy - 0.5H20 + Energy ===> (a30y - 0.5H0 (3.4)

The energy required for this reaction is 185 kTkg-1 gypsum or 2967 klkg ! released
water. Even in this reaction the vaporisation energy must be added.

At 360 oC a further reaction takes place. The calcium sulphate is changed to a more
stable form. The reaction is slightly exotermic and is therefore neglected in the cal-

culations.

In order that the calculations may be carried out, we need the thermal properties of

gypsum for the following phases

- original gypsum CaSQy - ZHyO
- partly calcined gypsum CaSQOy - 05H0
- calcium sulphate CaSGy

Material properiies
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3.2.1

Thermal conductivity of plasterboard

On the basis of the measurements according to [9] the thermal conductivity has been

calculated for the three phases of gypsum. The measured thermal conductivity is

adapted to the theoretical medel {1] in the following way

The measured thermal conductivity is exirapolated linearly from 780 °C o
1000 oC

The relationship above 210 9C, that is CaSQy, is extrapolated linearly down
10 0 °C. At 0 °C we gei the thermal conductivity 0.10 W 1K-1

The measured thermal conductivity at 0 0C is 0.28 Wm1K-1. The differ-
ence between (.28 and 0.10 Wm-1K-1 is assumed to depend on the water
content, 21% by weight, in the original plasterboard. In this context we
make no difference between hydration water and free water. This means that
the thermal conductivity remains constant at a constant temperature until the
water is transferred from the point under consideration due o pressure
gradients.

‘The thermal conductivity of plasterboard is assumed to vary linearly with the
mass per unit volume of the constituent components calcium sulphate and

water. If the fraction of water is denoted u, we have the following rela-

where

ttonship
Agyps Pgyps = ACaS0O4 (1-w)pgyps + A0 U Pgyps (3.6)
Agyps = thermal conductivity of gypsum
Pgyps = density of plasterboard

Acasog = thermal conductivity of CaSOy4 according 1o extrapolated
relationship in {9]

resulting conductivity of water evaluated according to equation
(3.6) at 0 °C

it

AH20

Chapter 3
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The thermal conductivity of plasterboard as a function of temperature and degree of

calcination according to equation (3.6) is plotted in Figure 3.4.

- THERMAL CONDUCTIVITY OF PLASTER w
DENSITY 790kg,/mn3
10 Cond (W/m/K)
0.8
[
0.6
04
L. ,__,J_MM
02 1 s —= (aS04
[ ' e CASO4*AHRO
D L ) L . T " s CB.SO‘!;*BHZO
0 200 400 600 800 1000
T Deg C
g emp (Deg ) )
Figure 3.4  Thermal conductivity of plasterboard as a function of temperature

and the degree of calcination
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3.2.2  Specific heat capacity of plasierboard

The specific heat capacity of gypsum as a function of temperature and degree of
calcination is given in [10]. The specific heat capacity is specified at 25, 400, 600,
800 and 1000 °C and given in cal K-'mol-1. The data are recalculated in Jkg-1K-1
and extrapolated linearly to 0 °C. The curves are plotted in Figure 3.5.

[ SPECIFIC HEAT OF PLASTER A
DENSITY 790kg/m3
2000 Spec Heat {I/kg/K)
1500 —— =
i e = | =
A /m..,—f"’ ~ "___,..,.--M“‘“""""" .................
1000 e . —
P00 T
i —eme CaS04*/4H20
D L 1 £ ) 1 1 L i l i i L 4 ] } i r— CaSO‘;'*zH:ZO
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Figure 3.5  Specific heat capacity of plasterboard as a function of temiperature

and degree of calcination
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3.2.3  Permeability of plasterboard

In order to carry out the calculations of the movement of free water in the plaster-
board, we need the permeability of the material. In {11] the permeability is reported
equal to 0.38-10-12 m?. The value is taken from an unpublished report from the
Swedish Plywood Association (1978). We also need a relationship of the variation
of permeability as a function of calcination. To my knowledge, there are no such
data reported. As a temporary solution we assume a variation of the permeability
according to equation (3.3).

In the simulations the following numerical data have been used

kpp = 0.3810°12 m?

kpy =3
py = 624.1 kgm3
po = 790 kgm?3

The constant kpy is assumed and gives 148 times increased permeability of CaSOyq
compared with the original plasterboard.

3.2.4  Temperature criterion for the loss of plasterboard

From tests a reasonable temperature criterion for the loss of plasterboard tumed out

to be 550 oC at the rear face of the board, This criterion is used in the calculation for
want of better criteria,
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3.3 Material data of glass wool and mineral wool

In some of the calculations there is an insulating material present. The required

thermal properties are presented in this section.

3.3.1 Thermal conductivity of glass wool and mineral wool

Based on data from the manufacturer of glass wool and mineral wool, and tests of
softening temperatures of the insulating materials, an approximate relationship of
the thermal conductivity as a function of temperature has been derived according to
Figure 3.6.

a THERMAL CONDUCTIVITY OF INSULATION
Dens 17-23kg/m3 and 32kg/m3
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Figure 3.6 Thermal conductivity of glass wool p=17-23 kgm3 and mineral
wool p=32 kgm™3 as a function of emperature. The effect of the
softening of glass wool above 600 °C and the softening of mineral

wool above 750 0C is taken into consideration.
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To reproduce the effect of softening of glass wool above 600 °C, the thermal con-
ductivity has been increased. At 670 9C the thermal conductivity is assumed o0 be 3
Wi -1 and above 800 °C io be 10 Wror HK-1. A linear interpolation is performed
for intermediate temperatures.

A similar procedure is used for mineral wool. But the softening of mineral wool
arises in two steps. At 700-800 °C the deformation is about 30% of the original
thickness. Between 750 and 1150 ©C the resultant thermal conductivity is calculated
as 1/0.7 times the linearly extrapolated values of thermal conductivity data from the
manufacturer. At 1150 °C the deformation of the mineral wool is about 50% of the
original thickness and the resultant thermal conductivity is assumed to be twice the
linearly extrapolated values.
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3.3.2  Specific heat capacity of glass wool and mineral wool

The relatonship for the specific heat capacity of glass wool and mineral wool as a
function of temperature is set out in Figure 3.7.
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Figure 3.7  Specific heat capacity of glass wool and mineral wool as a function

of temperature

3.3.3  Permeability of glass wool and mineral wool

The permeability of glass wool and mineral wool is assumed to be constant at

0.2-10-8 m?. This gives us the following constants in equation (3.3)

0.2 - 108 m2
0

kp1
ko

it
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4 NUMERICAL RESULTS

In this study 23 different calealation cases are presented. Some of the results of the
calculations which have been carried out are presented in this chapter. The presen-
tation is given in diagrams in which the three different calculated quantities tem-
perature, density and moisture ratio, have been set out as a function of the distance
from the surface exposed to fire at different times, For practical reasons all calcu-
lated data cannot be given in this chapter. A complete presentation is however
available in Appendix A.

The different calenlation cases are presented in Tables 4.1 and 4.2. The numerical
results presented in this chapter are based on calculations carried out with the one
dimensional version of the computer program WOOD1. The input data for the
simulations are based on the material data put together in Chapter 3.

Table 4.1 Summary of calculation cases for wood based boards

Calcula- Material Thick- Density Moisture  Boundary condition®

ton case ness rato
mm  kgm3 % Front Rear
side face
i Chipboard 12 700 0.5 1S0O834 no insulation
2 Chipboard 12 700 8.0 ISO834 no insulation
3 Chipboard 1z 760 11.0 ISO834 no insulation
4 Chipboard 12 760 8.0 200 Mim™ no insulation
0.04 m/2
5 Chipboard 12 700 8.0 200 Mfm-2  no insulation
0.08 m1/2
6 Chipboard 19 700 8.0 150834 1o insnlation
7 Fibre board 9 800 0.5 150834 no insulation
8 Fibre board 9 800 8.0 1S0O834 no insulation
9 Fibre board 9  BOO 11.0 150834 no insulation
16 Fibre board 9 80O 8.0 1SO834 insulation
11 Wood boarding 13 500 4.0 ISO834 no insulation
12 Wood boarding 13 560 13.0 1SO834 no insulation
13 Plasterboard 12 790 21.0 ** 1S0O834 no insulation
14 Plasterboard 13 790 21.0 ** J80834 no insulation

*  ISO834 means that the gas temperature follows ISO834. The fire load 200

MIm2 and the opening factors 0.04 mY/2 and 0.08 m1/2 respectively in a fire
compartment type A define the fire exposure.

The air temperature in the room at the rear face is 20 °C. Insulation means the
provision of 100 mm mineral wool behind the wood material.

*#*  Hydration water
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Table 4.2 Summary of calculation cases for wall constructions
Calcula- Material * Thickness  Density Moisture ratio
tion case mm kgm-3 %
15 Fibre board 9 800 8.0
Glass wool 95 23 0.0
Asphalt board 13 350 8.0
16 Chipboard 10 700 8.0
Glass wool 70 17 0.0
Chipboard 10 700 8.0
17 Chipboard 10 700 8.0
Mineral wool 70 32 0.0
Chipboard 10 700 8.0
18 Chipboard 12 700 8.0
Mineral wool 100 32 0.6G
Chip board 12 700 8.0
19 Chipboard 16 700 8.0
Mineral wool 25 32 0.0
Chipboard 9 700 8.0
20 Chipboard 19 700 8.6
Chipboard 19 700 8.0
Mineral wool 25 32 0.0
Chipboard 19 700 8.0
21 Chipboard 19 700 8.0
Mineral wool 100 32 0.0
Chipboard 19 700 8.0
22 Plasterboard 13 790 21.0  hydration water
Mineral wool 25 32 0.0
Plasterboard 13 790 21.0  hydraiion water
23 Plasterboard 13 790 21.0  hydration water
Mineral wool 45 32 0.0
Plasterboard 13 760 21.0  hydration water

* The front side (lowards the fire) is given first

In all calculation cases given in Table 4.2, the boundary conditions on the front side
follow the gas temperature time curve according to ISO834. The air emperature in
the room at the rear face is constant, 20 °C,
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4.1 Chipboard

In Figures 4.1a to 4.1c the calculated temperature, density and moisture distribu-
tions are given at different times for a 12 mm chipboard with moisture ratio of 8.0%

(calculation case number 2).

i CHIPBOARD 12mm h
Dens 700kg/m3, Moisture content 8%
C
1000 rfemp Deg ©)
- — 30h
aoo:_ — oon
~ i 111
600 - ™~ — 16h
fi*}Q:‘“\ — 14h
400 Foso [y 12h
P NE\\ — 1{0h
200 \\‘t\ —— 08h
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L Depth (mm) )

Figure 4.1a  Calculation case number 2. Temperature disiribution in a 12 mm
chipboard at different times. The density is 700 kgm3 and the
moisture ratio is 8.0 %. Fire exposure according to 1ISO834.

Figure 4.1a gives the fire resistance, i.e. when the rise in temperature on the un-
exposed face exceeds 140 0C. The fire resistance is 14 min and 18 sec. In figure
4.1a we can also read out the regression of the exposed surface. At 12 minutes the

regression is about 1 mum and at {8 minutes 2.5 mm.
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Figure 4.1b  Calculation case number 2. Density distribution in a 12 mm chip-
board at different times. The original dry density is 700 kgm™3 and
the moisture ratio is 8.0%. Fire exposure according 1o ISO834.

In Figure 4.1b the effect of pyrolysis on the density is summarised. From the rela-
tionship we can also see when the material has dried out. This is indicated by the
density level 700 kgm3.

If the beginning of the charring zone is defined as the point when 20% of the origi-
nal dry maierial is lost, we have for chipboard (po=700 kgm™3) the level 560 kgm-3.
The charring depth at 12 minutes according to Figure 4.1b is then 6 mm giving a
mean charring rate of 0.5 mm min-1. This is a reasonable charring rate according to
experiments.
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Figure 4.1c  Calculation case number 2. Moisture distribution in a 12 mm chip-

board at different tires. The density is 700 kgm3 and the moisture

content is 8.0%. Fire exposure according to 1SO834.

In Figure 4.1c the drying process of the chipboard is more clearly seen. Owing to

pressure gradients which arise, there is a gradual and steep rise in moisture ratio. In

those parts of the material where the temperature is above 100 °C, vaporisation

occurs. The pressure gradients give rise to a mass flow directed towards the cooler

parts of the material where the vapour condenses.
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Figures on pages 72 to 77 in the Appendix set out the complete set of the calculation
cases 1 to 6 for the chipboard. The results from these calculations are summarised
in Table 4.3

Table 4.3 Calculated fire resistance of chipboard, density 700 kgm-

Calculation  Thickness Moisture ratio Fire resistance
case No mim %o min:sec

i 12 0.5 10:21

2 12 8.0 14:18

3 12 11.0 15:55

4 * 12 8.0 11:24

5 %% 12 8.0 9:00

6 19 8.0 26:06

*  Fire compartment type A, 200 MIm2, 0.04 m!/2
#%  Fire compartment type A, 200 MIm-2, 0.08 m1/2

From Table 4.3 the importance of taking the initial moisture ratio into account is
evident. We can also conclude that in a natural fire characterized by a five compari-
ment type A, a fire load of 200 MIm™ and opening factor of 0.04 m1/2 and 0.08
ml/2 respectively, the fire resistance is reduced by 3 to 5.5 minutes.

Chapter 4



W37

4.2 Fibre board

In Figures 4.2a to 4.2¢ the calculated temperature, density and moisture distribu-
tions are given at different times for a 9 mimn fibre board with moisture ratio of 8.0%
(calculation case number 8).

500L 14
AN 12h

Figure 4.2a  Calculation case number 8. Temperature distribution in a 9 mm
fibre board at different times. The density is 800 kgm3 and the
moisture ratio is 8.0%. Fire exposure according to ISO834.

Figure 4.2a gives the fire resistance. The temperature rise on the unexposed face
exceeds 140 °C after 11 min and 12 sec. The regression of the exposed surface at
12 minutes is only about 1 mm according to Figure 4.2a.
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Figure 4.2b  Calculation case number 8. Density distribution in 2 9 mm fibre
board at different times. The original dry density is 800 kgm3 and
the moisture ratio is 8.0%. Fire exposure according to ISO834.

In Figore 4.2b the effect of pyrolysis on the density is summarised. From the rela-
tionship we can also see when the material has dried out. This is indicated by the
density level 800 kgm™.

In the same way as in Subsection 4.1, the beginning of the charring zone is deter-
mined from Figure 4.2b ar the density level 640 kgm3. The charring depth at 12

minutes according to Figure 4.2b is then 5.5 mm giving a mean charring rate of
0.46 mm min-1,
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Figure 4.2¢  Calculation case number 8. Moisture distribution in a 9 mm fibre

board at different times. The density is 800 kgm-3 and the moisture
content is 8.0%. Fire exposure according to ISO834.

In Figure 4.2¢ the drying process owing to pressure gradients is illustrated.
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Figures on pages 78 to 81 in the Appendix set out the complete set of calculation
cases 7 to 10 for the fibre board. The results from these calculations are sumimar-
ised in Table 4.4,

Table 4.4 Calculated fire resistance of fibre board, density 800 kgm™3

Calculation  Thickness Moisture ratio Fire resistance
case Mo mim % min:sec
7 9 0.5 8:12
8 9 8.0 11:12
9 9 11.0 12:16
10* 9 8.0 G:48

* With 100 mm mineral wool behind the fibre board

From Table 4.4 the importance of taking the initial moisture ratio into account is
evident. We can also conclude that the mineral wool behind the fibre board has a
marked influence on the {ire resistance
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4.3 Wood board

In Figures 4.3a to 4.3¢ the caleulated temperature, density and moisture distribu-
tions are given at different times for a 13 mm wood boarding with a moisture ratio

of 4.0% (calculation case number 11).

4 WOOD BOARDING 1 3mm B
Dens 500kg/m3, Moisture ratio 4%
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Figure 4.3a  Calculation case number 11. Temperature distribution in a 13 mm
wood boarding at different times. The density is 500 kgm and the

moisture ratio is 4.0%. Fire exposure according to ISO834.

Figure 4.3a gives the fire resistance. The temperature rise on the unexposed face
exceeds 140 oC after 11 min and 2 sec. The regression of the exposed surface at 12

minutes s about 1 mm according to Figure 4.3a.
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Figure 4.3b  Calculation case number 11. Density distribution in a 13 mm woed
boarding at different times. The original dry density is 500 kgm-3
and the moisture ratio is 4.0%. Fire exposure according to ISO834.

In Figure 4.3b the effect of pyrolysis on the density is summarised. From the rela-
tionship we also can see when the material has dried out. This is indicated by the
density level 500 kgm3.

In the same way as in Subsections 4.1 and 4.2, the beginning of the charring zone
is determined from Figure 4.3b art the density level 400 kgm-3. The charring depth
at 12 min according to Figure 4.3b is then 8.5 mm giving a mean charring rate of
0.71 mm min-}. This is a reasonable charring rate according to experiments,
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Figure 43¢ Calculation case number 11. Moisture distribution in a 13 mim

wood boarding at different times. The density is 500 kgm-3 and

the moisture ratio is 4.0%. Fire exposure according to 150834,

In Figure 4.3¢ the drying process owing to pressure gradients is illustrated.
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Figures on pages 82 to 83 in the Appendix set out the complete set of calculation
cases 11 and 12 for the wood boarding. The resulis from these calculations are
summarised in Table 4.5.

Table 4.5 Calcnlated fire resistance of wood boarding,
density 800 kgm™3

Calculation  Thickness Moisture ratio Fire resistance
case No mm % ITHISEC
11 13 4.0 11:02
12 13 12.0 14:18

From Table 4.5 the importance of taking the initial moisture ratio into account is
evident.
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4.4 Plasterboard

in Figures 4.4a and 4.4b, the calculated temperature and density distributions are
given at different times for a 13 mm plasterboard (calculation case number 14).
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Figure 4.4a  Calculation case number 14. Temperature distribution in a 13 mm
plasterboard at different times. The density is 790 kgm3, Fire
exposure according to ISC834,

Figure 4.4a gives the fire resistance. The temperature rise on the vnexposed face
exceeds 1400C after 19 min and 32 sec. Compared with the 13 mm wood boarding
the fire resistance is approximately increased by 5 minutes. This is due to all the
hydration water in the plasterboard that has to evaporate before the temperature rises
above 100 °C.
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Figure 4.4b  Calculation case number 14. Density distribution in a 13 mm plaster-
board at different times. The original density is 790 kgm-3. Including
21% hydration water. Fire exposure according to 1S0834.

In Figure 4.4b the effect of calcination is summarised. From the relationship we can
see when the material has been fully calcined. This is indicated by the density level
624.1 kgm3.
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Figures on page 84 in the Appendix set out the complete set of calculation cases 13
and 14 for the plasterboard. The resulis from these calculations are summarised in
Table 4.6.

Table 4.6 Calculated fire resistance of plasterboard,
density 790 kgm-3

Calculadon  Thickness Fire resistance

case No i min:sec
13 12 18:56
14 13 19:32

From Table 4.6 we can see the effect of the thickness of the plasterboard. Increas-
ing the thickness by 1 mm from 12 mm gives an increased fire resistance of 36
seconds.
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4.5 Wall constructions

in this subsection the description of the process in two wall consiructions is given.
The two calculation cases reported are number 19 with 19 mm chipboard and 25
mm mineral wool, and number 22 with 13 mm plasterboard and 25 mm mineral
wool. The complete set of calculation cases 15 to 23 on wall constructions is given
in the Appendix in Figures on pages 85 10 93.

In Figures 4.5a to 4.5¢, the calculated temperature, density and moisture distri-
butions are given at different times for a wall construction with 19 mm chipboard +

25 mm mineral wool + 19 mm chipboard (calculation case number 19).

i 19mm CHIPBOARD+25mmm MINERAL WOOL+ A
19mm CHIPBOARD, Dens 700kg/m3, 32kg/m3
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Figure 4.5a  Calculation case number 19. Temperature distribution in a wall
construction with 19 mm chipboard + 25 mm mineral wool + 19 mm
chipboard at different times. The density of the chipboard is 700kgrm3
and the density of the mineral wool is 32 kgm-3, The moisture ratio
in the chipboard is 8.0%. Fire exposure according to 180834,
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Figure 4.5a gives the fire resistance for each material layer. The temperature rise
behind each material exceeds 140 °C afier 21 min and 5 sec (first chipboard), 35
min and 41 sec (second chipboard).

In Figure 4.5b the effect of pyrolysis on the density and the chipboard is sum-
marised. From the relationship we can also see when the two chipboards have dried
out. This is indicated by the density level 700 kgm3.

In the same way as in the previous subsections the charring zone can be determined
from Figure 4.5b at the density level 560 kgm3.
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19mmn CHIPBOARD, Dens 700kg,/m3, 32kg/m3
1000 Pens (kg/m3)

- e 14}
800 = — 12k
- Y e 100
6(}Qif l} / / / / e 80h
i — oo
40{):[/!’ //f 40n
1] ol
200 i/j/ ./j | — 200
- el 111}
b M e 0

0 25 50 75 100 125 150
L Depth () )

Figure 4.5b  Calculation case number 19, Density distribution in a wall con-
struction with 19 mm chipboard + 25 mm miineral wool + 19 mm
chipboard at different times. The density of the chipboard is 700k g3
and the density of the mineral wool is 32 kgm3. The moisture ratio
in the chipboard is 8.0%. Fire exposure according to 1SO834.
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In Figure 4.5¢ the drying process owing to pressure gradients is iliustrated., In

the

calculations it is assumed that the total pressure in the insulation layer remains at

atmospheric due to leaking through the boards.
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Figure 4.5¢  Calculation case number 19, Moisture distribution in a wall con-

struction with 19 mm chipboard + 25 mm mineral wool + 19 mm

chipboard at different times. The original dry density of the chipboard

is 700kgm-3 and the density of the mineral wool is 32 kg3, The
initial moisture ratio in the chipboard is 8.0% and in the mineral

wool 0.0%. Fire exposure according to 1S(O834.
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In Figures 4.6a and 4.6b the calculated temnperature and density distributions are
given at different times for a wall construction with 13 mum plasterboard + 25 mm
mineral wool + 13 mm plasterboard {calculation case number 22).

Figure 4.6a gives the fire resistance for each material layer. The temperature rise
behind each material exceeds 140 0C after 18 min and 20 sec (first plasterboard), 24
min and 57 sec (mineral wool) and finally, 55 min and 55 sec (second plaster-
board). In Figure 4.6a we can also determine the itme for the loss of ihe first
plasterboard, i.¢. when the temperature criterion 550 °C at the rear face is satisfied.
The loss time is 24 min.
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Figure 4.6a  Calculation case number 22, Temperature distribution in a wall con-
struction with 13 mun plasterboard + 25 mmm mineral wool + 13 mm
plasterboard at different times. The density of the plasterboard is
790 kegm-3 and the density of the mineral wool is 32 kgm3; Fire
exposure according to 150834,
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In Figure 4.6b, the effect of calcination on the density of the plasterboard is sum-

marised. From the relationship we can see the calcination depth at a given time.
This is indicated by the density level 624.1 kgm-3, i.e. the plasterboard density

minus the 21% of hydration water.
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Figure 4.6b  Calculation case number 22. Density distribution in a wall construc-

tion with 13 mm plasterboard + 25 mm mineral wool + 13 mm

plasterboard at different times. The original density of the plaster-
board is 790 kgm3 including 21% hydration water and the density of
the mineral wool is 32 kgni-3: Fire exposure according to 1S0834.
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Figures on pages 85 to 93 in the Appendix set out the complete set of calculation
cases 15 to 23 on wall construciions. The results from these calculations are sum-
marised in Table 4.7.

Table 4.7 Calculated fire yesistances of wall constractions
Calcula- Material Thickness Density Moisture  Fire
fion case content resistance
mm kg To Min:ses
15 Fibre beard 9 200 8.0 o047
Glass wool 95 23 0.0 23:19
Asphalt board 13 350 8.0 33:52
16 Chipboard 10 TOG 8.0 3:18
(lass wool 70 17 0.0 2450
Chipboard 10 700 8.0 36:44
17 Chipboard 10 T00 8.0 922
Mineral wool 70 32 0.0 29:47
Chipboard 10 700 8.0 50:45
18 Chipboard 12 700 8.0 i1:24
Mineral wool 160 32 0.0 39:00
Chip board 12 700 g.0 71:43
16 Chipboard 19 700 8.0 21:058
Mineral wool 25 42 0.0 35:25
Chipboard 19 700 8.0 T4t
20 Chipboard 19 700 8.0 25:41
Chipboard 19 700 8.0 533:02
Mineral wool 25 32 0.0 68:08
Chipboard 19 700 8.0 100:19
21 Chipboard 19 700 8.0 2436
Mineral wool 100 32 6.0 50:11
Chipboard 19 700 8.6 105:45
22 Plasterboard 13 790 21.0 18:20
Mineral wool 25 32 0.0 24:57
Plasterboard 13 790 21.0 55:55
23 Plasterhoard 13 790 210 % 18:20
Mineral wool 45 32 0.0 31:48
Plasterboard 13 790 21.0 * 7440

* Hydration water included in the density of the plasterboard

Numerical resilis
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From Table 4.7 we can see that the fire resistance for a material layer is influenced
by the material layer behind it. As an example, compare the fire resistance of the 19
mm chipboard in case number 19 with the fire resistance of the first chipboard in
case number 20. The fire resistance in case number 20 is increased by 4 min and 36
sec due to the change in material from mineral wool to chipboard. The temperature
rise behind the chipboard in case number 19 is faster due to the material properties
of the insulation. This implies that the total fire resistance of a wall construction
cannot be determined by adding the individual fire resistance of a material layer
determined from separaie tests. The complete construction must be tested. An
alternative method is described in the calculations.

4.6 Discussion of numerical resulis

The charring depth at a given time is determined from the Figures showing the den-
sity distributions. As seen from these relationships, the charring takes place as a
gradual decrease of density from the original material to the final density of the
charcoal. The determination of the charring rate demands a definition of a density
level for the charring front.

In the calculations the f{inal charcoal density of the building panels, with original
density more than 500 kgm-3, is put to 200 kgm-3 and for wood materials with
original density less than 500 kgm-3 to 150 kgm-3, When a visible charring starts,
the density level is above the final charcoal density and below the original density.

In the calculations the beginning of the charring zone is defined as the point where
the density is decreased by 20% of the original dry wood material. The data for the
different materials are as follows

chipboard  (pg = 700 kgm3) po.g = 560 kgm3
fibre board  (pg = 800 kgm-3) pog = 640 kgm™3
wood board  (pg = 500 kgm) 0o.g = 400 kgm™3

These density levels are used in the calculation of the mean charring rate at 12 min-
utes fire exposure according to 1SO834. The analysis is limited to the moisiure ratio
8%. The influence of the insulation in the wall construction is not taken into con-
sideration. In the case with wood panels, the calculations include only the moisture
ratios 4 and 12%. The charring rate of a wood panel with 8% moisture ratio is

approximated as the mean value of these two calculation cases.

Chapier 4
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Figure 4.7 sets out the determined charring rate of the three materials as a function

of the original dry density.

The relationship in Figure 4.7 is somewhat improper because we have compared

materials with the same moisture ratio 8%. But the different dry densities of the

materials give different moisture content af the same moisture ratio. If the values of

the wood panel with 12% moisture ratio is used instead, the comparison between

the three materials is more accurate. The charring rate is then decreased from 0.63

to 0.56 mm per minute. The relationship in Figure 4.7 is then approximately linear.

g CHARING RATE AS A FUNCTION OF DENSITY b
08 Char. rate (mm/min)
I
0.7
i
0.6 \
0.5 \\
- N\
A -
04 ) 1 L i i ) i 1 1 1 L A ; : i | — ZOh
400 500 600 700 800 800 1000
. Dens (kg/m3) D
Figure 4.7  Charring rate as a function of original dry density
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The influence of moisture ratio on the charring rate can be studied for the fibre

board and chipboard in Figures 4.8 and 4.9 respectively.

As is clearly seen, the moisture ratio has a decisive influence on the charring rate.

An insulation of the rear face influences the charring rate as well. The charring rate

of the fibre board at 8% mwoisture ratio is increased from 0.46 mm min-! to .58

mrn min-! when the rear face has an insulation.

g CHARING RATE OF FIBRE BOARD
08 Char. rate {mm,/min)
0.7
0.6
05
04_ I 5 | ! 3 L L . 3 ) L 1 L L MT‘M‘: N ress— .20h
0 2 4 G 8 10 12
Moisture ratio (%)
.
Figure 4.8 Charring rate of fibre board as a function of moisture ratio
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Figure 4.9  Charring rate of chipboard as a function of moisture ratio
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5 COMPARISON OF CALCULATED AND MEASURED FIRE
RESISTANCE

The comparison of calculated and measured fire resistance is based on an evaluation
of the calculations described in Chapter 4, and experiments according to 12}, [3],
{121, {131 and [ 14]. The comparison is based on the performance requirement as set
out in the internationally accepted test method ISC 834, This implies that the fire
resistance is taken to be the time when the insulation requirement is no longer com-

plied with, i.e. when the rise in temperature on the unexposed face exceeds 140 °C.

5.1 Measured fire resistance

The tests on the wood based boards have been carried out at the fire laboratory of
the Swedish Institute for Wood Technology Research, Stockholm [2] and {3]. The
results of tests on wall constructions are collected from several testing institutes and
are summarised in [12], [13] and [14]. The test results refer to both small size and

full size furnaces.

The tests on the boards [2] and [3] are performed in a small size furnace with the
external size 620x525x600 mm,

The furnace consists of a steel box with the interior covered with insulating brick,
type Porosil-G. The density of the brick is 850 kgm-3 and the thickness 70 mm.
The internal surface of the furnace is covered with 3 mim thick fire resistant cement
plaster. The furnace is heated with Calor gas and the regulation of oxygen and gas
is operated manually in such a way that a thermal exposure according to IS0 834 is
obtained.

The temperatures in the furnace and the test object are measured with thermo-

couples of type Cromel-Alumel.

The results from the small size furnace have been compared with test results from
the full size furnace at the Fire Laboratory of National Swedish Testing Institute,
Borfs, The agreement between tests in small size and full size furnaces is shown to
be good.

Comparison of calculated and measured fire resistance



In Table 5.1 some of the results from tesis in the small size furnace are summar-
ised. The summary is based on tests reported in 2] and {3].

Table 5.1 sets out only the test result for the time when the insulation requirement
Tpack= 140 ©C, is no longer complied with.

Table 5.1  Experimentally determined fire resistance of wood based boards.
The fire resistance is taken to be the ime when the insulation require-
ment Thack= 140 °C, is no longer complied with.

Material Thickness Density  Moisture Fireresis-  Ref
ratio tance
min kgm-3 % min:sec
Chipboard 12 125 8.1 16:02 [2]
Chipboard 12 720 8.1 14:45 (21
Chipboard 19 705 8.3 24:57 [2]
Chipboard 19 705 8.3 26:30 [2]
Fibre board 9 780 0.4 8:18 [2]
Fibre board 9 780 0.4 8:51 2]
Fibre board § 810 8.4 11:51 2]
Fibre board 9 &10 8.4 11:21 [2]
Fibre board 9 790 10.7 12:39 2]
Fibre board 9 800 10.7 13:01 {21
Fibre board + insul 9 785 8.4 11:19 (2]
Fibre board + insul 9 785 8.4 10.43 [2]
Wood boarding 12.5 505 12.7 14:58 [3]
Wood boarding 12.5 560 13.2 13:57 [3]
Wood boarding 12.9 550 4.0 12:46 [3)
Wood boarding 12.9 505 3.8 12:01 131
Plasterboard 13 700 - 17:26 {2]
Plasterboard 13 700 - 18:27 2]
Plasterboard 13 800 20:00 [14]

The tests on wall constructions are reported from both small size and full size fur-
naces. The results from tests are summarised in Table 5.2 and the size of the fur-
nace used is indicated in the table. In cases where the temperature is measured
between material layers, the fire resistance for each layer is given.

Chapter 5
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Table 5.2 Experimentally determined fire resistance of wall constructions. The
fire Tesistance is taken 1o be the time when the insulation requirement

Thack=140 9C is no longer complied with.

Material Thick-  Density Moisture Furnace Fire Ref
ness ratic size resistance
T kgm? % minutes

Fibre hoard 9 200 8.0

Glass wool 95 22.5 0.0

Asphalt board 13 350 8.0 F 35 [12}
Chipboard 10 766 8.0

Glass wool 70 17 0.0

Chipboard 10 700 £.0 F 37/20/31/24 {12}
Chipboard 10 700 8.0

Mineral wool 70 32 0.0

Chipboard i0 700 2.0 F 61/59/57/51 112}
Chipboard 12 680 8.0

Mineral wool 100 32 4.0

Chip board 12 680 8.0 F 125 [13]
Chipboard 16 700 3.0 5 22

Mineral wool 25 32 0.0 8 28

Chipboard 19 700 8.0 § 66 [14]
Chipboard 19 700 8.0 8 26

Chipboard 19 T00 8.0 s 49

Mineral wool 25 a2 0.0 S 55

Chipboard 16 760 8.0 S 92 [14]
Chipboard 19 700 8.0 S 721

Mineral wool 100 32 0.0 s 40

Chipboard 19 TO0 8.0 5 110 j14]
Chipboard 19 700 &8.0 F 20

Mineral wool 100 32 0.0 F 40

Chipboard 19 TO0 8.0 g 106G [14]
Plasterboard 13 300 s i8

Mineral wool 25 32 0.0 S 26

Plasterboard 13 800 - S 53 [14]
Plasterboard 13 200 - S 19

Mineral wool 45 32 3.6 s 27

Plasterboard 13 800 - S 59 (14}
Plasterboard 13 800 - F 16

Mineral wool 45 a2 0.0 F 24

Plasterboard 13 8O0 - E 58 (14}

Comparison of calculated and measured fire resistance
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Notes to Table 5.2:

1 The density is in several cases very approximate

2 The motlsture ratio is not explicitly given in the test reports but the 8%
moisture ratio is normally a reasonable value indoors.

3 Furnace size: S = small size  F = full size

4 Fire resistance: In two cases there are several tests on the same wall type.

The test results are separated by slashes in the column.

As seen in Table 5.2 there is a considerable scatter in the test resules of walls num-
bers two and three. The maximum difference for wall number two is 17 minutes
and for wall mumber three 10 minutes. The scatter 1s not an exception in fire tests.
In these cases the different fire resistances may be explained by the loss of the
chipboard and some of the insulation in the wall.

5.2 Calculated and measured fire resistance

The calculated fire resistance is given in Tables 4.3 to 4.7 in Chapter 4. The cal-
culated and measured fire resistance of wood based boards is summarised in Table
5.3 and Figure 5.1, and the fire resistance of wall constructions is given in Table
5.4 and Figuore 3.2.

A comparison of the calculated fire resistance of boards and those measured in the
tests shows very good agreement. The maximum difference between the tests and
the calculations is only about I minute.

Chapter 5
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Table 5.3  Calculated and measured fire resistance of wood based boards

Calcu- Material Thick- Density Moisture  Fire resistance
lation ness ratio calculated measured
case No mm kgn3 %6 minisec  minsec
i Chipboard 12 706 0.5 10:21 -
2 Chipboard 12 706 8.0 14:18  14:45/16:02
3 Chipboard 12 700 11.0 15:55 -
4 Chipboard* 12 700 8.0 11:24 -
5 Chipboard** 12 700 8.0 9:00 -
6 Chipboard 19 760 8.0 26:06  24:57/26:30
7 Fibre board 9 800 0.5 8:12 8:18/8:51
8 Fibre board 9 800 8.0 11:12  11:21/11:51
G Fibre board G 800 11.0 i2:16  12:39/13:01
10 Fibre board®** 9 800 8.0 9:48  11:19/10:43
i1 Wood boarding 13 500 4.0 11:02  12:01/12:46
12 Wood boarding 13 500 i3.0 14:18  13:57/14:58
13 Plasterboard 12 790 - 18:59 -
14 Plasterboard 13 790 - 19:32 17:26/18:27/20:00
* Fire compartment type A, opening factor 0.04 mb2, fire load 200 MJm-2
ok Fire compartment type A, opening factor 0.08 m1/2, fire Joad 200 MIm2

Ak With 100 mm mineral wool behind the fibre board, p=150 kgm3

Comparison of calculated and measured fire resistance
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. N
Fire resistance
(min)

30

25

20

15 5 % %

’ - -
10 = / Calculated

i 2 3 4 /5 6 7 8 9 10 11 12 13 14
Caleulation case

Figure 5.1 Comparison of calculated and measured fire resistance of wood based
boards. In the figure the scatter from the tests is indicated. The calcula-
tion cases are numbered according to Table 5.3.

The differences between calculated and measured fire resistance are considerably
larger than those for the boards. This is due to the greater difficulty in
approximating the behaviour of a wall construction. We have phenomena such as
the loss of the board and insulation as well as the influence of differences attributed
to the manufacture of the wall. This is also reflected in the greater scatter in test
resulis. A further complication is to measure accurately the surface temperatures of
the ditferent materials inside the wall construction.

However, the calculated fire resistances of the wall consiructions in most cases give

an acceptable agreement with experimentally determined fire resisiances.

Chapter 5
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e ™
Fire resistance
{min)
150
s}
100

Calculated

et St 3 G G G LT S ey,

Measured

23

7 18 19 20 22

Calculation case

21

Figure 5.2 Comparison of calculated and measured fire resistances of wall

constructions. The calculation cases are numbered according to
Table 5.4,

The measured fire resistance of the wall corresponding to calculation case number
18 is extremely high, 125 minutes. This seems to be some misjudgement from the
tests, especially as the test on wall number 21 with 19 mm chipboard only gives the
fire resistance 100-110 minutes.

The calculations illustrate that the compuier programme WOOD is well suited for

generelisation of the test resuls.
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¢ SUMMARY

in an increasing number of countries, fire classification of elements of construction
which is based on analytical treatment instead of the results of furnace tests in
accordance with 1SO 834 is beginning 1o be permitted. In Sweden, analytical fire
engineering design of loadbearing and separating constructions as an alternative to
design on the basis of standardised thermal action in accordance with ISO834 has
been approved for a long time.

One fundamental prerequisite for analytical wreatment of the design process is the
development of an analytical model for the essential physical process in heated
wood material. The model must be capable of treating transient temperajure and
moisture states in both uncharred and charred portions of the cross section, as well
as the growth of the charred layer in combination with its oxidation at the surface
due to variable thermal action. Material data for such a model must also be pro-
duced.

The calculations in this work are based on the model developed by the author and
presented in {1]. Simulations have been made with the unidimensional computer
program WOOD1. All the material data for description of the wood material have
also been taken from [1],

Since the model demands a large quantity of material data which vary both with
temperature and the densiiy and moisture content of the material, it is obviously
possible to modify the properties so that a satisfactory description of the physical
processes is obtained. This is however a reprehensible procedure. All that this ap-
proach provides is a measure of how well the input data have been chosen. The

following method for the choice of input data has therefore been decided on.

In the calculations which have been carried out, all material data have been taken
from [1]. The input data which have been varied are the thickness, density, mois-
tare confeni and thermal exposure of the material. These few and simple input data
are of a type that are known in conjunciion with a fire engineering design.

The results of all calculations are presented in diagrams in which the three different
calculated quantites have been set out as a function of the distance from the surface
exposed o fire at different fimes. The presentation comprises temperature profile,

density distribution and moisture profile.
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Assessment of the fire resistance of the board material is based con the same perfor-
mance requirements as those set ouf in the internadonally accepted test method, 18O
834, or its Swedish counterpart SIS 02 48 20. This implies for the calculations that
the fire resistance is taken to be the time when the insulation requirement is no

longer complied with, i.e. when the rise in temperature on the unexposed face
exceeds 140 °C.

A comparison of the calculated fire resistances and those measured in the tests
shows very good agreement. The maximum difference between the tests and the
calculations is only about 1 minute for wood based boardes. For the wall construc-
tions the maximum difference is larger but normally not more than 10 minutes.

Chapter 6
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