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FOREWORD

Wood is a renewable natural material which has a long
tradition in building technology. From the point of view
of energy, it is superior to non-renewable Luilding mat-
erials. The energy consumed in producing wood, for in-
stance, is only about 10% of that in producing steel.
Wood causes far less damage to the environment than most
gther building materials, and residual products from wood
processing amount to only between a guarter and a half of
corresponding residual products fram mining and mineral
processing.

About one helf of Swedish wood production is ubilised

in prefabricated houses, building components and glued
laminated timber - and to a dominant extent in differ-
ent types of loadbearing and sgparating constructions
and cladding materials. Teo this must be added a produc-
tion share for building joinery, amounting to about 15%.

Traditionally, wcod andwood-based products have bsen
used to a large extent for private dwellinghouses, and
at present about 90% of private dwellinghouses in Swedsn
are made of timber. Up to about 20 years ago the method
of construction was relatively uniform, with the build-
ing frame made in the form of a stud system in loose and
pre-cut timber, and, in some cases, prefabricated wall
blocks, often erected without any internal cladding or
insulation.

In recent decades the methods of building private dwell-
inghouses have increased in number in step with the in-
creased prefabrication of frame systems, and at present
there are aboui ten system groups ranging from pre-cut .
timber to room units. The trend appeers to be towards s
further increase in the number of systems.

Changed conditicns relating to construction - primarily
problems relating to energy and the shortage of trained
labour on the construction sites - have provided the
initietive for new lines of development for buildings
and building compcrents of which weod and wood-based
products form a part. Examples of these ars thin and
composite structural elements of timber, composite can-
structian comprising timber and metal shesting as load-
bearing elements, and sandwich construction comprising
loadbearing wood-based boards with an infill of foamed
plastics.

Wood and wood-based products, especially glued laminated
timber and sandwich units, are alsc well suited for
different types of larger structures for large-span and
multistorey buildings, etc. However, in Sweden timber

is not a traditicnal maeterial in this field, and there
is only limited experience available. In countries such
as Canada, Switzerland, Germany and USA, on the other
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large-span industrial, sports and exhibition buildings,
multistorey buildings of up to five storeys, churches
and bridges on rural roads.

Timber constructicn technology was for & long time an
arsga in which little research was done, and the amount
of expenditure on research was of very small extent
compared with that relating to steel and cancrete con-
struction. Recently, however, the Swedish Board for
Technical Development (STU), together with the timber
industry, came to a decision to allocate considerable
funds for timher research and davelopment over a five
year period, and timber construction technology was
considered to be one of the subject areas in which
development of capability and expansion of knowledge
were important. Two programme proposals, namely
JOHANESSON, C M, "Timber constructicn technoleogy - re-
search and development needs”,STU Information Bulletin
No 207/1981, and GIRHAMMAR, U A, "Large-span buildings
of timber - research and development in the field of
large timber structures”, STU Information Bulletin No
293/1882, have besn drawn up by commission of STU to
pravide the hackground to this work. The object of
these publications is to initiste projects and to serve
as the hasis for the planning of research in the field
of timber construction,

It is essential that fire protection should be given a
central place in future timber construction research.
This is emphasised in the national collective fire
research praogramme for 1982-84 which has been drawn up

by the Swedish Board for Fire Research (BRANDFORSK).

In order that a planning instrument may be created for
such nationally integrated fire ressarch, BRANDFORSK

has commissioned the Division of Building Fire Safety and
Technology at Lund Institute of Technology to produce a
research programmz for the subject area timber structures
and fire.

This report presents such a programme against the back-
ground of a brief review of existing knowledge in this
area. LChapter 1 examines design methods and related
performance requirements and criteria against an inter-
national present state and development perspective, and
draws certain conclusions regarding urgent research pro-
jects of an overriding character. Chapters 2-7 give
corresponding reviews of the state of the art in rela-
tion to the different stages of the design process, and
research projects of a more limited extent, formulated
on the basis of this review, are cutlined. Finally,
Chapter 8 summarises the projects and gives brief de-
scriptions of these and the estimated staff requirement
and financial eommitment. The interrelationship between
the projects is highlighted, and an outline strategic
plan is pressnted for an integrated and nationally
coordinated research effort.



thanks also to Gunilla Ljungguist who typed the manu-
seript, and to Lilian Johansson who drew the figures
in the report.
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1. DESIGN PRINCIPLES,
AND CRITERIA

PERFORMANCE REQUIREMENTS

Introductory review

Methods for the design of loadbearing structures under
fire expesurs conditions, which are applied internation-
ally, may be described in cutline with reference to the
matrix set out in FIG. 1.1 /1.1/. This is based on three
types of thermal exposure (Hy. Hp and H3z) and three
types of loadbearing structure (84, S5 and Sa). The
following typical definitions apply.

Model for S, S, S,
structure » -
omplete
Eterment Substructure struc‘%ure
l l : {‘_J,i R |
Ll
5 IREAE
I‘\f]odei for I o ’ it A ,,L
therma ﬁ T
exposure e 7
150-8B34
T test or calcuiation
H ! calculation exceptionally
L ! (deterministic) | testing
' {deterministic)
teg
I1S0-834
¥ test or calculation, calculation
F{z ! calculation exceptionally | (probabilistic)
i {probabiiistic} | testing should be
! {probabilistic) [ avoided
te
real fire
T calcuiation calculation calculation
Hs {probabilistic) | (probabilistic) | (probabilistic}
in speciat cases
and for research
FIG. 1.1, Schematic description of different methods for
the design of loadbsaring structures under
fire exposure conditions.
81 - a simplification of a real! loadbearing structurs

by breaking this down into individual elements such
as beams and cclumns which are as a rule simply
sypported
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a real locadbeering structurse.

thermal exposure according to IS0 834 or national
standards corresponding to this /1.2/. This expos-
ure is predominant internationally in practical
design and is based on the results of standardised
fire tests and associated classification. In some
countries it is permissible for such a classifica-
tion to be alternatively based on the results of
analytical calculations. The exposure is defined
by the expression

T - T, = 345 logy, (8t + 1) (1.1}
where

t = time in minutes

T = furnace temperature at time t (°C)

T = furnace temperature at time t = 0 (°C)

u]

The time try specified for thermal exposure in a
test or corrssponding calculation varies according
to the situation concerned, and is laid down in
e.g. the Swedish Building Code (SBN).

the same thermal exposure as that according to Hy,
Equation (1.1). The time tg of thermal exposure is
determined in each individual case by the real fire
process in the fire compartment. In practice, this
is carried out on the basis of the equivalent fire
duration tg which is defined as the time requirsd
for thermal exposure according to IS0 834 which
produces the same critical effect on the structure
concerned as a real fire. For steelwork, the follow-
ing approximate formula can be used /1.3/:

T .
t_ = 0.067 fmin} (1.2)
e {Aﬁ‘l )1/2
Aot
where
f = fire load intensity in the fire compartment in

MJ/m?2 of enclosing surface

total area of window and door openings, m?

mean value af the height of openings, weighted

with respect to the arsga of the opening con-

cerned, m

A = total internal enclosing surface of the

tDt N N . N 2
fire compartment inclusive of openings, m*.

A
h

exposere due to a real fire. The exposure can be
Ao mmt b e 2 L e e o b dime mrlitve relatrinoe s1the™



be determined on the hasis of the heat and mass
balance equations of the fire compartment, or from
available manuals. FIG. 1.2 gives an example of
such data, taken from the Commentary to the Swed-
ish Building Code 1976:1.

To these typical definitions must be zdded the following
comments regarding Lhe models for thermal expaosure, the
H models.

Loadbearing and separating constructions of combustible
material may themselves provide considerable additional
input in the event of fire. This is not taken into con-
sideraticen in furnace tests according to ISO 834, in
which the input power of the furnage is regulated in
such a way that the prescribed curve of the furnace tem-
perature T as a function of time t conforms to Eguation
(1.13. In a given furnace, this reguires an input power
which is considerably less in a test on a structure of
combustible material than in & test on a non-combustible
material, particularly if the latter abscrbs a large
amount of ths input power.

From the point of view of thermal exposure, the time
curve for the heat flow rate supplied to the structure

is critical with regard to the fire behaviour of a struc-
fure. International discussions are therefore taking
place within IS0 concerning a possible change to con-
trolling thermal exposure in a furnace test so that it
conforms to such a time curve for the rate of heat flow
towards the element of construction being tested. How-
ever, it is at present difficult to predict whether such
a change is probable.

In order to simplify description of the thermal exposure
on a loadbearing and/or separating construction of non-

combustible material in the event of fire, Harmathy has

introduced the concept of normalized heat load which is

defined by the expression /1.4, 1.5/

T

= 1 1/2 op
H, = T é q dt (s C) (1.3)
where
q = the heat flow rate towards the constructions enclos-

ing the fire compartment, at time t (W/m?)
1 = duration of fire exposure (s}
V{kpC) = the thermal inertia of the enclosing construc-
tions (3/m2sl/29(¢), where k = thermal conducti-
vity, p = density, and C = spascific heat capacit

This ccncept carn be used to quantify the thermal expaos-
ure potential, both in conjunction with exposure accord-



The gas femperature-time curves for a real fire, which
are exemplified in FIS. 1.2, presuppose a fire compart-
mant of a size applicable to e.g. dwellings, crdinary
offices, schools, hospitals, hotels and libraries. In
the case of fire compartments of very large volume -
e.g. industrial and sports premises - the curves do not
give a good representation of the actual Tire exposure.
This is also true for the gas temperature-time curve
(Hq) whieh is applied in standard fire tests.

in the event of a fire in large premises, a loadbearing
structure may be subject to local exposure which is more
intanse than that described by the gas temperature-time
surve according to FIG. 41.2. This may occur mainly in
the case of loadbearing structures or elements which

sre placed in a corner of the premises or which, owing
o their great height, form "screens” with intermediate

speces. It is known from rsal fires - =e.g. from the fire
at the Star Dust Club discotheque in Bublin an 14 Feb-
ruary 1861 - that loadbearing and separating structures

may in such an event be subjected to very high levels
of exposurse, up to 250 kW/m?.

At present there is no analytical simulation model avail-
able which describes in a satisfactory manner the firs
process in a fire compartment of largs volume. Resesarch
in this area is therefore of high prierity. This is &also
emphasisad, for instance, in the fire research programme
for the period 1982-84, adopted by the Swedish Board for
Firs Research (BRANDFORSK), which contains & projest B.1/
"Cire spread and fire process in large premises”, the
primary object of which is to collate and evaluate the
present state of knowledge in the field of fire physics,
identify the need for research, and propose suitable
projects. From the point of view of fire physies, work

on such a programme consists of two parts. The first
relates to the propagation and growth process of the
fire, and is mainly based on a combustion technology
approach. The second is based on a more refined fluid
mechanics approach, and comprises determination of mass
flows, temperature and velocity profilss in fire plumes,
and gas flows below the ceiling.

in ths light of these comments concerning the thermal
exposure models, this introductory review is finally
summarised by way of some views on the practical rele-
vance of different combinations of H and S models.

As mentioned in the foregoing, the internationally domi-
nant design procedure is based con thermal exposure
according to Type Hq. The fire resistance tg,. of the
loadbearing strusture is normally determined by furnace
tests according to IS0 834, but analytical caloulation
of tgep is beginning to be accepted in an increasing num-
ber of countries as an alternative. See /1.6/ - /1.11/.
The IS0 standard has limited application for elements

Cr i ar ok am heame . eninmne. wAalls., Floors
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FIG. 1.2. Examples of gas temperature-time curves for a
real fire as a function of the fire lvad in-
tensity f and the opening factar A¢F/At0t of
the fire compartment. According to Commentary
to the Swedish Building Code 1976:1, Fire Com-
partment Types A.

In & few countries, howsver, applicatien of the proced-
ure has been extended to the combination Hq - S, prim-
arily in association with analytical determination of
the fire resistance. The combination Hq - S3 involves
far too large an imbalance in the description of ther-
mal exposure and loadbearing systems to he acceptable
in practice.

A cesign based on natural fire sexposure - exposure Type
Hy - is generally characterissd by analytical treatment.
For rapid practical application, it is necessary for
systematised design data in the form of e.g. manuals to
be available. In such cases it is usyally the combina-
tion Ha - So which is used, and in certain cases the
combination Hg - 84. Design according to the comhination
H3y - S5 generally demands access to a computer to be

.



Design for thermal exposure of the H, type is based in-
directly on a real fire, described by the temperature-
time curve according te IS0 834, Equation (1.1}, with
reference to the concept of eguivalent fire duration t_.
The behaviour of a loadhearing structure, calculated for
such an exposure, is different from its behaviour in a
real fire situation in casss where the heating history
is of significance. In the combinaticn Hy - Sq design
can be performed either analytically or on the basis

of a furnace test according to 150 834. In the combina-
tion Hy - S analytical design is the normal procedure,
and experimental verification is an exception., The som-
bination Hp - 83 is really a roundabout way of approach-
ing a design according te the combinatian Hz - 55, and
should therefore be avoided.

1.2 Internationally aceepted conventional design

The internationally accepted conventicnal design method
of fire design for loadhearing and sepearating strustures
may be summed up by the flow chart in FIG. 1.3.

The fire resistance tgp of the element of censtruction
is determined by the standardised Nordic test method
NORDTEST FIRE 005 which is identical to ISD 834. The
elament of construction is subjected in a furnace test
to thermal exposure according to Eguation (1.1) - Type
Hq - within prescribed tolerances. Heating continues
until the element of construction ceases to comply with
the specified performance requirements, and the time at
which this occurs defines the fire resistancs tg, of
the element of construction.

For a loadbearing element of construction, the perform-
ance requirement implies that it shall not coilapse at

a time t ¢ tpp for the asctual load, selected according
to Subclause 21:234 of the Swedish Building Code SBHN
1980. For a separating construction the performances
reguirement implies that it shall be capable of prevent-
ing the spread of fire to the adjoining fire compart-
ment for a time t < tep. As far as the test procedurs

is concerned, the performance reguirement contains a
sub-reguirement concerning resistance to the penetra-
tion of flames and hot gases {the integrity requirement},
and a sub-requirement concerning limitation of tempera-
ture rise on the face of the element of construction
remote from the fire (the insulation reguirement]).

Fer an element of construction which has a dual load-
bearing and separating function, all three performance
reguirements - the loadbesaring, integrity and insula-
tion requirements - must be complied with for t < tp..
During dasign, according to FIG. 1.3, the fire resis€~

R~ L I T = T TN P S Y IR AU IR I
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(1.4)

For loadbearing slements of construction, the prescribed
fire resistance classes are set out in Clause 37:32 of
SBN 1980. These reguirements are differentiated with
respect to

o the type of buillding
v the magnitude of fire load
o} the number of storeys and the vertical position of

the element of construction in the building

G the consegquence of the failure of the =2lement of
constructian.

Similarly., for elements of construction with a separat-
ing functicn, the prescribed fire resistance classes
are sel out in Subclause 37:422 of SBN 1980.

Use of
heilding

Height of
building

Prescribed
SBN 1980 _ | fire resistance
ciass ty

Magnitude of
fire load

Significance
of element of
construction

Etement of
construction 7
concerned g Fire resistance
Specified of element of
construction Yr
Design |load

g

FTIE. 4.3, Tnternatiorallyv arcected conventional decicen



1.3 Analytical desipn based on real fire exposure

In the last few decades, great advances have besen made
in the field of analytical fire design of loadbearing
structures. The aim is to devise a design procedure
which is based on the properties of Lthe real fire pro-
cess - exposure Type Hy - the structure of which agrees
with the design technigue normally applied for the mede
of acticn and loadbesaring capacity of structures at
ordinary temperatures.

FIG. 1.4 pives an outline of the calculation procedure.
Ouring design the least loadbearing capacity Rgq of the
structure during a fire is calculated, and this is com-
pared with the design load effect 54 during the fire.

The design thermal exposure to which a loadbearing struc-
ture is subjected in the event of fire in & fire compari-
ment is determined partly by the design fire lcad inten-
sity f and pertly by the properties of the fire compart-
ment., The ecritical influence exerted by the fire com-
partment is due partly to the opening factor which is

a function of the height and area of window and door
openings, and partly to the thermal properties of the
constructions enclosing the fire compartment, i.e. the
type of fire compartment. See FIG. 1.2,

For a loadbearing structurs whose properties are speci-
fied, the design fire exposure, ltogether with data con-
cerning the thermal properties of the material contained
in the loadbearing structure and the surface heat trans-
fer conditions relating to the free surfaces of the load-
bearing structure, provides the basis required for deter-
mination of the temperature Tield of the loadbearing
structure as a function of time. When the mechanical pro-
perties of the loadbearing material at elevated tempe-
ratures are known, this temperature field can bhe con-
verted by calculation into the stress-strain curve at
varying temperature and load levels of the loadbearing
structure when this is exposed to fireg. If this is then
related to a failure criterion, the variation in time

of the loadbearing capacity of the structure can be cal-
culated.

The least value of this during the fire defines the
design loadbearing capacity Ry whish is to be comparsd
with the design load effect Sy in the event of fire.
The design reguirement is that

(1.53

In general, SBN 1880 permits analytical fire design of
loadbearing structures according teoc the procedures set
out in FIG. 1.4 as an alternative toc the conventional
Shtornatinanal dAeston arceordine o Section 4.7, The de-

15



associated regulations for fire load intensity, loads
and loadhearing capacity are given in Subclauses 21:234
and 37:332 b of SBN.

Practical applicaticn of the design method is made easier
by manuals granted type approval by the Swedish Board of
Physical Planning and Building /1.12/7, /1.13/.

Type of fire
compartment

Design fire Design fire
load exposure

v

Opening factor
of fire compart-
ment

Surface heat
¥ transfer

Temperature-tima conditions
field of structure

- Thermal proper-
Constructional ties of material
1 data of 4
structure
Stress-strain .
curve for < Mechanical proper-
structure ties of material
& X
Design load-
bearing
capacity Ry
No Yes
- RSy Stop
Design load
effect Sd

FIG. 1.4. Flow chart for analytical fire design of load-
bearing structures on the basis of real fire
EXPOSUTE.,

1.4 Design based an the concept of eguivalent
fire duration

As described in detail in Section 4.3, the Swedish Build-
sne Tode pmermits aralvitical desien of loadbearine amd
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which is based on the results of fire tests according

to 180 834, In the as yel rare cases where similar ana-
lytical design is accepted in other countries, this is

as a rule associated with the concept of equivalent

fire duration - thermal exposure Type H-o. The equivalence
is defined with reference to the criterion that the real
fire and a thermal exposurse according to IS0 834, Equa-
ticn (1.1}, shall produce the same critical effect with
respect to the relevant limit state in the structurs
concerned.

For design based on the concept of eguivalent fire dura-
tion tg, the general requirement is that

t » t (1.6)

where tp, is the fire resistance of the slement of con-
struction, determined in a fire test acecording to IS0
834 or by corresponding calculation.

This requirement halds for both loadbearing and separat-
ing elements of construction.

In &n accurate treatment, the equivalent fire duration
t. depends both on the parameters of the fire and on
the construsctional details of the element of caonstruc-
tion /1.3/. For a more approximate treatment, formulae
of the type exemplified by Eguaticn (1.2), which are
independent of the constructional details of the load-
hearing structure, can be used. Approximate formulae of
this type which are availabls have been verified as
reasonable for locadbearing structures of steel and for
reinforced concrets beams in which flexural failure is
initiated by yield of the reinforcement. For other types
af loadbearing structure and for elements of construc-
tion with a separating function, the concept of equi-
valent fire duration is as yet incomplete or has not
been studied at all.

1.5 Fire design af loadbearing structuras
according Lo probabilistic methods

For some years, work has been carried put on existing
design methods for loadbearing structures exposed to
fire so that they may be adapted to modern safsety theory
methods of the type which has begun to be applied for
the design of loadbsaring structures in ordinary tempe-
rature conditions /1.14/ - /1.20/.

Tn order that such a development may be meaningful, the
desiesn method must be made up of functionally well de-



procedure based on the results of fire tests according
to IS0 834 or on corresponding calculation results -
the Hq method - does not meet this fundamental require-
ment. Un the other hand, the methods described in Sec-
ticns 1.3 and 1.4, which are directly or indirectly
based on the characteristics of real fires - Lhe Hg and
Hz methods - lend themselves te further development in
this respsct.

For methods which are to be used in normal practical
application, the natural aspiration level is thus to
aim for the development of probabilistic methods in
which the statistical influences are taken into consi-
deration by means of characteristic values and partial
safety coefficients specified for the guantities in-
volved - loads, fire load, geometrical guantities, ther-
mal properties, strength properties. For the derivation
cf the values of the partial safety factors, a probabi-
listic analysis hased on some first order reliability
method (FORM) is needed.

In such an analysis, the design criterion is that in the
event of Tire exposure a specified least safety margin
shall be maintained wilh respect to the least leadbear-
ing capacity of a locadbearing structure, and with respect
to the highest temperature on the side of a separating
construction remote from the fire. Expressed in terms

of a safety index - defined as the ratio of the mean
value of the safety margin to its standard deviaticn -
the design criterion has the form

=8 20 (1.7)

where B8p, is the least value of the safety index during
the fire sequence involved, and B the specified value
of the safety index.

Exemplified for a loadbgaring structure of timber which
is exposed to fire and which is designed according to
the Hg method (FIG. 1.4), & safety index analysis can
be described in outline by FIG. 1,5.

On the basis of the magnitude and propearties of the fire
load and the gecmetry, ventilation and thermal charac-
teristics of the fire compartment, the fire exposure is
detarmined - described, for instance, in terms of the
combustion gas temperature-time curve. In the next step,
the reduced cross section of the loadbearing structure
and the associated transient temperature and moisturs
conditions are calculated for this fire exposure on the
basis of data relating to the configuration of the load-
pearing structure and the thermal, moisture mechanics
and combustion properties of the material of the load-
bearing structure as input quantities. Using the strength
and deformation praoperties of 1he loadbhearing material
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he safety index

= ¢~ 11 - P{L)} 11.10)

(t}} = the distribution function for the safety
margin Z{t)
= the inverse of the standardissd normal
distribution.

termining Z{L), P(t) and Bg(t), the following fac-
must be taken into consideration:

the uncertainty in specifying the fire load

the uncertainty in describing the ventilation pro-
perties of the fire compartment and the thermal
characteristics of the constructions enclosing the
fire compartment

the uncertainty in the analytical mocdel for deter-
mination of the fire process and its thermal effect
on the structurs

the uncertainty in specifying the geometry and im-
perfectiaons of the structurs

the uncertainty in specifying ths thermal, moisture
mechanics, combustion and mechanical properties of
the structural material at elevated temperatures

the upcertainty in the snalytical models for deter-
mination of the transient temperature and moisture
statas and the loadbearing capacity af the struc-

.ture

the uncertainty in specifying the load
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1.5, Derivation of partial safety factors for a
timber structurs under fire exposure conditions
on the basis of a safety index analysis.



The regquired value of the safety index By depends on
the conseguences of failure in the structure, the pro-
bebility of occurrence of a fully develcped fire, the
attendance time of the fire brigade, and the effect of
an automatic fire extinguishing system.

For design according to one of the Hp methods, a proce-
dure based on partial safety fTactors may be summarised
in terms of the design ¢riterion

B (1.11)

where tf is the fire resistance of the loadbearing or
separating construction, determined experimentally in
accordance with IS0 834 or by a corresponding calcula-
tion, and tg is the equivalent fire duration determined,
for instance, from Equation (1.2). vf, yp and yg are
partial safety factors which togsther allow for all the
uncertainties inherent in the design proccess.

The partial safety factor y_ obviously reters to the
uncertainties due to specification of the characteris-
tics of the fire locad and fire compariment, and to the
uncertainties in the analytical model for the determi-
nation of the associated fire exposure. The partial
safety factor yg allows for uncertainties in specifying
the load and the thermal, moisture mechanics, combustion
and mechanical properties of the structural material,
and the uncertaintiszs in the analytical models which
determine the load sffect, the transient temperatures

and moisture processes, and the loadbearing capacity of
the structure. The partial safety factor y, takes into
consideration the eonsequences of failure and the pro-
bability of occurrence of a fully developed fire, and
the effect cn this of the attendance time of the fire
brigade and, if installed, an autcmatic fire extinguish-
ing system,

1.6 Urgent research projects within the over-
riding area relating to lcadbearing and sepa-
rating constructions in the event of fire

It will be evident from the above

o that fire classification of elements of construct-
ion based on analytical treatment instead of ths
results of furnace tests according toc IS0 834 -
FIG. 1.3 - is gradually being permitted in an in-
creasing number of countries,

) that, ih Sweden, analytical fire design of load-

2t



minant design procedure hased on standardised Lher-
mal exposure according te IS0 834, FIG. 1.4, with
the fire exposure exemplified by FIG. 1.Z. This
method is now beginning to gain a focothold in abther
Noerdic countries, and is part of the instruction at
a number of foreign universities,

o that international development is in progress to
adapt these analytical design methods, based on a
real fire sequence, to modern safety philosophy -
FIG., 1.4 and 1.5 in combination,

o} that development in Sweden in this respect is related
to a direct design procedure according to the flaow
chart in FIG. 1.4, while in some non-Nerdic countries
develcpment is taking place in association with an
indirect design method in which a real fire seguence
and thermal exposure according to IS0 834 are coupled
by means of the concept of eguivalent fire duration.

Analytical determination of the behaviour and loadbearing
capacity in the event of fire of loadbearing elements
of gonstructien is today & practical possibility - as

a rule with relatively little labour - for most types
of steel structure. For loadbearing structures of re-
inforced and prastressed concrete the present design
data are obviously inadequate. However, at the Division cf
Building Fire Safety and Techrology, Lund Institute of
Technology, design and development work has been taking
place fer some years on the production of a manual for
analytical design of fire-exposed concrete structures,
and it is expected that this will be ready in 1983.

The manual gives systematlic data both for determination
of the fire resistance of elements of construction in
conjunction with thermal sexposure according to IS0 834,
and for analytical design of @ loadbearing struclture

on the basis of a real fire, adapted to modern loading
and safety regulaticns /1.21/. For similar adaptation
of the manual for fire design of steel struciures, pub-
lished in 1976 /1.12/, the Swedish Institufte of Steel
Construcbion has been allacated funds by BRANDFORSK.
With regard to design calculations for loadbearing and
separating structures in large premises, reference is
to be made to the comments given in Secticn 1.1.

With regard to the corcept of eguivalent fire duration,
the present state of knowlsdge verifies practical app-
lication of this only for steel structures and rein-
forced concrete beams subject to certain modes of fail-
ure.

For timber structurss sxposed to fire, fire resistance
and loadhearing caepacity can at present be calculated
approximately for bheams and columns of solid cross sec-
tion. For lightweight and composite timber structures,
even this is impossible. Probabhilistic fire design and
the concept of equivalent fire duration are research

T T e [ A I S T T DU R -



It is of urgent necessity that knowledge concerning the
hehaviour and design of timber sitructures under fire
exposure conditions should be developec to a level simi-
1sr to that for steel and concrete structures. This is
pssential in order that steel, concrete and timber may
in fhe future be able to compete on equal terms as
materials for loacdhesring and separating constructions.

With regarc to types of problem, development towards
such a balanced state of knowledge may be broken down
into the following overriding research projects:

(1) Developmgnt of methods for apalytical determinatian
af the fire resistaence of elements of construction of
fimber in conjunchtion with thermal exposure according
to ISC B34.

{2} Development of methods for fire design of loadbear-
ing and separating Cimber constructions on the basis of
a real fire.

{3} Production of data for determination of The Bqui-
valent fire duration for elements of construction of
timber.

(4) Further development of the design method accordling
to (2) with a view to adapting this to modern loading
and safety regulations besed on probabilistic methods .

Projects (1) and (2) comprise broadly related research
projects and should therefore be treated in parallel.
Project {3) is based on the results of Projects (1) and
(7)., Projoct (4) necessitates as its basis a design
method made up of functionally well defined and verified

analytical models of the typse appiicable to Project {31.

(in the hasis of an international assessment, all four
resgarch projects are of greal urgency. Natianally,
Froject [3) has a lower degree of priority than the
gthers as & result of the fire design philosophy decided
on in the Swedish Building Cods.

The overriding research projects (1), (2] and (3] easch
contain a number of subprojects with well defined areas.
Tn the order in which they are encountered in a design
process esccording to FIG. 1.4, these are

o Development of an analytical model for calculation
0f the rate of charring under variable thermal ex-
posure, and production of material data for such a
model,

0 development of an analytical model fer calculation
of transient temperature and moisture states for
uncharred portions of the cross section, and produc-
tion of materiel data with respect to heat and mois-
ture transfer for such a model,

23
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o analysis of the phyeical and chemical mochanisms
involved in the action of flame retardants, and
determination of the possibilities of apbimum inter-
action between different mechanizms,

a} development of an analytical model for calculation
af the behaviour and loadbesring capacity under
fire exposure conditions of solid, lightweight and
composite timber structures with the ahove models
for rate of charring, heat and moisture transfar
and the mechanical behaviour of timber as the com-
ponents,

ol development of analytical models for the thermal
and mechanical behaviour of joints and connections
under fire exposure conditions.

Most of these projects can be dealt with as independent
research tasks. If this is dene, it is essential that
the individual tasks should be planned in view of the
Fact that, in practical application, they are to be in-
tegrated components of a total design process. All pro-
Jects include experimental verification at madel or full
scale as an sssentisl and ohvious element. It is impor-
tant in this connection that the possibility of making
use of puhlished experimental results for such verifi-
cation should be fully examined.

The overriding design preoject No (4) contains, as mart
of a process of deriving partial safety factors for
timber structures, an analysis of

o the uncertainties in the analytical models for cal-
culation of the rate aof charring, heat and moisture
transfer, and mechanical behaviour and loadbearing
capacity,

o} the uncertainty in specifying the combustion, ther-
mal, moisture mechanics and structure mechaniecs
material propertiess,

o the mutual significance of the uncertainties in the
varicus design components, with 2 view te ascertain-
ing the parts of the design process on which research
should concentrate,

The research tasks comprised in these overriding research
projects are described in greater detail in the following
chapters.
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2. IGNITION

2.1 Introduction

Prediction of whether or not ignition will oeccur due to
different external thermal exposures 1s a very complex
problem. A large number of factors influence the processes
leading up to ignition, and it is impossible to devise
unambiguous ignition criteria which are valid in all
cases. In addition, the definition of ignition varies
betweean oifferent investigations, and this makee com-
parison of experimentsl data difficult. NBS defines the
ignition temperature as the lowest temperature from which,
under favourabls conditions, a materisl spontaneously
heats up until glowing or flaming occurs. Accaording to
Graff /2.1/, ignition is defined as "when the rate of
heating in the substrate exceeds the rate of external
heating and has wvisible flaming or clowing as a result”.
There are also cther definiticns.

The most important aim of studies of the ignition pro-
cess is to develop verified theories and methods which
permit determination of whether ignition will take
place as a result of & specific exposure, and whether,
after ignition, the material wilil continue to burn (sus-
tained flaming). Experimants which have been carried out
had the object of ascertaining the time to ignition for
materials subject to external thermal sxposure. The in-
Fluence of varicus factors on ignition time was studied,
and an endeavour was slso made to determine a specific
ignition femperature. lgnition theories have been pre-
sented, but owing to the high degree of complexity of
the problem thess have produced complicated results with
many factors of uncertainty. The foremost reason for
this is that wood under thermal exposure censtanily
changes. The theories have been found most useful for
the study of flame spread expressed in tarms of a series
of successive ignitions. The ignition temperatures es-
tablished for wood based materials are mainly useful for
purposss of classification. On the other hand, they cannot
be used for precise prediction of the behaviour of a mate-
rial .in a real Tire situatian.

2.2 Different types of ignition

In determining ignition criteria, & distinction can e
made between two types of ignition, one with and one
without a pilot. In the pilot case, a small flame is
pleced immediately in front and above the material un-
der test. Ignition cocurs when & flammable gaseous mix-
ture of decomposition products and air reaches the flame.
v A2 et Anantart wilth Fhe surface,



a developed fire. Ignition without a pileot is designated
spontaneous ignition, and occurs when the gasecus mixture
itself has attained & high enough temperature to ignite.
Spontaneous ignition can be further broken down into two
cases depending on the time of exposure. These different
types of ignition are set out in FIG. 2.1. Spontaneous
ignition is of the greatest importance for the study of
flame spread betwsan separated objects. Ignition bath
with and without & pilot ococurs in a similar manner.

Pitot ignition Spontaneous ignition
Surface ignition Fire condition Non fire condition
Spentdaneous ignition Self-ignition, spon-

faneous combustion

Flash pyrolysis

FIG. 2.1. Different types of ignition.

2.3 Factors which influence ignition

FIG. 2.2 illustrates schematically the different sverts
during the ignition process for a solid body exposed Lo
external heat rediatian on one side. That pari of the
radiation which is absorhbed heats the wood next to the
surface. This hsating causes thermal breakdown of the
wood and the emission of flammable gases. The quantity
of energy absarbed depends on the level of radiation
and on the transparency of the wood to radiation, i.o.
on the diathermancy of the wood. Transparency is deter-
mined by the spectral distribution of radiation, the
reflectance of the surface and the wavelength dependent
gbsorption of the wood, If the effective absorption co-
efficient is large, most of the external radiant energy
will be absorbed in a thin layer at the surface. The tem-
perature in such a case rapidly increases toc levels re-



radiation level reguired for ignition are therefore
governed by the properties of the wood and the spectral
distribution of radiaticn.

Solid phase Gaseous phase

B gy g ]
Heat

External radiation

— @ Heat

e gin - [HfUsion
of fuel Diffusion
B ——

of oxygen
Exothermic
reaction in

gaseous phase

Heal <@—  —-m= Heat

/ ———eefiges Backscatter

FIG. 2.2. Ignition scenario for solid fuel subjsct to
external heat radiation /2.2/

When the wood breaks down, gases are emitted from the
surface, and by diffusion and convection these are mixed
with the oxygen in the air. Exothermic reactions ars set
up. Simultaneously, the gases next to the surfacs are
heated up by convecltion from the hot wood surface and

by absorption of the external radiant energy.

The gases can reach a temperature higher than the sur-
face temperature. As these processes are taking place,
the number of exothermic reactions and thus chemical
production of heat increases. This ceauses further ther-
mal decomposition of the wood and increassd emission of
gases, which in turn accelerates the rate of reastion,
and finally these processes result in ignition.

The parameters normally studied in ignition tests are
the ignition time, surface temperature, temperature dis-
tribution in the material, loss of weipght, absorption aof
radiant energy, moisture ratio, and convective effects.
These parameters are governed both by material properties
and the test and measurement technigue selected. The
essential factors which govern ignition are

(1) +he heat sourece



{3)
(43
(53
(6)
(7]
(8

)

surface structure and absorption

size of test specimen

the ignition flame

density and thermal properties of the material
initial moisture ratic of the material

thermal decomposition of the material.

Commznts will now be made regarding these faciors,

(1)

The most important form of heat transfer in a fully
developed fire is radiation, and for this reason
radiation has been the most common heat scurce in
ignition tests. Ignition owing to convective heat
and conduction of heat from hot plates has also been
studied /2.3/. The latter is of interest in conjunc-
tion with the study of splicesand connections. The
influence of convective heating is also significant
for the igniticon of e.g. wood in roof structures,.

Examples of radiant panels which have been used are
gas fired radiators, slectric radiant panels, arc
discharge lamps, tungsten filament lamps, and flames
from ligquid fuel burners. A gas fTired radlator has

a surface temperature of sbout 1000 K and & radia-
tion level ¢ 50 kW/mZ. Arc discharge lamps have

been used to simulate radiation from nuclear explc-
sions, and have a radiation level < 4200 kiW/m?. For
gxposure of larger test specimens, tungsten filament
lamps which have & surface temperature of about

2500 K are used. (A comparison of these radiant pan-
gls is given in Simms /2.4, 2.5/}. Flames from
liguid fuel burners have been used for radiation
levels < 130 kW/mZ /2.8/.

At the same radiation level, the different radiant
panels give rise to different ignition times. This
is partly explained by the fTact that spectral dist-
ribution of the emitted snergy is different, and

the material which receives the radiation absorbs
different guantities of energy. Furthermore, certain
types of radiant panel cause disturbances in Tlow
conditions at the material surface. Another impor-
tant factor is that backscatter trom the material
towards the radiant panel and the surroundings varies
between different test arrangements,

One of the conditions necessary fopr ignition to
occocur is that the flammable gases which leave the
material must become mixed with the air, so that an
ignitable gas may be formsd. This can take place
eithar through turbulent mixing or through diffusion
under laminar conditions. Ignition then occurs when
Lhe gas mixture has the correct concentration and
temperature. Ignition may ococuir either with the aid
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height is necessary, and for radiation intensities
tess than a certain value the ignition time depends
on the height of fhe specimen up te a critical
height. For specimens of greater height the igni-
tion time is influenced by free convection. (These
conditicons are described in Alvares et al /2.7/).

At low intensities, a moderate artificial draught
produces a reducticon in ignition time. This does

not heold For higher radiation intensities. There

are also indications that a strong draught increases
the ignition temperature irrespective of radiation
intensity /2.1/. Furthermore, ignition time decrsases
it the concentration of oxygen increases. As a cer-
tain least radiation intensity is always reqguired

in order that igniticn may ocecur, this minimum level
may be affected by the presence of a dreught /2.3/.

In Strimdahl /2.8/ there is a description of an ex-
perimental investigation which conteins a study of
the effect of different types of surface treatment.
An example of the resuits is given in FIG. 2.3.

The investigation shows, inter alia, that wrought
timber has a lower ignition time than sawn timber,
and that a higher resin content tends to reduce
ignition time.

Pine, I/I1 (B3 & BB but probably
1/, resawn

Moisture ratioca 12 %

B1, painted

B4 painted and aged

B2 glazed

B5 glazed and aged

B3 pressure impregnated, dyed

BG pressure impregnated, dyed and aged
B7 untreated

o

Wtk e e gy T = a7
15+ 85 *B3
[ 1 T T I
4] i0 20 30 40 50
Time (min}
FIG. 2.3. Relationship between ignition time ti, and

the level of constant radistion intensity P



(6)

{71

Wood 1s to some extent diathermic {transparent to
thermal radiation), and a diathermic material ignites
at a lower surface temperature than one which is not
diathermic. This diathermic effect decreases and be-
comes negligible when thermal decomposition of the
wood begins /2.5/. Investigations show that abhsorp-
tivity {the ratic of the intensity reguired for ig-
nition of & sooty surface to that reguired for ig-
nition of a non-scoty surface for one and the same
ignition time) increases with the time of exposure,
and gradually reaches & constant value.

Small surfaces (< 10 cm?) require a higher least
ragdiation intensity than larger surfaces in order

to ignite /2.3/, and in most cases the small sur-
face will glow while the larger one will produce a
flame. The size of the surface alsc affects flow con-
ditions, as described under (2} above. This state aof
affairs shows the difficulties inveolved in directly
converting small scale results intc full scale re-
sults. Some works indicate that for radiation inten-
sities > 130 kW/m2 the ignition time at small scals
should be reduced by multiplication by a factor of
0.8 in order that good agreement with full scale
conditions may be obtained. Radiation of such high
levels 1s primarily of interest in connection with
civil defence.

Wood is regarded as thermally "thick” - i.e. thermal
exposure of one side of a panel produces negligible
etfect on the unexposed side - for thickneszes of

10-20 mm, depending on the level of radiaticen. For
thicknesses greater than these values, ignition time
is not affected by variations in thickness. For
smaller thicknesses the ignition time decreases in
direct proportion to the thickness /2.4, 2.3/,

In order that the pilet flame configuration should
not exert an influence on the ignition time, the
pilot flame must he placed in such a way that it
transmits a negligible amount of energy to ths mat-
erial, Its size shall further he such that it covers
an uneven mixture of pyrelysis products and air.
This means that the pilct flame should he placed
immogdiately in front and above the upper front edge
of the test spscimen.

For a short time at the commencemant of thermal ex-
posure, the diathermic praperties of wood are impor-
tant with regard to the gquantity of energy trans-
mitted to the wood. This effect then vanishes ocwing
tc thermal decomposition of the wood, and convection
becomes the dominant transport term /2.10/. A higher
density and & higher thermal conductivity increase
the ignition time /2.1, 2.12/.

The time to ignition and the minimum radiation inten-
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pilot, moisture ratios less than 20% have little
influence on ignition time, and for moisture ratios
iess than 40%, variations in moisture ratic have
little effest on the regquired minimum radiaticon in-
tensity. The influence of moisture is considerably
greater in conjuncticon with spontaneous ignition.

As the moisture content rises, the dgnition time
increases owing to the rise in thermal conductivity,
transfer of hepat due to diffusion of water, and
vaporisation of water /2.12/.

(8) When wood is heated, a number of chemical reactions
ococur which break wood down into simpler components.
Depending on the temperature distribution, differ-
gnt reactions take place, and this affects the type
of pyrolysis procuct which leaves the surface of
the material. It also influences the mixing ratio
between air and flammable gases which is required
far ignition. Wood is therefore classified into
characteristic zones depending on the temperature.
Detailed descriptions of these are given in Chap-
ter 4.

2.4 Mathematical models

Existing mathematical models have been developed bearing
in mind the requirement that they should be essy to app-
iy. Because of this, the number of variables in these
models ig small. The variables included vary between
authors, as a result of differences in opinion as to the
Factors which are of the greatest importance and thase
which can be ignored. Furthermore, the models have in
most cases been developed in conjunction with an experi-
mental series, and this also affects the number of vari-
ables.

Taken together, the various models should eventually
result in & model which dessribes svents from the time
external thermal exposure beging until the time ignition
occurs. Ideally, such a model should be cepable of hangl-
ing an arbitrarily selected heat source and should also
take into consideration each change which ocours in the
material up to ignition. Our imperfect knowledge at pre-
sent with regard to identificatieon of the reactions

which take place in the material will probably make it
very difficult to formulate such & “"complets” model.

Resgarch at present concentrates oa studies of indivi-
dual variables with the aobject of finding critical
levels of these in @ mare perfect mathematical model.

In conjunction with studies of spontansous ignitian in

fire conditions, kncwledge of the heat palance in the
I T T o [ P DU HEP R = 1mt+ AF FhRA e



pletely evaluated. Simms /2.10/ mentions the following
variables which should be included in studies of the
heat balance for ignition of dry wood:

(1) The external heat saurce, usually radiation, which
is absorbed in the surface layer if the material is
opaque, or inside the material if this is diathermic,

(2) thermal conduction perpendicular to the surface,
(3) heat capacity.

(4) convective heat transfer in the material owing to
gas transport,

(5} heating due to thermal decomposition,

{(6) cooling of the surface.

The reason why treatment has been confined to dry wood
is that further difficultiss are encountered when mois-
ture dependent effects are to be taken into considera-
tion. This simplification is fully acceptable, since
it is the most criticel case which is studied /2.12/.

In solving the heat balance, Sinms ignores the diather-
mic properties and the heat increment cwing to the che-
mical reactions. Since a number of heat transfer vari-
ables are included and it is also difficult to decide
which of these dominate, a large number of simplifica-
tions are made.

When a model of the heat balance has been consiructed

in this way, this shall be coupled toc an ignition crite-
rion. It is usual to choose a specific temperature, or

a least emission of pyrolysis products, or a critical
concentration of flammable gases and air /2.3/. There
ars further proposals regarding ignition criteria, and
different formulae have also been proposed for determi-
nation of the time to ignition on the basis of a certain
exposure. Lawson and Simms /2.13/ present & formula for
gualitative assessment of the time to ignition.

Jentzsch /2.14/ is of the opinicon that spontanecus igni-
tion takes place if the following three conditions are
simultaneously satisfied:

(1} A certain least temperature,
(2) sufficient production of pyrolysis products,
(3) sufficient concentration of oxygen at this tempera-

ture for the formation of a flammable gas mixture.

When a pilot is present, this replaces condition (1)
ahgve.

Ignition with a pilot differs from spontangous ignition
only as regards the ignition criteris. The pilot ignites
the products of pyrolysis earlier, and otherwise has no
influsernce. When the pililot is in contact with the surface



At different gas concentrations it has been found that
a gas mixture temperature of 350°C is commensurate with
ignition in the presence of & pilot /2.15, 2.167.

In studies of ignition with a pilot, use can be made of
a theory developed in order to describe extingulshment
of liquid firss by cooling. This theory defines a criti-
cal surface temperature, the fire point, which is suffi-
cient to ignite the material and to sustain a flame
after the igniticn source has been removed. This tempe-
rature is higher then the flame point of a liguid.

Previous work has shown that when liguid fires are ex-
tinguished with water by cooling these down to the fire
noint, this is the reverse of the process of ignition
with a pilot /2.17/. Rashash /2.18/ has developed this
theory further so that it can also he used for solid
materials, and it is therefore easier tec study the con-
ditions under which a material ignites. Apart from a
critical surface temperaturs, the following three con-
ditions must also be satisfied in order that ignition
may take place:

{1} Sufficient convective heat transfer from the flame
to the surface,

(2} sufficient producticon of pyrolysis products,

(3) sufficient flame temperature.
There are other ignition criteria.

Application of a critical least radiation intensity has
little relevance in a fire situation in which surface
ignition is in most cases dominant. Unfortunately, stu-
dies of ignition have concentrated on sponteneous igni-
ticn to the detriment of other forms of ignition.

2.5 Conclusions

A large number of experimental investigations have been
reportad in which most of the factors which influence
ignition of wood have been studised. Comparative analysis
of the available data is difficult, duse, among other
things,to the fact that different test technigues have
bean usaed in these investigations and different defini-
tions of ignition have been applied.

Mathematical models have been developed from which the
time to ignitiosn can be calculated as a function of a
temporally constant level of radistion. In real fire
situations, sxposure of a material te fire varies in
timz, and a pilot flame can reach the exposed surface
at different times during & heating sequence. It is
therefore odifficult directly to predict the ignition
time in actual fire conditions on the basis of calcu-
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pendant thermal conditions inte time-dependent ones.
Applicaticon of this in this context presupposes partily
that ignition is governed by the surface temperature,
and partly that all thermal deta required for calcula-
tion are known. .

In the light of this, development of simplified models
which can translate a radiation-ignition time curve,
determined either experimentally or analyticelly for
constant levels of radistion, intoc an igniticn criterian
for @ fire environment which is varisble in time, appears
to be a research project of great urgency. A propusal for
such & mndel is presented in /2.19/.
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3. THERMAL PROFERTIES

3.1 Introduction

Accurate knowledge of the thermal properties of charred
layers and of uncharred wood is necessary for calcula-
tion of the non-steady temperature field cof timber struc-
tures under fire exposure conditions. Complications arise
in this respect due fc the anisctropy of wood, its biolo-
gical variation within a structure, and the not insigni-
ficant variation of thermal properties with temperature
and moisture ratioc. This explains the present incomplete
state of knowledge concerning the thermal properties of
wood, in spite of a large numher of reported investiga-
tions. These thermal properties arg as follows:

Specific heat capacity CD (J/kgKk}
Thermal conductivity ko (W/mK)
Enthalpy rise AH (J/kg)
Phase transition energy QL (1/kg)
3.2 Specific heat capacity

The specific heat capacity can be determined experimen-
tally by the following methods:

Ordinary calorimeter

Bunsen ice calorimeter

Vacuum calorimeter

Heat flow methods

Differential scanning calorimetry (DSC).

Reference is to be made to the literature for more

detailed descriptions of these methods. Cnly some of
the data obtained by the variocus mepthods are given here.

For oven dry wood, the following values apply at tempe-
rature 7°C:

Reference C  kl/kgK temperature method
a range
Gunlap /3.1/ 1.11 + 0.0048 T 0 - 112 Bunsen

Koch /3.2/ 111 o+ 0.0042 T 50 - 140 Dsc



38

and for wood of moisture ratio m%

Reference C_ k3/kgk temperature method
P : range

Vohlbehr 1.08 + 0.00417 m + 0 - 166 Bunsen

/3.3/ G.0025 T + 0.00006 mT

Megasurement of heat capacity does not normally involve
any major difficulty.

Few values exist forthe specific heat capacity of carbon,
and those that are available have considerable scatter.

Buller /3.4/ uses C

i

0.50 kd/kgk

]
1t

Perry /3.5/ uses 1.0% kd/kgk

For the flammable gases, Bullen /3.4/ uses L = 1.8
k1/kgk.

3.3 Thermal conductivity

Thermal conductivity can be experimentally determined
by the folleowing methods:

lLee's disc method

Hot wire method

Differential scanning calorimetry (DSC).

McLean /3.6/ gives the following sguation for wood of
moisture ratio m % and density p kg/m? radially to the
grain:

(2.0 + 0.0406m) p x 1074 +0.0238 W/mK m < 40%

A
n

kK = (2.0 + 0.0544m) p x 107" + 0.0238 W/mK m = 40%

Thermal conductivity is alsc temperature dependent, and
Kollman /3.7/ has found that in the temperature range

0 - 100°C the thermal conductivity is approximately
directly propartional to absolute temperature.

According to Griffiths and Kaye /3.8/, thermal conduc-
tivity in the tangential direction is 0.8 - 0.85 times
that in the radial direction, and in the longitudinal
direction it is 1.75 - 2.25 times that in the radial



For carbon, values of k between 0.076 and 0.94 W/mK

have been repeorted, but no information is given as to
what temperaturs and density they refer to. Hadvig /3.9/
found in his experiments thet for carben layers thicker
than G mm, k = 0.38 W/mK is an acceptable value.

3.4 Enthalpy and ensrgy of phase transition

Enthalpy is usually measured in a bomb calorimeter.
Information concerning the enthalpy of wood is given in
Harmathy /3.10/, Reoberts /3.11/ and Thomas and Nilsson
/3.12/, the value far dry wood being between 18 and 19
M3/ kg .

Thomas /3.13/ has developed a model for the calculation
of the enthalpy of the gases when the enthalpies of wood
and carbon are known together with the temperature, heat
capacities end the proportion of wood which has been
vaporised,

There is a coupling between the energy of phase transi-
tion, which varies between 0.4 and 0.5 M3/kg, and Lhe
enthalpy, but this is complicated.

The following examples are taken from Bdhm /3.14/ and
reter to dry wood;

Energy of phase transition Ml/kg 5.4 2.7 1.35

Enthalpy of flammable gases 24,2 21.5 20.1h%

During a fire, the thasrmal properties and the proportion
of wood which is pyrolysed per unit time both change,
which makes calculation of the enthalpy of the flammable
gases difficult.

3.5 Conclusions

Expansion of the present state of knowledge concerning
the thermal properties of wocd should focus primarily
on the thermal conductivity and specific heat capacity
of both charred and uncharred wood within the tempera-
ture range above 100°C. Pricrity should also be given
to development of the relationship required for calcu-
lation of the heat of reaction of wood in real fire
canditions on the basis of data regarding enthalpy and
phase transition energy.
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4. RATE DF CHARRING, TEMPERATURE AND
MOISTURE STATES

4.1 Introductian

In fire design of leoadbearing and separating construc-
tions of timber, knowledge of the non-~steady temperature,
moisture and density-time fields relating to the con-
struction is essential infarmation. From the density-time
field, a reduced cross section at any elapsed time can be
determined. This reduced cross section, the temperature
and moisture-time fields and the associated changes in
the mechanical propertiss of wood then form the basis

for determination of the structural bBehaviour and load-
bearing capacity of the constructicn under fire exposure
conditions.

The behaviour of wood subject to thermal exposure is
governed by a large numbar of physical and chemical
mechanisms, the most important of which are

0 the internal convective heat flow due partly to
gases and walter which are formed during pyrolysis
and which are transported both further into the
wood and towards the exposed surface, and parily to
transport of initial water,

o] thermal conducticon and its modification by variable
temperature and moisture content,

[} storage of heat,

o} exchange of heat at the material surface in the form

of radiation and convection, inclusive of the affects
of mass transport,

o vaporisation of water, and

o the chemical reactions which take place at varying
temperatures and moisture contents in the wood.

The problem is complicated by biclogical variation of
the wood.

Derivation of accurate mathematical models for determi-
nation of the rate of charring and the temperature and
moisture gradients which fully allow for all these com-
plex physical and chemical mechanisms, is a task of awe-
some complexity. In addition, the task is also meaning-
less in practice since thers is no information available
concerning most of the material parameters. Effort has
so far been directed instead at the development of app-
roximate one-dimensional models for initially dry wood.
These models have been verified experimentally. Applica-
ticn of the models excludes thin-waslled timber struc-
tures. The following may be menticned among published
models: Fredlund /4.1/, Roberts /4.2/, Kansa-Perlee-
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for calculation of the rate of charring in timber struc-
rures exposed to a real fire characterised by the curves
in FIG. 1.2. The mocels repcerted in /4.1/ and /4047 in-
clude determination of the temperature field within the
uncharred portion of the structurse. Reference /4.1/ also
putlines an approach for treatment of the transient mois-

ture state.
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FIG. 4.1. Temperature-time and moisture ratio-time curves
for redwood panesl exposed te fire according to
150 834 on one side /4.58/.

The most detailed experimental investigations have besn
reported by Hadvig /4.5/ and White-Schaffer /4.6/. The
latter report presents accurate moisture gradient measure-
ments which illustrate, inter slia, the steep rise in
moisture which occurs at different points of the cross
sacticn of & timber structure gxposed to fire, and which
reaches its maximum at each point when the 100°C isotherm

is passed. See FIG. 4.1,



4.2 Thermal decomposition

Wood Is an arganic material made of a number of Compoe-
nents of individual chemical properties. Analytical simu-
latien of the behaviour of wood by combining these com-
ponents results in complex treatment which is made vet
more difficult by "defects” in the form of variations

in the biolepgical structure of wood etc.

t.ess then 200 °C

500—-1100°C

FIG. 4.2. Characteristic zones in wood during pyrolysis.

r

Studies of woad at elevated temperatures (pyrolysis)
have given the result that, during pyrolysis of wood,
four characteristic zones can be distinguished parallel
fo the heated surface. See FIG. 4.2. The following de-
scription is hased on /4.7/,

fone A. Tempsrature less than 200°C

The gases formed during a very slow pyrolysis are not
ignitable. Wood is subject to a slow loss af weight. In
certain cases, wood may begin to char above 85°C. There
is oxidation of the charred tayer which is exothermic
and which, in circumstances when the heat is stored, can
result in self ignition. Howsver, sound wood - without
e.g. decay - does not ignite in Zone A.

Zane B, 200° - 280°C

Cven though the gases emitted are not ignitable, an exo-
thermic state is reached during pyrolysis. The tempera-
ture at which fhe net recnld AF 2171 cumed ol o Lo
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until temperatures which are higher then those applicable
Lo Zone B are reached.

7one C, 280° - s00°C

The gas mixture which is emitted in large quantities in
Zone C initially conteins far toco much carbon dioxide
and water vapour to be ignitable. Gradually, howsver,
flammability increases due to ancther and more rapid
pyrolysis. At this stage combustion with @ flame occurs
only in the gas phase outside the wood, the reason being
that thers must be time for the rapidly emitted gases to
become mixed with suitable proportions of atmospheric
pxygen. Self sustaining diffusion flamzs from organic
fuels burn at a temperature of about 1100°C. The char-
caal farmed cannct burs but is accumulated so long as
production of gas is sufficiently large to isolate the
surface of Lthe wood from oxygen. As charcoal has lower
thermal conductivity than wood, the layer of charcoal
retards penetration of heat and the occcurrance of an
exothermic state 1n parts of the wood further inside.

Zone DO, ahove 5G0°C

AL BOG°C charcoal glows and 1s oxidised. When the surface
temperature attaing a value just over 1100°C, charcoal

is consumed at the surface just as Tasi as the penstra-
tion of the reactive zones.

When the reactive zones have penetrated so leng that all
priginal wood has been burned, the luminous cdiffusion
£lames cease, and only the non-lumincus flames of burn-
ing carbon monoxide and hydrcgen remain.

if we wish to mark approximately the boundary bhetween
charcoal and wood which has more or less escaped mecha-
nical destruction, some investigations indicate that a
temperature of 300°C is a usable criterion.

4.3 Charring processes

Two distinect processes govern the rate of charring., namely
reaction kinetic processes and transport processes. The
kinetic processes describe the rate at which chemical
reacticns occur at & certain temperature, and the trans-
port processes the wsy and the time at which this tempe-
rature is reached. Which of these dominates is governed

by the thickness of the material. It is a satisfactory
rule of thumb that a thin material is governed by the



When solution is carried out with reference to a pyro-
lysis model, extensive simplificetions are msade at pre-
sant by analysing pyrolytic data with the aid of a first
arder Arrhenius function which can be written

-{E,/RT]}
Q% = -phe A (4.13
where
p = density of the material at time t
R = universal gas constant
T = temperature in K
b, Ep = constants where Ep denotes the activation energy

These two constants are obhtained by thermogravimetric
measurements on small test specimens or by measurements
of density and temperature at different points on small
or large test specimens. Determination of these constant
presents great difficulties, since the constants must
reflect all pyrolytic reactions, sach of which has a
separate process at different temperatures. The variahle
biological, chemical and physical structure of the wood
sample also exerts an influence.

Another difficulty is presanted by measurement of the
heat of reaction, which for wood varies within wide
limits depending on the conditions which obtain during
pyrolysis. The heat of reaction can he determined by
differential calorimetric measurements on small speci-
mens or hy means of energy balance gcalculations in com-
bination with tests on large specimens.

In determining the constants b and Ex and the heat of
reaction, correction for moisture has so far been made
only for the heat of reaction,

A more detailed description of the combusticn mechanisms
of wood is given in Fredlund /4.1/.

The transport processes contain the following components

- conduction of heat
- diffusion of oxygen through wood and carbon

- transter of gas inclusive of water vapour through
wood and carbon.

The rate of combustion of wood is probably wmainly govern
by four parameters, namely density, permesbility along t
grain, moisture ratio, and thickness. Thermal conductivi
is also important, but this is largsly determined by den
sity. In experiments aon different wood species, thick-
nesses, moisture ratios and radiation intensities, it

e T Y e e O L gy . S |
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The effect due to the thickness of the charcoal laysr

iz negligible for thicknesses greater than 6 mm /4.8,
4,9/, As permeability alcong the grain is 10,000 times

as high as perpendicular to the grain, the test specimen
must be carefully sealed. The water and the gases formed
during cembustion further compliicate the processes by
virtue of the fact that sems of these leave the specimen
and some are transperted further into the malterial and
condense there, perhaps to he vaporised again at a later
stage. This transport, condensation and vaporisation has
a nronounced effect on the temperature-time relationship
inside the specimen. This has been verified in tests on
wooden cylinders /4.10/.

The following material parameters should be taken into
corsideration in a study of the rate of charring in a
timber structure exposed to fire: density, thermal con-
ductivity and moisture ratio of the uncharred wood, the
tempsrature at the base of the charcoal layer, the quan-
tity of flammable gases, and the characteristics of the
charcoal layer (thickness, crack size, psrmeability and
thermal conductivity). VYariahles in the envirenment such
s fire compartment temperature and the type of hesat
source also affect the rate of charring.

A flow chart which describes the influence of these para-
meters in cultline is given in FIG. 4.3. It will be seen
from this figure that the interacting physical and che-
mical processes exert a grest influense, and that the
sequence of events can be divided into two parts. One

of these parts is associated with ths inside of the
material and consists of determinaticn of the reaction
products which are generated for & given tharmal expos-
ure. and for the temperature history of the speciman.
The other part refers toc the surface of the material and
to the boundary layer situatsd outside this. This part
consists of cetermination of the size and inftensity of
the flame at ths boundary layer and of the heat trans-
ferrad by the flame to. the surface of the materisl for

a given quantity and composition of the pyrolytic pro-
ducts which enter the boundary layer.

This problem caen be solved comparatively pasily in the
case of & iiquid fuel, since in this case vaporisation
{pyrolyeis) is confined te a thin layer near the surface,
and only the external conditions need then be deter-
mined. The problem is more complisated in the case of
enlid fusls which char, since in this case the internal
conditions play a critical role.

Since we know far more ahout dealing with heat and mass
transfer problems than about dealing with chemical pro-
cesses, it is natural for the rate of charring and the
temperature states to be studied by solving the heatl
and mass balance eguations, and for the influence af
the chamical processes to be taken into consideration
as "point scurces". In studying these point sources, it



Heat flow towards material surface

Equilibrium between heat transfer
by convection and conduction into
material, through radiation and
convection out of material surface,
focal catalytic reactions, and
accumuiation of heat

Heating of wood

Thermal decompaosition

Formation of smail molecules
in condensed form

Further decomposition
into flammable gases

Gases diffuse, partly into material
and partly out through charred
layer 10 break wood down further
and to act as catalysts

Final products of pyrolysis

Gases ready to burn when they leave
surface and mix with oxygen

Flame
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a) As the charred layer increases in thickness all the
time, it will be more difficult for the products of
pyrolysis to pass through the layer.

b} As a result of this increased resistance, it is poss-
ible for the flammable gesses to contribute to further
decomposition of the material and for them also to
sct as cetalysts,

c) A network of cracks of a depth which increases in step
with the expangion of the pyrolytic zone develops at
the surface. Exchange of heat between the external
heat source and the cracked zone then no longer takes
place across a plane surface, but the radiant and con-
vertive heat can now be transferred directly to the
uncharred wood by way of these cracks. If the grain
is parallel to the irradiated surface, gases will
mainly exit through the oracks, since Flammable gases
can be transferred most easily along the grain. This
is illustrated in FIG. 4.4, The effect of these cracks
reduces the effects due to al and b} above.

d) The simultanecus and interacting chemical processes
are gxtremely complicated, and very little is known
about them at present.

e) Heating of the wood veries with temperature level and
time. This means that the kinetic constants will alsc
vary.

External heat flow

Original surface

Charred layer

Cracked
zone ; Pyrolysis
Uncracked]i zone
zone :
e Unaffected
P Grain . AT 2 wood

Full arrows show probable direction of fiow of flammable gases

FIG. 4.4, Section of wood subject to pyrolysis /4.2/.

f) In the uncracked zone the flammable gases will build
up to an internal excess pressure which at first in-
creases in direct preportion to the distance from
the exposed surface and then diminishes to the value
applicable to the unaffected wood. As a conseguence
of this pressure, most of the flawmable gases will
flow towards the exposed surface, hut a smaller por-
tion is transported further into the wood where it
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) The coupling between heat and mass transport reduces
the rate of heating inside the material /4.11/.

4.4 Mathematical models

An outline description is given in the following of the
structure of a mathematical model which is intended for
calculation of the non-gteady temperature, moisture and
density-time fields for a timber structure exposed tao
tire, in which the flow of heat inside the material is
divided into a conductive part and & convective part,
and exchange of heat at the surface of the material con-
sists of a radiant component and a convective cemponent.
Such a model comprises the following constituents /Z4.1/:

a) Equations of continuity for the fundamental variahles
energy, molsture, gas components and mass.

b) Relations between the variables of state of the prob-
lem which, in addition to the fundamental variables
according to a), comprise temperature, vapour pressurs,
relative humidity, saturation pressure at a given tem-
perature, the pressure of condensed water, and pore vol-
Ume .

The fundamental assumption mwmade is that thermodynamic
equilibrium exists locally at each point during the dyna-
mic process: This implies that the gas phase, liguid
phase and soclid phase assume the same temperature in the
immediate vicinity of the point, In addition, the. whole
liquid phase assumes the same pore water pressurs in the
immediate vicinity of the point, and all gas phases ass-
ume the appropriate gas pressure and vapour pressure in
this confined region. It is further assumed that the
pressure differences due to the {lammable gases are neg-
ligible, so that the flammable gases are free to move
out of the pore system, i.e. there is no change in pyro-
lytic concentration.

¢} Expressions for the flows of energy, moisture and
flammable gases. These expressions must be formulated
in such & way that the flows at an arbitrarily selected
point in time can be calcuylated from the distribution
of temperature, moisture stc in the wood.

The flow of energy is complicated by the mass flow which,
in addition to thermal conduction, contributes to the
total flow of energy. The total flow can be described

as a convective component which defines the energy con-
tent per unit mass of flammable gases and molsture, and

a conductive component for which the thermal conductivity
is a function of temperature, moisture content and densi-
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lysis of wood is particularly complicated, and this may

bi

gxplain why it haes been the subject uf anly a few studies.

Frediund /4.1/ presants a mathematical model which has
nat, however, been verified experimentalily, and in other
investigations only the distribution of moisture in tast
specimens exposed to fire has been measured /4.5, 4.13,
4.14/. IF it is Ffurther assumed that the pressurg differ-
ances due to the flammable pases are negligible, the rate
of flow of these is given by the rate of production of
flammable gases.

d) Expressions for the production terms which describe
the energy released per unit time, and the change of
nhase which occurs during pyrelysis. This change of phase
is usually assumed Lo mean decomposition of the wood into
flammable gases and water. The production terms ars rele-
Led to the rate at which wood undergoes pyrolysis. Pyro-
iysis is gaverned by complicated chemical reacticns. On
the assumption that most of the chemical reactiaons in the
wood consist of decomposition of molecules independently
of the presence of other molscules, and that Lhe chemical
reactions are affected to the same extent by the tempera-
ture, @ "mean reacticn” for the pyrolysis of wood may bhe
considered to conform to an Arrhenius function. I¥ the
heat of raaction of woed is known, the snergy released
during pyrolysis can also be given,

@) Boundary and initial conditions which have beern dis-
cussed briefly in the foregoing.

As a complemznt to a more complete mathematical model

of the character described above, it is desirable to
have asccess to a simplified model which can be used for
rapid estimation of the rate of charring of a material.
Such a model has recently been presented by Deslichatsiocs
and de Rie /4.15/. This model comprises & simple analy-
tical soluticn for calculation of the esymptotic rate of
pyrolysis for charring materials which are exposed to a
constant external radieatieon. Together with the results
of a few laboratory experiments, this model provides a
satisfactory basis for the simple approximate predictian
of the rate of charring of a material in a real fire
environment.

The analytical seolution assumes thal heat transfer in
the charred layer and in the flammable gases can be ig-
nored in relatiocn to heat transefer in the unaffected
material. It is further assumed that the process of pyro-
lysis can be described in terms of constant temperature
and heat of reaction, i.e. without application of an
Arrhenius function., This assumption has been verified by
long experience of simple homogeneous materials.For wood
and wood besed materials which are characterised during
a fire by the formation of & permanant charred layer
which gradually reduces the rate of pyrolysis, this
assumption represents a crude approximation.
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4.5 Conclusions

From the above, the following appear as urgent research
projects:

1) For thin walled timber structures

Development of a simplified one-dimensional model for
calculation of the rate of charring and temperature dis-
tribution. Consideration must be given in this context
Lo the reaction kinetics parameters of wood, which re-
quires extensive experimental studies.

Development of & simplified one-dimensional model for
calculation of the rate of charring, temperature gradient
and moisture distribution. This task can he solved with-
out recourse to complicated combustion eguations. Treat-
ment must include transfer processes, and this requiresy

a simplified model for moisture transfer in the material,
and experimental determination of a pumber of material
constants.

In & second stage, it is natural to develop such a model
intc & two and thrse dimensional cne, so that it may have
practical application for beams and different types of
splices and connections.Such a process muslt takese account
of the anisotropic properties of wood.
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MECHANICAL PROPERTIES

L

5.1 Introduction

Optimum design of loadbearing timber structures which
are exposed to fire raguires methods which take into
consideration the assumptions made concerning leoading
and ithermal exposure. Secticn 6.1 describes existing
design methods for beams and columns which - depending
on the degree of thermal exposure selected - provide a
more or less rough estimate of loadbearing cepacity and
real fire resistance. These methads normally vield re-
sults which are probsbly very considerably on the safe
side. Application of these methods is confined to calcu-
lation of limiting bending moments and critical loads
tor certain types of instability phenomena. Calculation
of deformations is not possible by means of these methods.

Methods which are to be of more general application and
alsc Torm the foundation of optimum design must be based
on experimentally verified analytical models which give
a functicnally correct description of the different pro-
cesses involved in the thermal and mechanical behaviour
of the structure in the event of fire. For optimum de-
sign, the design method must further be coupled to a
probabilistic analysis according to Section 1.5.

One of the requirements for advanced calculation of the
ipadbearing capacity ef a structure under fire exposure
conditions is an expesrimentally verified material model
in which the mechanical properties of wonod are described
as functions of the transient stress, temperature and
moisture states. When such a material model is available,
a structural calculation can be carried cut concerning
the behaviour of the construction at any time during the
fire with respect, inter slia, to temporal variations in
forces, moments and siresses due to internel and exter-
nal constraints.

5.2 Strength and deformation properties

Existing knowledge concerning the mechanical properties
of wood derives mainly from tests on small specimans.
However, a large body of information obtained by exten-
sive tests of this type provides only a limited basis

for practical design, since in these lests the strength
properties are determined on wood without any defects.

It has been shown with regsrd to bending resistance that
the stresses in the compression zong are critical for
small specimens without defects, while it is the stresses
i the teonetinarm e whirk are erriiral o ctriimrtiir=s]l o1 o -
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more in line with a Weibull distribution, whilich shows
that the strength of structural timber is governed by
brittle failure.

Existing knowledge of the mechanicel properties of wood
is mainly derived from investigations carried out at
constant temperature and moisture, either at constant
stress levels or at stresses subject to different tem-
poral variation patterns, while in a real fire situation
temperatures and moisture contents are transient. These
investigations thus provide information concerning the
variation in strength and deformation properties for
different combinations of steady temperature and moisture
levelis.

Weod has & very nomplex anisotropic structure, is subject
to wide variastion in guality within the same species of
timber, and has different types of defect. This makes it
difficult to summarise variation in mechanicel properties
due to different types of expaosure.

The instantanecus moduli of elasticity and strength val-
ues relating to different loading directions incresse
hoth when the moisture ratio decreases below the fibre
saturation peint and when the temperature drops. This

is shown for wood loaded parallel to the grain in FIG.
5.1, 5.2, 5.3 and 5.4, taken from Gerhards /5.1/. The
capltions refer to the sources fTrom which the results

are taken.

Relative modulus of elasticity (%)
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FIG. 5.9. Effect of variable moisture ratis on the modu-
lus of elasticity parallel to the grain at
209C. The value at 12°C 1s taken to be 100%.
/5.1/7.

It will be seen from the figures that for temperature
lsvels ahove 100°C there are no results concerning bend-
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tiures, but these results are taken from investigations
on cellulosic fibres heated ovor periods of only a fow
seconds.

The periods of exposure which are of interest for a tim-
ber structure expoged to fire are 1-2 haurs. This means
that the long-term eftfect given in the literature, creap
up to failure, 1s not relevant fer timber structures
under fire exposure conditions at normel stress levels.
In such cases the stress level chiefly influences the
proportionality of the creep curve, the magnitude of
creep and the modulus of eglasticity of wood. Other im-
portent factors which govern deformations ars tempera-
ture and moisture ratio. It is clear from reported tran-
sient tests that the deformation which ocours in a spe-
cimen for a defined combination of stress and Lempera-
ture is dependent on the stress and temperature history
/5.2, 5.7/,

At a given stress level, higher temperatures and higher
molsture ratios generally result in greater deformation
/5.3, 5.4/. A change in moisture ratio at a load likely
to occur under fire exposure conditions has a coensider-
able effect on deformation, as shown, inter alia, by
Armstrong and Kingston /5.5/. Perkitny claims that
changes in moisture ratio as small as 1% exert an appre-
ciable effect on creesp /5.6/.
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FIG. 5.2. Effect of varieble temperature on the modulus
of elasticity parallel to the grain, A: Mois-
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FIG. 5.3. Effect of variable moisture ratio on bending
resistance at 20°C. The value at 12% moisturs
content is taken to be 100% /5.1/.
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Summaries of test results relating to the mechanical
properties of wood at different temperature and moisture
levels are consistently characterised by wide scatter,
This is due to the fact that a large number of different
timber species have been used in the investigations, and
to the difficulties encountered in measuring temperature
and moisture ratic. The fact that in wood the moisture
ratio changes with temperature makes precise definition
of state difficult,

5.3 Conclusions

Raference has been made in the foregoing to the diffar-
ences 1in data obtained concerning the mechanical proper-
ties of wood in tests on small defect-fres specimens and
in tests on structursl elements of timber of crdinary
dimensions. Future codes for timber structures will in-
creasingly take these factors into consideration in con-
junction with design at normal temperatures. It is essen-
tial that when data for these codes are produced, the
specific problems associafted with design methods for
timber structures exposed to fire should be included.

On the basis of the experimental investigations on small
specimens at wvariable temperature and moisture conditions
a number of crude material models have beern developed for
the mechanical behaviour of wood, but there is none in
which consideration is given toc the deformations due o
transient stresses and temperatures and the simultanecus
presence of moisture. It is therefore essential that

such an analytical model, sultable for advanced calcula~
tions, should be developed. This modesl must be capabie

of use for practical calculaticons of the deformations

and instability loads in fimber structures exposed to
fire. Velidity of this model must be verified by experi-
mantal studies on small specimaens and, finally, also on
some larger specimens such as beams in flexure and col-
umns under axial compression.

Nothing hes been published as to why temperature and
moisture modify the mechanical properties, only the way
in which these change. It is therefore important ta
ascertain whether the hiological differences between
different species or within the same species can phenc-
manologically explain some of the great scatter in result
relating to the mschanical properties of wood at defined
combinatians of tempersture and moisture ratic. Such an
investigation should include development of a simplified
analytical model which takes into consideration the
growth ring structure of wood and the relationship be-
twgen cellulose and lignin.
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5. FIRE BEHAVIOLUR OF STRUCTURAL ELEMENTS
AND STRUCTURES

The averriding object of advanced design of leadhearing
and separating constructions must be that the design is
based on realistic assumptions concerning fire exposure
and loading, and thet it produces structures which have
a uniform and reasonable level of safety in combination
with satisfactory overall economy.

The methods which are normally applied at present for
the determination of the behaviour and limit states of
a timber structure expesed to fire parmit only rough
assessments. The inescapable consequence of this in
practical design if the production of design solutions
of grestly veriable safety level at a cost which can be
very far from the optimum,

In Sweden, extensive research has been carried ocut con-
cerning the fire behaviour and design of stael and con-
crete structures. In conjunction with this, an entirely
new design procedure has been davelaped. For steel
structures exposed to fire, the ressarch results have
been summarised in & manual which has been granted type
approval by the Swedish Board of Physical Planning and
Building /1.2, 1.13/. As regards concrete structures
undar fire exposure conditions, research and develop-
mant is in progress at the Division of Building Fire -~
Safety and Technology, Lund Institute of Technolegy with
the aim of producing a similer design manual /1.21/. The
design procedure is based on conditions during real fires
and is well suited for adaptation o modern loading and
safety principles. The method also results in a more
uniform safety level and reduced costs in relatian to
those obtained by means of tha highly schematic methods
which are internaticnally predeminant.

Research which may result in a similar functionally based
design procedure for timber structures exposed to firs is
of urgent necessity, and is essential if steel, conorete
and timber are to compete in the future on equal terms as
materials for loadbearing and separating constructians.

In Section 6.1, a description is given of the calculation
procedure for a functionally based design method related
to actual fire conditicns. The present state of knowledge
and the practical conditions for application of this me-
thod are touched upon in sutline with reference to struc-
tures of solid section, for instance giued laminated
structures. In Section 6.2 a similar assessment is made
concerning lightweight and composite timber structures
with & loadbearing and/or separating function. Finally,
in Section 6.3, the problems which are specific to fire
design of éplices,attachments and connections are dealt
with.
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6.4 . Timber structures of solid sectian

The charscteristics applicanle to firs in a fire com-
partment ars of fundamental importance for analytical
fire design of loadbearing and separating structures.
The critical input parameters are as follows /B.1/ -
see FIG. B.71.

{1} The design value of the fire load intensity,

(7} thez combustion properties of the fire load,

(3} the size and geometry of the fire compartment,

(4) the ventilation conditions in the fire compartment,

{5) the thermal properties of ths constructions enclos-
prog
ing the fire compartment.

These parameters together determine the rate of combus-
tion and the energy released per unit time, and the
design gas temperaturs-time curve of the fire compsrt-
ment for an undisturbed fire sequence.

Together with

(6) the structural data of the siructure.

{7) the thermal, moisture mechanics and combustion pro-
perties of ifhe structural material,

(8} the surface heat transfer conditions and the combus-
tion characteristics for the boundary layer,

this curve defines, for a structure of combustible mat-
erial, the temperature and moisture Tlelds and the red-
uced cress section of the fire-exposed structure anc
its camponents at every point in time of the fire se-
quence. With

{9) the mechanical preperties of the structural material

{10)1load characteristics

as further input parameters, the forces., muments and
stresses which occur in the fire-exposed structure due

to internal and external restraints on defocrmation which
may he present, and the temporal variation of the load-
besring capacity of ths structure, can be defermined.

The smallest value of this loadbearing capecity during
the compiete fire sequence defines the desipgn loadbearing
capacity Ry of the structure.

fn the basis of characteristic values, partial coeffi-
cients and load reduction factors relating to dead load,
live load etc, selected in view of the fact that fire
exposure is to be r@garded as an accidental lcad, the
design load effect in the event of fire, 54, is cefined
/6.2/ Dlrect CDmpﬂPlbDn of the design loadbearing capa-

o LI R ‘el K P S [ I .
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per unit time
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For purpcses of design, the gas temperature-time curve

of the fire compartment can be selected either accord-
ing to /6.1/, Sectieon 3.2 (Method I) - as exemplified

in FIG, 1.2 - or it cen be determingd in each individual
case on the basis of the energy and mass balance egua-
tions of the fire compartment or in some other sguilvalent
manner, for instance experimentally-or by a combined ex-
perimental and theoretical methed {(Methad II). The fire
characteristics according to Method I assumg a fire com-
partment of a size applicable,for instance, to dwellings,
ordinary offices, schools, hospitals, hotels and libra-
ries. For fire compartmente of very large volume - for
instance industrial and sports premises - the data pro-
duced by Method 1 provide a very poor representation of
a real fire exposure.This also applies for the gas taem-
perature-time curve which is used in conjunction with
standardised fire tests according to IS0 B34. At present
thare is no well substantiated body of data available
which permits more accurate fire design of fire compart-
ments of large volume - see alsc the commants on p. N

The design fire load and the characteristics of the fire
compartment thus form the basis for determination of the
design fire exposure, expressed in terms of the design
gas temperature-time curve of the fire compartment,
which is used as input in the flow chart in FIG. 6.1,
fepending on practical application, the design load-
bearing capacity may be required for

T
al a complete Tire seguence v ~
! t
T4
b) part of the fire sequance, tg,¢» -
determined with respect to the ™\
time needed for fire fighting AN
in unfavourable conditions -
T ‘ tEK1
c] part of the fire sequence, limi- —
ted by the design escaepe time e N
tgge from the building. [// N
i t

tESC
The provisien of an automatic fire extinguishing system
can be taken into consideration in selecting the design
fire load. This is alsc affected, for instance., by the
consequences of failure in the loadbearing structure
with respect to injuries to persons or damage to pro-
perty.

The time for which retention of loadbearing capacity 1s
to be specified must be judeed in each case. It is quite



tive al, results in comparetively large savings in cost
owing to the smaller dimensions of the lecadbearing sys-
tem. Apart from the reqguirements specified in the regu-
lations,one of the factors which are critical for the
choice of the alternative to bhe used as the basis of
design are the economic judgments made by the owner of
the building. The value of the building, the value of
ite contents, the costs due to loss of production, the
clearance and repair ccsts =stc are all relevant to such
a judgment.

The feasibility of applying the design method described
in FIG. B.1 is commented on in the following with refer-
ence to & timber structure of sclid section such as a
glued laminated structure.

Design may, Tor instance, be based on experimentally
determined relationships between the thickness of the
charred layer and the duration of fire exposure. FID.
6.2 illustrates such & relationship for the thermal ex-
posure applicaeble for standardised fire tests according
to IS0 834 - Equation {1.11}.
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FIG. §.2. Experimentally determined relaticnship betwern
the thickness of the charred laver and the
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Un the basis of the curves in FIG. 5.2 and the results
of similar investipations, the rate of charring which
is representative for thermal exposure accarding to IS0
34 is often taken to be 0.8 mm/min. /6.178 and 6.19/
quote corresponding figures which are apprecisbly more
conservative. The rate of charring applied for columns
15 0.7 mm/min, and for beams it is 0.8 mm/min for the
vertical and upper herizontsl surfaces, and 1.1 mm/min
faor the soffit., These figures have beaen adopted in DIN
4102, Part 2.

For fire design of timber structures for a differentiated
fire ssquence, with the pas temperature-time curves in
accardance with FIG. 1.2, the Commentary to SBN 1976:1%
recommends the curve in FIG. 6.3 as the provisional hasis
for the rate of charring - see also /6.7/ and /6.13/. This
approximate curve has been drawn on the basgis of a study
of investigations reported by Knublauch /B.8/. The dura-
tion of fire is estimated to be the tims up to the point
where the downward branch of the apprepriate gas tempe-
rature-time curve has dropped to 300°C,

A mm/min

4i
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0 002z 004 006 008 01 012 mMZ2 Ay

FIG. §.3. Approximate relationship constructed on the
basis of simpilifigd considerations for the
rate of charring & of solig or laminated tim-
ber beams of pine orT spruce as o Tunction of
the opening factor A/E/Atat of the fire com-
partment /6.1, 6.7, 6.137.

A simplified analytical model for palculation of the
depth of the charred leyer under variable thermal expos-

- I )



diagrams and approximete formulae for calculation of the
depth fmm) of the charred layer in laminated structures
exposed to fire in confarmity with the gas temperatire-
time curve according to FIG. 41.2. The following approx-
imate formulae apply:

5. 0.0175¢ (6.1)
TAYR )
Aot
B 0.035 :
BD = 1.25 IV : (6.2)
A + 0.021
tot
. " i G
g =B & For 0 £ 1 < =
“ 3 (6.3)
) _ 8 3t _ ot@ ¢ ’
g = SD{ kv Wj for 3 < t < @8
where
T = fire load intensity, MI/m2 of enclosing surfacs
AVR/Atgt = opening factor of fire caompartment, mb/2
& = Lime in minutes at which maximum charring rate

occurs for the fire load intensity and copening
factor concerned

initial value, mm/min, of the rate of charring
elapsed time in mincvtes.

I

Bo
t

The model in /6.9/ provides no information concerning
temperature and moisture distribution in fthe uncharred
portion of the timber section.

Fredlund /6.11/ gives a model for the pyrolysis of wood
which is of more general application and is also func-
tionally superior to the models given in the literature.
This model provides data for calculation of the rate of
charring undser variable real conditians during the early
stages of & fire and for a tfully developed fire. The
publication also outlines methods for approximate deter-
mination of the temperature and moisture states in tim-
her structures. Further develaopment is however needed
before this methed is sasy Lo apply irn practice.
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5.1.2 Oeams in a limit state in the Torm_ of

An the assumption that the thickness B of a charred layver
during the relevant part of the fire sequence can be do-
termined according te Equations {(6.71) - (6.3), and that
the change in mechanical properties of the uncharred mat-
erial under fire exposure conditftions can be described as
a roduction of ultimate stress by a factor u, relation-
ships can be derived for the loadbearing cepacity of a
cross section exposed to fire on three or four sides.

FIG. 6.5 and §.% set out such curves for fire exposure
on four and three sides respectively. The curves give
the value of the ratio 8/8 corresponding to flexural



the cross section with respect ta failure in pure bend-
ing prior to fire exposure. For the region B/B » 3,25
the curves are shown dashed, as for this region the de-
sign assumptions have not been sufficiently verified
axperimentally. The factor y which describes the reducad
loadbearing capacity of the uncharred part of the cross
section with respect to elevated temperature and in-
cressed moisture content during the fire has been glvan
the value 0.8.
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FIG. 6.5. Curves showing the relationship between the
ratio /B and the width/depth ratic B/D of
the cross section for a solid ar laminated
timper beam of rectsngular cross section
which is exposed to fire on four sides. The
curves are drawn un the assumption of flexurail
failure. K is the factor of safety of the
cross section prior to fire exposure /6.13/.
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FIG. 6.6. Curves showing the relationship between the
ratioc B/8 and the widih/depth ratio 8/0 of
the cross section for a solid or laminated
timber beam of rectangular cross sectiaon
which is exposed to fire on three sides. The
curves are drawn on the assumption of flexural
failure. K is the factor of safety of the
vross section pricr te fire exposure /6.137.

£.1.3 Beams in a 1imit state in the Torm

If the risk of lateral torsional instability must be con-
sidered, the problem is complicaeted by the fact that the
critical load gradually diminishes during the fire owing
to progressive reduction of the cross section and the
consequenk increass in slenderness ratio. The risk Is
further accentuated if lateral stiffeners collapse or
vanish during the fire.

/B.12/ gives an extensive body of data for the design
of rectangular timber beams under fire exposure condi-
tions with respect to the risk of lateral torsional in-
stability. To sum up, this design comprises the fallow-
ing stages:

The unburned part af the cross section is debarmined in
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section. The Time up to failure is defined as fthe time
that elapses until the stresses attain a certain valus,
depending on slenderness, which is defined by the for-
mula

(6.4}

where op, is & characteristic value of the ultimate
flexural stress calculated on the assumpticn of linear
stress distribtution. The Swedish Buildineg Code SBN 1380
specifies the value opi = 3ogps, where gp, is the permiss
ible compresstive stresas in hending. op 1s the maximum
compressive stress in hending due to fthe critical iateral
torsional Inad calculated according to the slastic theo-
ry. The pesrmissible compressive stress in bending., opa.
is redoced with respect to lateral torsicmal failure

by multiplication by the factor x,(a] which hss the
following values:

KU{(X} = when o < 0.8
KV{u} = 1.37 - 0.6%a when D.B6 < a < 1.4 (6.5])
kK lad = 1/a? when o » 1.4

A subsidiary condition is that the least lateral dimen-
sion of the beam should not, initially, bs less than 4
times the maximum depth of penetration of the charred
layar.

Grnee the value of the thickness 8 of the charred layer
is known during the relevant part of the fire sequence,
then, according to the technigue described above., an
gxpression can beg derived for the critical value of the
ratio £/B as a function of K, B/D and a gparameter n
which expresses the sensitivity to lateral torsional
Tailure of a beam which is not exposed to fire. This
parameter is defined as

(6.6)

b 2

where | is the length of the beam and m is a coefficient
which depends on the 1load on the beam and its end re-

straint conditions and which, for normal practical app-

lications, can be obtained from manuals.

FIG. 6.7 and 6.8 give examples of solutions for the cese
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B.1.4 Columns in a limit state in the form

In designing columns where there is no risk of buckling
the same procedure can be applied as for beams. If the
risk of buckling must be taken into considersation, the
problem is complicated by the fact that this risk in-
creases during the sntire fire sequence owing to the
progressive reduction in cross section and the con-
sequent increase in slenderness ratio.

The unburned part of the cross section is determined in
the same way as for beams according to Subsection 6.1.1
The slenderness ratic and the stresses are calculated
for the reduced cross section. The time up to failure
is defined as the time that elapses until the stresses
have attained a certain value which depends on the slen:
derness ratio. According te /6.13/, this valus can be
permitted to attain twice the value permissible for the
stress for an ordinary combination of loads. A subsidia:
condition is that the slenderness ratio shall not excess
170, and that the least initial lateral dimension of the
cross section shall not be smaller than four times the
maximum depth of charring.

LEEEET

T
0 100 200 A,

FIG., 6.9. Curves for determination of the thickness g
of the echarred layer corresponding to buckling
for different values of the initial slendernec
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FIG. 6.10.The same curves as in FIG. 6.9, bult appli-
cable to the case where the fire can attack
the section only on two opposed sides. It is
assumed that buckling cccurs at right angles
to the surfaces exposed to fire /6.13/.

When the thickness B of the charred layer has becn deter-
mined according to Eguations (6.1} - (6.3), the relation-
ships according to FIG. 6.9 and 6.10 can be calculated

on the basis of these assumptions. From FIG. 6.9, the
thickness of the charred layer corresponding to failure
can be determined for a column of sguare cross saction
which is exposed to fire on all four sides as a function
of Lthe initial slenderness ratio A and the ratio p of
the applied load to the load permitted for an ordinary
combination of loads. FIS. 6.10 presents the same curves
for the case when fire can attack the cross section anly
on two opposed sides, buckling being assumed Lo cccocur

at right angles to the sides exposed tc fire.

6.1.5 Conclusions

The design method described for laminated timber struc-
tures exposed to fire is based on simplified assumptions
for gll the components of the method. In consequence,
applicability of the method is confined tc approximate
calculations, which however represents considerable pro-
gress in relation to conventional design based on fire
classification and the results of standard fire tests.
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perties, temperature and moisture conditions, and mecha-
nical properties. Impreoved knowledge of these compuaneants
will permit a more meaningful and substantiated theore-
tical analysis of the behaviour and loadhearing capacity
of differsnt types of loadbearing timber structures undaor
fire exposure conditions. These structurss mey be either
directly exposed to fire, or exposed only afier a certain
time has mlapsed since the outhreak of fire. The modes of
Failure which are of interest are bending, shearing, tor-
slon, buckling, lateral torsional buckling. Analysis of
the behaviour of nailed and holted connections should he
included, together with design which will give these the
same strength as the rest of the fire-exposed structurea.
This is commented in grester detail in Section 6.3.

The structural analysis described above is made easier
by tha existence of software for high temperature strue-
tural mechanical calculations, primarily developed for
cancrete and steel structures, :

6.2 Lightweight and composite timber structures

With regard to lightweight and composite timber struc-
ftures with a loadbearing and/or separating function,
subject to the action of fira, the present state of know-
ledge is mainly confined to the results of standard fire
tests and summaries of such tests in the literature. In
Sweden, type approved structures for different firs
classes are listed in Approval Liet B published by the
Swedish Board of Physical Planning and Building. An ex-
tract from this is given in /6.15/ with regard to type
approved wall and floor structures of timber and/or wood
based materials - FIG., 6.11 and 6.12. The most compre-
hansive international summaries of the results of stand-
ard fire tests and associated fire classifications are
given in /6.14/ and /G.19/.

All the results published with regard to the bhehaviour
and losdbearing cepacity during a fire of lightweight
and composite structures of timber relate to thermal ex-
posura in conformity with a standard fire test - IS0
834, Equation (1.1). Thers are no experimental results
available which illustrate the behaviour and loadbearing
capacity in relation to exposure mores representative of
a natural fire. Nor have any analytical methods been de-
veloped for the fire design of these types of structure.

Research which may result in the development of such

analytical methods is therefore of great urgency. This
applies both for thermal exposure according to IS0 834
and for real exposure, described, for instance, by the
gas temperaturs-time curves given in FIG. 1.2. Such a
develooment wonuld Snrliids ewmerimemnt=] criiHdtioce ot 717



t.oadbearing and separating wails

B30

70 rmm minera! wool slab
Timber stud

On both sides:

19 mm tongued and grooved woad panet or
o mm medium or hard wood fibre board or
9 mm chipboard or

[ 13 mm asphalt impregnated porous wood

fibre board

70 mm mineral woel slab
Timber stud

On both sides: 1
Ignition retardant cladding

— (n both sides:
95 mm mineral wool slab

Timber stud

19 mm tongued and grooved wood panel or

9 mm medium or hard wood fitre board or
Smm chipboard or

“}i | 13 mm asphait impregnated parous wood
fibre board

95 mm minerat wool slab
Timber stud

/ On both sides:

19 mm tangued and grooved wood panel or
9rmm medium or hard wood fibre board or

Amm chipboard or
13 mm asphalt impregnated porous wood
Aim—— fibre board

lgnition retardant ctadding 1

56 mm tongued and grooved wood panel

QOn both sides: 1
ignition retardant cladding

1 lgnition retardant cladding may be 10-13 mm
gypsum plasterboard or 12 mm wood fibre board

- with a mineral surface layer of approved type
~approved as cladding on internal wall and
ceiling surfaces which is equivalent 1o cladding
of non-combustibie material”, See also Approvai
List B pubfished by the Swedish Board of
Physical Planning and Building.

FIG. b.11%.
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AL least 95 mm mineral woot slab

Timber stud

On both sides:
18 mm tongued and grooved woaod panel or
f 9 mm medium or hard wood fibre board ol
8 mm chipbeard or
113 mm asphalt impregnated porcus wood
fibre board
Double ignition retardant eladding 1

B120

At least 95 mm mireral woo! slab

Timber stud

On both sides:

19 mm tongued and grooved wood panet or

9 mm hard or medium wood fibre board o
‘9 mm chipboard or

13 mm asphalt impregnated parous wood

=

fibre board
Three layers of ignition retardant cladding 1

Walls of only separating function

215

——r

19 mm tongized and grooved wood panel

116 mm medium or hard wood fibre board or

=

156 mm chipboard

The boards shall be joined by a ‘tengued
and grooved joint

Timber stud

On both sides:

15 mm tongued and grooved wood panel or
9 mm hard or medium wood fibre board or
9 mm chipboard or

13 mm asphalt impregnated poroius wood

fibre board

Walls of timber and/or wood based materials

vranted type approval for different fire classses. For

further constructional details,

to ABL15/7.

reference

should be made



B30 B60

50 mm tongued and grooved wood panel

24 mm medium or hard wood fibre board or
24 mm chipboard

The boards shall be joined by a tongued
and grooved joint

Timber stud

On both sides: 1
Ignition retardant cladding

Timber stud

Cn both sides:
Double 9 mm hard or medium wood fibre board or
double shipboard at least 8 mm thick

P —

1 95 mm mingral wool slab
Timber stud

H On both sides:
9 mm hard or medium wood fibre board or
9 mm chipboard or

13 mm asphalt Impregnated porous wood
. fibra board

Timber stud

On both sides:

Couble 16 mm medium or hard wood
fiire board or

deubie 16 mm chipboard or

double ignition retardant cladding 1

Timber stud

Three layers of igaition retardant ciadding !
in the form of 3X13 mm Qypsum plasterboard

Class B 60 applies oniy in relaticn to fire
on the side provided with cladding

19 mm tongued and grooved wood panel

Two layers ignition retardant cladding 1

Class B 60 applies only in relation to fire
J on the side provided with cladding

Timber stud

Double ignition retardant cladding in the
form of 13 mm gypsum plasterboard {Class
B 30 applies only in relation to fire on the
side provided with the cladding)

FIG. 6.11 {continued)

Timber stud

On both sides: .
Thres fayers ignition retardant cladding 1
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B1s

B0
—~Timber joist

: Timber joist
am minaral woel slab 100 mm mineral woal slab
ﬂm W 18 mm tongued and grooved wood pane! or ﬂm WIB mm tangued and grooved woad panel or
o e ———=—115 i chipboard or 15 mm chipboard or
16 mm hard wood fibre board or

A 15 mm hard wood fibre board
1gnition retardant cladding Doubsle ignition retardant ciadding i

19 mm 1ongued and grooved wood panel ar 19 mm tongued and grooved woaod panel or
15 mm chipboard ar

i

15 mra chipboard or
15 mm hard wood fibre board

. L Timber joist [15 mm hard woad fibre board
- Timber joist .
19 mm tongued and grooved wond panel or ﬂﬂm 100 mm mineral woal slab
— = 15 mm chipboard or
8 mm hard wood fibre board or 18 mm tongued and grooved wood pam:l or
ignition retardant cladding

15 mm chipboard or
16 mm hard wood fibre board

lgnition retasdant ciadding i

B39

- 18 mm tongued and grooved waod panek or
T r 15 mm chi
LTimber joist ipboard or

. 18 mm hard wood fibre board
100 mm mineral wool slab +Timber joist o 2

W 19 mim tongued and grooved wood panet or 19 mun tangued and grogved waad panel or
LY . 15 mm chiphoard or
15 mm chipboard or 14 hard fib
; 15 mm bhard wood fibre board men hard woed fibre board
Ignition retardant cladding ¥

Dauble ignitien retardant cladding i

1 Ignition retardant cladding may be 10-13 mm
}g gm ﬁ?gggff:n;gmoved woad panel ar gvpsum plasterboard or 12 mm wood fibre board
15 mim hard wood fibre board with a minerat surface layer of approved type
4 Timber joist "afla_provedfas clads‘in*?_on int‘enral wall ‘:nddd‘
ceiling surfaces which is equivalent 1o ciadding
‘g mg L&:‘?gtl;lom:r:nodrgmnved woed panel or at non-combustible material™. See also Appraval
6 men hard wood fibre board List B published by the Swedish Board of Physical
1 Planning and Building,
lgnition retardant cladding

9 mm tongued and grooved wood panel or
- =115 mem chipboard or
Timber joist

5 mm hard woed fibre board
m ﬂﬂp(-—mn mm mineral wool slab

8 mm tongued and graoved woad panel or
15 mm chipboard or

& mm hard wood fibre board

FIG. 6.12, Floor constructions of timber and/or wood
based materials granted type approval for different fire

classes. For further constructional details, reference
should be made to /B6.15/.



thin panels of wood anc wood based materials under diff-
erent kinds of thermal exposure - FIG. 6.13 /6.14/.
Another impertant and vrgent research project in this
field is thecretical and experimental study of the poss-
ibility of increasing the fire resistance of lightwelght
and composite timber structures by means of fire retarc-
ant finishes.

Depth of combustion

MM [Chiphoard
according

25 [to DIN 6376 /V

)

_

20 | ' %ﬁj

15 %
10 [ %Zy IZI::!dani 2‘;'::SBI‘IE|
[ s
Y 4
5[ 5 22| without 82
o l eyl wita B1

0 10 20 30 40 50 60 70 8Gmin

FIG. §.13.Renge of variation of experimentally deter-
mined depth of combustion for chipbcard of
density = GO0 kg/m3 when subject to thermal

exposure according to a standard fire lest,
IS0 634 /6.14/.

G.3 Splices,attachments and connections

in loachbearing timber structures, splices, attachments
and connections are critical details which demand. par-
ticular attention in conjunction with design and sizing
for fire exposure. The overriding requirement in this
respect which is specified in Finnish building regule-
tions reads: "Metal components which constitute a load-
bearing element in timber structures shall be protected
in such a way that thasy have at least the sams fire re-
sistance as the rest of the structure. In crder that
this degree of protection may be achieved, wood, chip-
board or mineral wool etc of sufficient thickness may

be used. Mektallic materials in direct contact with the
timber shall be insulated in such a way that their tem-
perature doss not exceed 300°C during the specified fire
resistance period". There are proposals for the intro-
duction of this structural regulation in Norweglan stan-
dards for calculation of the fire resistance of timber
structures /6.20/.

7¢
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6.1% and 6.21/. A frapmenteary illustration of the results
is given in FIG. 6.14 which shows the increase in fire
resistance of bolted and nailed cennections in shear
owing to wooden cover sheets glued or nailed over Lhe
connection. /6.20/ gives the results of some preliminary
studies, with thermal exposure according toe 150 834,con-
cerning the possibility of increasing the firs resistance
of bimber connections by insulating the steel details
with a fire retardant finish (3 coats of Unitherm) or

a mortar {20 mm Pyrocrete 102).

Failure of splices, attachments and connections in the
event of fire usually occurs due to large local defar-
mations within the timber/steel contact area. This is
verified in the few experimental investigations which
have been published /6.21/ - /6.24/.

Fire resistance

min
rd
I I e
/ »z‘z‘,‘}
60 (s
4
" @
/
30 -
o Bulldog
wap— Appel I_ Cover sheets _J
- — 1t Nail of wood
0 1 i L I |
0 20 40 80 80 mm
" Thickness t

FIG. 6.14.Fire resistance of bolted and nailed connec-
tions in shzar as & function of the thickness
t of wooden cover sheets glued or nailed over
the connecticn /6.14/.

There is no analytical model available which makes poss-
ible the calculation of the beshaviour and loadbearing
capacity of g.g. a nailed or bolted connection in the
event of fire. On the other hand, models are in exist-
ence for similar conditions at ordinary room ftempera-
tures. These models are eminently suitable to form a
phenomenological point of departure for the development
of models which also cover fire conditions. Such a deve-
lopmernt would include the fnllowing components:

o A two or three dimensional model for calculation of
the rate of charring, temperature gradient and mois-
ture distribution for the wood around a heated nail
or bolt.
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ergnt charred layer, temperature and moisture con-
ditions and for variable pin diameters, wood thick-
nesses and angles between the grain and the direction
of force,

o similar experimental investigation for bolts in
single and double shear for supplementary determina-
tion of the effect of friction in the connection,

o application - for variashle thermal exposure - of the
data obtained in these investigations to available
models for the behaviour and loadbearing capacity
of connecticns - see, for instance, /6.25/ in which
a similar application 1s described for bolted connec-
tians in steel structures exposed to fire,

o experimental verification of the theory at model or
full scale.

A research project of the structure described has &

high degree of uwrgency. This alsc applies for a project
of more limited character for the production of design
data for determination of the reguired thickness of
caover sheets and other types of insulation for bolted

or nailed cecnnections for real fire exposures, described,
for instance,by the gas temperature-time curves accord-
ing to FIG. 1.2,
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7. THE EFFECT 0F FIRE RETARDANT ADDITIVES

700 Introduction

o

By means of fleame retardants, the fire behaviaur of tim-
her skructures during the different stages of a fire
sequence - slow pyrolysis during the heating stage, ig-
aitian of the flammable pases formed, active pyrolysis
and combustion with flaming, and smouldering, i.e. oxi-
deticr of the charcoal formed - can be altered in various
respects. The mechanisms involved in the action of the
flame retardants cen be roughly broken down inte mecha-
nisms with a physical or chemical mode of action - FIG.
7.1 /7.1/. The effect of Flame retardants of physical
actian includes energy absorption, release of non-flamm-
able gases, and formation of diffusion resistant radia-
tion protection layers on the surface of the material.
for the chemical mechanisms, a distinction is made batween
action in the solid phase and action in the gasecus phase
or flame.

Effect by energy
absorption

A Effect by release of

Physical mode non-flammable

of action gases (dilution of
gases)

Effect by formation
of diffusion resistant
radiation protection

Flame retardant

mechanisms layer on material
surface
{ Effect in solid phase ;
Chemical rmode
of action
Effect in gaseous
phase or flame

FIG. 7.1. Mechanisms of actian of flame retardants.

In the case of many chemicals, the flame retardant effect
is obtained hy interaction hetween several physical mecha-
nisms, or betwsen physical and chemical mechanisms. The
cffoct can be controlled by mixing the flame retardant
chemicals, for instance in such a way that they comple-
ment one another during a complete fire sequence. The
ohvsical and chemical properties relevant to the differ-



melt, vapour pressure and latsnt heat of vaporisation,
water soclubility.

In the following, the effect of these mechanisms and

their interrelatienship is further developad according
to a scheme presented in /7.2/.

72 Chemical mechanisms

in conjunction with action in the solid phase, the che-
mical flame retardant theory for wood and other cellulo-
sic materials is based on a change of the rapid pyro-
lysis to a slow pyrolysis. If pyrolysis of cellulose
could be steered towards the ideal complets dehydration
intec walter and carbon, according to

[C6H1QD5]M > &6nC + SnHED

then no flemmable gases would be formed from the prin-
cipal wood component until the temperature became high
enough to initiate the water-gas reaction. Many flame
retardants also steer decomposition in this direction.
Even though the ideal reaction cannct be achiasved, there
is increased formation of charceal, and the volatile
components are richer in axygen and thus have a lowar
heat of combustion. Formation of tar is alsc reduced.
This has the effect that the initial stage involving
slow pyrelysis is prolonged. According to the theory of
chemical action in the solid ghase, offective flame ro-
tardants prevent formastion of lasvogluccsane by block-
ing or removing the hydroxyl group on carbon atom No 6.

It is alsc possible during heating of lignocellulosic
materisls fo bring about crosslinking of adjacent cellu-
lose chains by elimination of water. The rate at which
these crosslinks are formed is considerably affected by
the presence of certain inorgenic salts such as alumi-
nium sulphate, ferric nitrate and copper nitrate.

In conjunction with action in the gas phase, flame retard-
ants do not affect the formation of combustible products,
but influence their later reactions. The flame retardant
acts as en inhibitcor in the chain reactions between free
radicals in the fiame by releasing gaseous products.

This maens that the protective effect is obtained mainly
during the ignition phase and active pyrolysis, while
the initial slow pyrolysis is unaffected. Flame retard-
ants which modify the combustion process by means of

this mechanism should have a high vapour pressure and

be dissociated rapidly at the temperatures which pravail
in the event of fire.
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7.3 Physical mechanisms

(a) Absorption_of _energy

Ernergy absorption provides a flame retardsnt effect by
virtue of the fact that the chemicels absorb larga
amounts of heat during heating. This can be achieved by
giving the substance a high heat capacity or by making

it subject to phase transitions or resctions which re-
gquire large quantities of energy, such as fusion, sub-
limation, decomposition and dehydraticn. This mechanismn
exerts the greatest influence during the early slow pyro-
lysis.

{b) Dilution of gasss

Many flame retardants decompose when heated and give off
non-flammable pases such as water vapour, nitrogen or
carbon dioxide. It is assumed that these gases protect
the material in two ways. They both dilute the gas
mixture and in this way render it non-flammable, and
they shield the material from oxygen and in this way
prevent combustion of this.

A flame retardant effect by the formation of a protect-
ive layer can be accomplished in three ways. One way is
to spray or brush cnto the surface a film which excludes
oxygen from the surface of the material and prevents the
@acape of flammable gases. Such a layer must be very
elastic, otherwise it is rapidly destroyed in the svent
of fire. Another way is melting of the added chemical
and consegquent formation of a film on the surface of

the material. The protective effect is obtained in this
case by reflection of hest, thermal insulation, exclus-
ion of atmospheric oxygen, and prevention of the sscape
af flammable gases. Finally, protectian can be obfained
by the provision of a leyer which intumesces under the
action of heat to form a porous, thermally insulating
coat similar to charcoal.

7.4 Interaction beotween different mechanisms

The flame retardant effect of many chemicals is due to
interaction between several physical mechanisms ar be-
tween physical and chemical mechanisms. A flame retard-
ant chemical may have the following mede of action.



releases an inert gas and also forms an acid residue
which has an action in the solid phase. The inert gas
may have the dual function aof diluting the gas mixture
and of forming bubbles in the surface layer, thus in-
creasing its thermal insulation capacity. Energy is also
consumed during fusion and the decomposition reactioan.
In this instence interaction occurs hetween five differ-
ent mechanisms /7.1/.

~J
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Different types of flame retardant

The technigque of proiescting wood by means of  flame
retardant additives has been used for a leng time.
Lyons /7.3/ states thait reference to flame retardants
extend over more than 200 years. The earliest reference
to a flame retardant for wood in Chemical Abstracts is
found in Volume 1 from 14905, and concerns a mixture of
ammonium phosphate and boric acid, a preparation still
often used at present. At aboul the sams time thers is
discussion of sodium silicate, tungsten, borates and
aluminium hydroxide, and chlorides of calcium, magne-
sium, zinc and tin. A British Patent dating fram 1812
specifies as flame retardant a mixture of zinc, mercury
and copper salts which are applied to the timber by sub-
jeeting it to a vacuum prior to imprsgnation. In 1914
the American Wood Preservers Asscciation recommends
NH4Cl, (NHg)p504 and NHi phosphates as particularly
sulitahle preparations, and a publication of the same
Association in 1944 quotes NapzCrzl7, (NH4)2HPO4,
NHzHZ2P04, NazBag07, HsB0s3, ZnCly, and chromated ZnClz,
as suitable agents. References /7.2, 7.3/ tabulate a
large number of flames retardants and asscciated methods
of application.

Table 7.1 lists some flame retardants in common commer-
cial use at present and their recommended chemical cam-
positions.

Sellman et at /7.1/ has collated physical and thermal
data for some inorganic flame retardant chemicals, bro-
ken down into borates, phosphates and silicates. The
following conclusians can be drawn from this:

o In the case of borates the flame retardant effect is
considered to be due to a combination of chemical
acltion in the solid phase, energy abscrption, develop-
ment of diluent gases, and formation of a protsctive
film on the surface of the material.

o In the case of ammonium phosphates, chemical action
in the solid phase dominates, but release of diluent
gases and energy absorption should provide additive
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o In the case of sodium silicates, the protective me-
chanisms are more difficult to evaluate, but the
protective fiim formation mechanism is probably the
dominant one.

o The modes of action of the different groups are simi-
lar, and they act at about the same stage of the fire
sequence. Combinations of these are therefore not
likely to produce an appreciable inecrease in flame
retardant effect.

Table 7.1 (according to /7.3/)

Chemicals Proportion Specification
(NHg) 2504 76 Type 18
NHaH2PDa or (NHa)2HPO4 19

{NHa41} 25084 &0

H3B03 20

(NHa4)2HPO 4 10 Type 2
NazBaly 10 Minalith
NazBgO7 60 Type 3
H3B03 40

ZnClsy 77.5 Type 4
NaoCroUy . 20 17.5 czc
ZnCl> G2

NapCrz07 . 2H20 15.5 Type 4
[(NHg) 2504 10 CZC(FR)
H3BO3 10

NazBa07 57-70

NHakH2P04 33-30

InClo 54

NH4HZF D4 46

ZnCly 35

{NH4 12504 35 Protexcl Class O
H3BO03 25 Pyresote

i

NazCrp0y.ZHp0




Conclusions

In relation to the behavicur and design for fire expos-
ure conditions of luadhearing and separating construc-
tians of timber, the above description of the effect of

Fire

retardant additives points to the following re-

search projects:

(1)

A review of the existing state of knowledpe and
further analysis of the physical and chemical
mechanisms involved in the action of flame retard-
ants, and study of the possibilitiss of achieving
an aptimum interaction between different mechanisms
at the different stages of a fire - slow pyrolysis
during the heating phase, ignition of the Flammable
gpases formed, active pyrolysis and combustion with
a flame, and smouldering. In conjunction with cer-
tain applications, e.g. calculaticon of the rete of
charring, it should be possible to study by means
of analytical pyrolysis models the egffect of fire
retardants which are based on physical action in
the sclid state.

A review of the existing state of knowledge and
preparation of a detailed programme for further
research concerning the effect of flame retardant
additives on phenomena and properties which are
critical in fire design of loadbearing and separat-

ing timber constructions - rate of charring, thermal
properties, mechanical properties, the behaviour
of splices and connections /7.4/ - /7.11/.
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&, SUMMARY OF THE PROPOSED PROJECTS. PRIORITIES

In the final section of each of the previous chapters,
conclusions have been drawn concerning ressarch projecths
of urgent necessity con the basis of the review of exist-
ing knowledpge presented in that chapter. Research pro-
jecis of an overriding character are described in Sec-
ticn 1.6. This sectiaon alsc lists a number of projects
which relate to parrower subject areas. These projects
are directly related to the different stages of fire
design of loadbearing and separating timber construc-
tians. The projeclts are described in greater detail in
S5ections 2.5, 3.5, 4.5, 5.3, 6.1.5, 6.2, 6.3 and 7.8

in the order in which they are encountered in the course
0f design.

In the following, brief descriptionrs are given of these
projects, accompanied by an estimate of the staff re-
quirement and the overall financial commitment. The
estimate of the financial requirement has been based on
the representative costs of university research. A de-
scription is first given of the projects which have a
direct relatiaon to the stages of the design process and
are thus more limited in scope (Section 8.1), and the
projects of more overriding character which concern the
entire design process are then described. (Section 8.2).
In Seciion B.3, Tinally, the interrelationship of the
different projects is illustrated, and an ocverall stra-
tegic plan is given with regard to the recessary research
effort.

8.1 Projects associated with the different
stages of the design process

A Develupment of a simplified model for translation
af the relationship between radiation level and the
time to ignition into an ignition criterion for a
temporally variable fire environment (Sectiaon 2.5).

Existing relationships between radiation and time
to ignition have been determined experimentally or
analytically for different materials and material
combinations on the assumpticn of radiation lasvels
constant in time., FIG. 2.3 gives sxamples of theseg
relationships. In reasl fires, a material or material
combination is subject to radiation exposure which
varies in time. It is therefare of urgent necessity
to develop a simplified model and an associated ig-
nition critericn in order that real fire exposure
and constant radiation level-ignition time curves
mav he interrelated. snabling & orediction fo bhe
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This iz a combined experimental and theorelical
project which requires access to equipmnent incorpo-
reting a radiant panel., The staff requirement is 1
researcher and assistants for about six months. Fin-
ancial commitment: SEK. Z50,000.

Expansion of knowledge regarding the thermal proper-
ties of charred and uncharred wood (Section 3.5).

Such expansion of knowledge is needed in order to
enhance the possibility of analyticelly calculating
the rate of charring and the temperature and mois-
ture distributions in the uncharred portions of
timber structures exposad to fire. Attention should
he primarily focused on thermal canductivity and
specific heat capacity of both charred and uncharred
wood at temperatures above 100°C.

The task comprises both critical appraisal of infor-
maticn in the literature and additional experimen-
tal determinations. Access is needed to eguipment
for determination of the thermal conductivity and
specific heat capacity at varying moisture ratios
and varying elevated temperatures, up to about 300°C
for uncharred wood and up to about 500°C for charred
wood. The staff requirement is approximately 1 re-
searcher and assistants for about six monthss
Fimnancial commitment: SEK. 300,000,

Further work on existing relationships for cvalcula-
tian of %the heat of reaction of wood in real fire
conditions (Section 3.5).

Caloulation of the heat of reaction of wood on the
basis of data concerning enthalpy rise and phase
transition energy is an important companent of a
mathematical model for analytical determination of
the rate of charring and the temperature, moisture
and deasity-time Tields for a timber structure sub-
ject to vaeriable fire exposure.

The task is predominently a Lheoretical one. but

must alsc comprise experimental verification studies
st laborateory scale. Staff requirement is 1 theore-
tician and 1 experimentalist and assistants for

about nine months. Financial commitment: SEK,. 406,0006.

Development of a simplified model for calculation
of the rate of charring and temperature distribut-
ion in thin-walled timber structures exposed to
fire {Sections 4.5 and B.2).

The rate of charring in a timber structure exposed
b f2rm te arpruverned bartly by reaction kinetiec pro-



timber structures the rate of charring is mainly
governed By the transport processes.

Existing models for calculation of the rate of charr-
ing have been developed for sclid timber structures
and therefore they are not applicabie for thir-walled
timher structures. A combined theoretical and experi-
mental research project which will produce data for
prediction of the depth of penetration of fire for
thin panels of wood and wood-based materials under
the action of different thermal processes is there-
fore of urgent necessity. It is expected that the
experimental studies will be extensive.

Information provided by Project € is a component of
the theoretical part of this research task. Coordi-
nation or integraticon of Projects C and 0 is there-
fore sssential. Steff requirement for Froject O -
exclusive of the extraction of necessary information
from Project C - is 1 theoretician and 4 gxpaerimen-
talist, and assistants, for ahout 1 year. Financial
commitment: SEK. 700,000.

For an initial investigation associated with the
above project, the Swedish Farest Products Research
Laboratory has been allocated SEK. 100,000 by BRAN[-
FORS5K for the period 19B2-84.

Further work on a simplified model far calculation
af the rate of charring, temperature and moisture
distribution in fire-exposed timber structures of
sclid section {Section 4.5).

A simplified analytical model for determination of
the depth of charring in solid timber structures
subjected to variable thermal @xposure 1s presented
in /4.5, 6.9/ - see Subsecticn 6.1.%. This model can
be used for calculstion of a systematic hasis faor
practical design of loadbearing structurss ip rela-
tion to a real fire expasure. The model has been
developed for the édne-dimensional case, assumes dry
wood, and provides no information concerning tempe-
rature and moisture distributicon in the uncharred
portion of the structure. Referaencs /4.4/ presents
an alternative one-dimensional model which alsoc in-
cludes description of the temperature distribution
in the uncharred portion of the cross section. Ref-
erences /4.4, 5.11/ descrihe a more general gne-
dimensional model for the pyrolysis cf woad which,
in addition to calculation of the rate of charring,
also gives a method for approximate determinaticn of
the temperature and moisture condition in the timher
structure. Further development, particularly with
respect to the effect of moisturse, is however naesded
in order that the method may be capable of Basy prac-
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For the effect of moisture, developmant work may
alternatively be associated with the following
aspiration levels:

{al Moisture transfer is ignored, and initial mois-
ture and that produced during pyrolysis is vapor-
ised at the original point in the cross section.

(b) A partial model for moisture transfer is in-
cluded.

It is further important that existing and developed
models should be extended so as to be valid for two
and possibly three dimensional cases for practical
application to beams and to different types of
splices and connections (Section 6.3). The aniso-
tropic properties of wood must be taken into consi-
deratian.

The results yiglded by FProjects B and C constitute
the initial information for the asbove project which
is principally thecoretical in nature. However, in-
tegration of a simplified model for moisture trans-
ter reguires experimental determination of a number
of materisl constants. In addition, some verificas-
tion tests are required for the overall model.

The staff reguirement feor Project E - exclusive of
the extraction of the necessary information from
Projects B and C - is 1 theoretician and 1 experi-

mentalist, and assistants, for about 1 year. Finan-
cial commitment: SEK. 500,000.

Development of an analytical matsrial model for the
stress-strain behaviour of wood in conjunction with
transient stress, temperature and moisture states
(Secticon 5.3).

For practical calculation in timber structures ex-
posed ta fire of the deformations, instability loads
and induced forces and moments due to restraint on
deformations, it is necessary to have access to an
experimantally verifisd material model of the mecha-
nical behaviour of wood in conjunction with simul-
taneous transient stress, temperature and moisture
states. Development of such a model is therefore an
urgent necessity.

Experimentally, such & project comprises both inves-
tigations on small specimens and supplementary tests
on structural elements of ordinary dimensions. A
natural arrangement of a small scale investigation
would bes

(a} Rapid loading tests at steble ltemperatures and
variable initial moisture retios for determination
af tThe comniete strepec-acdr=23n FiiTve |
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{c) heating tests to failure at stable load and
variable initial moisture ratio,

{d) measurement of the moistureg ratio for the same
types of specimen as in (&) - (s} for unlcaded spe-
cimens under variable heating.

Parallel tests on segaled specimens may have to he
included.

Staff requirement for the project is 1 rasearcher
and assistants for about 2 years. Financial commit-
ment:SEK,. 500,000,

For a project of the above type, the Swedish Board
for Technical Development STU has allocated SEK.
413,000 to the Division of Building Fire Safety and
Technoleogy, Lund Institute of Technology. Work on the
project is in progress. Further, the Swedish Forest
Pradupts Research Laboratory has previously been
granted SEK. 118,000 hy STU for experimental produc-
tion, by means of small specimens of 5-10 mm? cross
section, of data concerning the mechanical proper-
ties of wood at high temperatures and variable mol-
ture ratios. A report on this investigation is under
preparation.

Experimental and theoretical study of the effect of
hiclogical and chamical structure on the mechanical
properties of wood under different temperature and

moisture conditiaons (Section 5.3).

No investigations have begen published as to why tem-
perature and moisture affect the mechanical proper-
ties of wood, only the way in which these are changed
A project which elucidates whether the biclogical
differences between different species of timber or
within the same species can explain phenomenclogic-
ally some of the large scatter in fest results rela-
ting to the mechanical properties of wood for differ-
ent combinations of tempersture and moisture condi-
tions is therefore of urgent necessity /5.1/. Such

a project should also comprise a simplified analy-
tical model which takes inftc consideration the

growth ring structure of wood and Lhe relationship
between cellulose and lignin.

The staff regtiremsnt for this project is 1 wood
chamist and 1 materials engineer, and assistants,
for ahout 1 year. Financial commitment: SEK. 500,000.

Further development of analytical methods and com-

puter pregrams for calculation of the behaviour and
limit states of tfimber structures of solid section

in the svent of fire {Subsection 6.1.57).



on simplified assumptions regarding all the compa-
rents of the method. Applicability of these methods
is theresby confined to approximate calculatiaons of
ultimate limit states and critical loads for certain
types of instability phenomena. The methods do not
permit ecalculation of the deformations of the fire-
exposed timber structures, nor calculation of the
induced forces and moments dug to restraint on de-
formation.

Access to a more advanced model fer calculation of
the rate of charring, temperature gradient and mois-
ture distribution accarding to Project £, and an
analytical material model for the mechanical bsha-
viour of wood in conjunction with transient stress,
temperature and maisture aslates according to Project
F., is essential in order that existing design methods
for fire-exposed timber structurss of solid section
may be brought into an advanced state of improvement
and expanded as regards fields of application.

Such work incorporates develcopment of numerical meth-
ods based on finite elements or finite differences,
and associalted computer programs, for the fire beha-
viour and limit states of different types of struc-
ture. The failure modes of interest are bending,
shearing, torsion, buckling and lateral torsional
buckling.

A project of this content is predominantly theore-
tical in nature. Verification tests at full or re-
duced scale must be added. Staff reguirement iz
resgarcher and assistants for about 2 years. Finan-
cial commitment: SEK. B00,C00.

Development of analytical and numerical methods and
computer programs for calculation of the behaviour

and limit states of lightweight and composite tim-

ber structurss under fire exposure conditions (Sec-
tion G6.27.

All the information concerning the behaviour and
limit states of lightweight and composite structures
under fire exposure conditions, with regard to their
loadbearing and/or separating function, has been
chtained from standard fire tests under thermal ax-
posure according to IS0 834. No analytical methods
have been published as yet regarding the design of
these types of timber structurs.

Research work which may resulft in the development
of such analytical methods is therefore of great
urgency. This applies both for thermal exposure
according to IS0 834 and for real fire exposure. A
simplified model for calculation of the depth of

combustion for thin panels of wood and wood based
[P TN /Y SRS (. S o N (AR SRR . [ 5\ T F T [
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methods. The analytical methods must be veritied
by experimental investigations at full or reduced
scale.

A project which has the object ocutlined above can
be tackled on the basis of two alternative aspira-
tion levels:

{a) Design is confined to limit states for certain
simple types of structure,

(b) design is extended s0 as to comprise deformations
and forces and moments induced due to restraint on
deformation, application being of & more general
character with respect to the type of structure.

A project based on the higher aspiration level in-
cludes development of numerical methods on the basis
of finite elements or finite differences, and assoc-
ciated computer programs, for the fire behaviour of
different types of structure. Access to a material
model for the mechanical behaviour of wood at tran-
sient stress, tempersture and moisture states accord-
ing to Project F is therefore essantial.

Faor aspiration level {al} the staf{f reguirement - ex-
cilusive of Project D - is 1 researcher and assist-
ants for about 1 yvear. Financial commitment: SEK
350,000,

For aspiration level (b) the requirement - exclusive
of Projects O and F - is 1 researcher and assist-
ants for about 2 years. Financial commitment: SEK.
GCGO,000.

Development of analytical models for calculation of
the behaviour of splices, attachmenis and connec-
tions, and their loadbearing capacity, under fire
exposure conditions {Section 6.3).

A research project made up of two parts appears to
be of urgent necessity in this respect.

The first part comprises producticn of design data
for determinaticn of the reguired thickness of cover
sheets and other types of insulation for bolted and
nailed connections under real firs exposure condit-
ions. In conjunction with cover sheets of wood or
wood-based materiels, the results provided by Pro-
ject O constitute essential input information.

The second part comprises development of an analyti-
cal model for calculation of the behaviour and load-
bearing capacity under fire exposure conditions af
e.g. a bolted or nailed connection, and experimen-
tal verification of this at full or reduced scale.

.



Staff requirement for the project is 1 resesrcher
and assistants for about 168 months. Financial comm-
itment: SEK. BO0,000.

Funds amounting to SEK. 155,000 have been allocaled
to the Technical Uepartment of the Swedish Fire Pro-
tection Association by BRANDFORSK and the firm of
Svenskt Limbtrd AB for an investigation relating to
the second part of this project.

A roview of the existing state of knowledge and
preparation of a detailed research programme concern-
ing the effect of fire retardants on phenomena and
properties which are critical with repgard to fire
design of loadbearing and separating timber con-
structions (Section 7.6).

Examples of such critical phenomena and properties
are ignitien, rate of charring, thermal properties,
mechanical properties and the mode of action of
splices and connectians.

Staff reguirement is 1 researcher for about six
months. Financial commitmeant: SEK. 100,000,

A review of the existing state of knowledge and fur-
ther analysis of the physical and chemical mecha-
nisms involved in the action of flame retardants,
and a study of the possibilities of achieving opti-
muwn interaction between different mechanisms at the
different stages cof a fire {(Section 7.6).

The project is a combination of experimental and
theoretical work. Descriptisn of the background to
the project is given in Sections 7.1 - 7.5,

Staff requirement is 1 theoretician and 1 experimen-
talist and assistants for about 18 months. Finan-
cial commitment: SEK. 800,000,

Overriding projects which have a bearing
on the entire research process

Development of a method for analytical determination
of the fire resistance of elemenis of construction
of timber (Sections 1.2 and 1.6).

Determination of the fire resistance of elements of
caonstructieon is at present entirely dominated inter-
nationaliy by standard fire tests according to I50
834, As an alternative, an increasing nuomber of
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With regard to timber structures, the present state
of knowledge permits such analytical determination

of fire resistance with acceptable accuracy for

solid timber structures such as beams and columns,

On the other hand, anaslytical determination of fire
resistance is not possible at present for light-
welght and composite structures of lpoadbearing and/or
separating function. The same also applies for all
types of structure which contain splices, attach-
ments and connections.

An overriding research project which has the object
of providing data for more gerersl utilisation of
the possibility of analytically determining the fire
resistance of elements of construction of timber
comprises the component projects O, I and 3 descrised
in Section 8.1. Apart from these projects, the over-
riding proisct alsc contains systematised calculation
nf design data and a special study of cansistency
" probiems in view of the differences in conditions
which may occur when fire resistance is determined
analytically and when it is obteined by standard
tests.

One of the reasons why this project is of great im-
portance is that it may provide greater opportunities
for analyticael fire classification in the placge of
classificaticn based on Lthe results of standard fire
tests, which may in future produce appreciable sav-
ings in cost in conjunction with the development and
marketing of new products and design solutions. In
cenjunction with increesed international acceptance
of anslyltical fire glassificaticn, this project may
also be instrumental in facilitating the typz app-
roval procedure feor Swedish timber products for ex-
part.

Staff requirement for the overriding project - apart
from the reguirement for the component projects D,

I and J - 18 1 researcher and assistants for about

1 year. Financial commitment: SEK. 300,000.

Develapment of a method for fire design of loadbear-
ing and separating elements of construction on the
basis of real fire exposure (Sections 1.3 and 1.6).

Analytical design of loadbearing and separsting ele-
ments of construction on the basis of real fire ex-
posure is feasible at present for most types of steel
structure and for certain types of concrete struc-
ture. In the course of 1983, @ manual which will
appreciably improve the practical design situatiocn
will probably be published for analytical design

of concrete structures.

It is essential that knowledge of the behaviour and
design of fire-exposed timber structures should be
develoned to a level eauivalent to that for siteel



An overriding research projesct for such a develop-
ment comprises the campanent projects B, C, B, E,

F, I and J described in Section 8.1 if practical
application is to be universal. In addition to these
component projects, the ocverriding project therefore
includegs as a primary task the production of a design
manual. The staff reguirement for this - exclusive of
the staff required for the compunent projects - is 2
researchers and assistants for about 2 years., Finan-
cial commitment: SEK. 600,000,

Froduction of data for determination of the equival-
gent fire duration for elements of construction of
timber (Secltions 1.4 and 1.6},

The congcept of equivalent fire duration has been
introduced to enable real fire exposure and thermal
exposure according to standard fire tests {150 834)
to be interrelated. Equivalence is defined with re-
ference to the criteriaon that both types of exposure
should, for the structure concerned, produce the same
critical effect with respect to the relevant limit
state.

Data are available at present for calculation of the
eguivalent fire duration for steel structures and
reinforced concrete structures subject to certain
types of failure. For other types of structure, in-
cluding timber structures, the concept of eguivalent
fire duration is incemplete or has not been studied
at ail.

A project which has the abject of producing data far
determination of the equivalent fire duration for
elements of construction of timber must be based on
the results of the overriding projects A and B. On
the besis of an internatiocnal perspective, this pro-
ject is of great urgency. Naticnally, in view of the
fire design philoseophy adopted by Swedish Building
Code, this project is of lower priority than the
nther overriding projects.

With the rasults of the overriding projects A and B
as the points of departure, the staff requirement
for the project concerning eguivalent fire durafion
is 1 researcher and assistants for about 8 months.
Financial commitment: SEK. Z00,080.

Further development of the design method according
to the overriding project B so as to adapt this to
modern loading and safety repgulaticns (Secticns 1.5
and 1.6).

daFeiy theory methods are being applied to an in-
Creaalng extent 1nternat10nally {Urthe dealgn af
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In order that such development may be meaningful,
the design methecd must be made up of functionally
well defined and verified analytical models, the
uncertainties and reliahiliity levels of which can
be defined. The design method described by means
of the overriding project B meets this requirement.

A design method for structures exposed to fire,
which is based on safety thecry and in which the
statistical influences are taken into consideration
by means of characteristic values and partial safety
factors for Lhe guantities involved, would make
possible a greater degree of economic optimisation.
In principle, such & method would also eliminate

the present differences in fire requirements and
application limitations between structures of com-
bustiibble and non-combustible materials.

Further development of the overriding project B as
described above, so as to adapt this to modern load-
ing and safety regulations, requires 1 researcher
and assistants for about 2 years. Financial commit-
ment: SkK. B0O0,000.

8.3 Interrelationship hbetween the projects.
Friorities.

fhe interrelationship between the projects described

in Sections 8.1 and 8.2 is illustrated by the flow chart
in FIG. 8.1. Projects asscciated with the different
stages of the design process have been designated 8.1A,
B.1B, 8.1C etc, where A, B8 and C directly refer to the
project desigrations in Section B.1. Similarly, over-
riding projects which concern the entire design process
have been designated B.ZA, B.28, B.Z2C etc, where A, B
and T directly refer to the project designations in
Section B.2.

Arrows drawn with full lines between projects denote a
strong relationship, and arrows drawn with dashed lines
a weaker relationship. Projects inside douhle frames
have heen assigned the highest priority, and projects
inside single frames a lower priority - but without
being of low priority. Projects 8.1K and 8.1L which
deal with the effects of fire retardants, and their
relationship with other projects, have been placed as s
separate group in arder to emnbhasice that. fream +the
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FIG. 8.1. Interrelaticnship of the research projects.
Oouble frames denote projects of the highest
pricrity, and single frames projects of lawer
priority.

Each frame specifies the project number, financiel comm-
itment in 1000 SEK, staff requirement and required pro-
Ject duration. The estimated overall cost of the whole
package of projects is 5EK. 7.55m, of which SEK. 5.85m
is needed for the projects associated with the stages
of the design process, and SEK. 1.7m for additional
gxpenditure in respect of the overriding projects. The
total cost of the projects of the highest priority
which have been placed in double frames is SEK. 5.2Zm.
To an absolutely dominant extent, all projects are of
an applied character. Some projects (8.1C, b, E, F and
G) contain elements of fundamental research character
amounting, roughly, to about SEK. 500,000 in all.

The interrelationship between the different projects in
the overall research programme, which is illustrated in
the flow chart in FIG. 8.1, emphasises the urgent need
for a national coordination of current and future re-
search within this programme. Planning for such coordi-
nation comprises a review and assessment of the staff
and squipment reguirements for integrated overall comm-
itment, including calculations of resources and time
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develaopment and praoduction of practicael design data com-
prised in the overriding projects. This is exemplified
in FIG. B.2 with regard toc the final goal 8.2-8 in
relation to lightweight and composite structures, and

in FIG. B.3 with regard to the final goal 8.2-I} in re-
lation to solid timber siructures. The coordinated plan

8.1-¢C PO S
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|
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I |
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8.1-1 |[{part) | $;—| !
i ; i
l : | i [
8.2- A l : S — :
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8.1-1 ipart)il M | ;
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FIG. 8.2. Time and rescurce scheme for a nationally
coordinated research effort for development of
a method for analytical fire classification
of lightweight and compnsite timber structures,
adapted for practical application. The numbers
above the arrows indicate the estimated number
of researchers needed for each project.

for research should also include an investigation of

the way in which other asctivity, primarily current and
planned international research and development work,

may provide support for the research programme. It is
probable that a number of standard fire tests on newly
developed elements of construction of timber will be )
carried out during the programme period. It is essential
that these should be made use of for the information
they may give to the ressarch programme. An analysis

of the sugplementary measurements which are required
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FIG. 8.3. Time and resocurce scheme for & nationally

coardinated research effort for development

at an analytical fire design wethod for selid
timber structures, based on the charscteris-
tics of real fires and adapted to modern load-
ing and safety regulations. The numbers above
the arrows indicate the estimasted number of
researchers needed for each project.






