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PREFACE 

The following presentation is primarily intended to stimulate 

and facilitate a future development towards an improved si- 

tuation for a reliability based structural fire engineering 

design of timber structures. The state of the art is reviewed 

and a structure of a design guide or a model code is out- 

lined. The document is written in a partially operational 

manner, allowing practical application for some types of tim- 

ber structures. The need of further research and development 

is stressed and exemplified. 

The study relates to research grant 81-4902 from the Swedish 

Board for Technical Development (STU). 



1 .  GENERAL BACKGROUND 

The development of the fire hazards and fire damages in the 

society depends on a number of overgrasping background fac- 

tors. The most decisive are: 

Y The trend towards a generally more complex society 

with a rapidly expanding use of advanced technology. 

Y an accelerated increase in the total potential of ha- 

zards with the measures for fire prevention and fire 

fighting becoming more and more an integrated 

component of the overall concept of rescue services, 

and 

X a continuously expanding international fire research 

As a result of the powerfully increased extent of the inter- 

national fire research, more and more components and systems 

are now becoming amenable to analytical and computer model- 

ling. Considerable progress then has been made concerning 

such phenomena and procedures as [l] to [5]: 

S The fire growth in a compartment, 

W the fully developed compartment fire, 

Y the reaction to fire of materials. 

* the fire spread between buildings 

S the fire behaviour of building structures. 

Y the smoke filling in enclosures and smoke movement in 

escape routes and multistorey buildings. 



* the interaction of sprinklers and a fire, 

* the process of escape, and 

K the systems approach to the overall fire safety of a 

building. in its most general form comprising human 

response models interacting with fire development 

mode l S. 

As a consequence of this progress, a rapid development now is 

going on in the field of codes. specifications and recommen- 

dations for a fire engineering design in a broad sense. Some 

typical trends in this development are: 

* An improved connection to real fire conditions, 

+C an increasing extent of design, based on functional 

requirements and performance criteria. 

Y a development of new test methods, which are, as far 

as possible, material independent and directly related 

to well-defined properties and phenomena, 

K an increasing application of analytical design - re- 

liability-based in its most advanced form, 

X an extended use of integrated assessments, and 

Y an introduction of goal-oriented systems of analysis 

of the total, active and passive fire protection for a 

building. 

The most manifest, official verification of these trends of 

development probably relates to the fire engineering design 

of load bearing and separating structures. An analytical pro- 

cedure for a determination of the fire resistance of structu- 

ral elements is now approved by the authorities in several 



countries as an alternative to the internationally predomi- 

nant design, based on the results of the standardized fire 

resistance test and related classification. In order to faci- 

litate the practical application of such an analytical proce- 

dure. the European Convention for Constructional Steelwork 

(ECCS) has drawn up European Recommendations for an analyti- 

cal design of steel structures, exposed to the standard fire, 

[6] and an associated manual [7]. A similar design basis for 

fire exposed reinforced concrete structures has been prepared 

by Comite Euro-International du Beton (CEB) [8]. 

In a few countries, the authorities also have taken the next 

step to permit a general practical application of a direct 

analytical design procedure, based on the natural compartment 

fire concept [g]. In order to stimulate a further development 

towards a reliability based structural fire design, the Fire 
,. 

Commission of the Conseil International du Batiment (CIB W14) 

has prepared a State-of-Art Report [l01 and a Design Guide 

[l11 on this subject as an aid in the future drafting of cor- 

responding national regulations or recommendations. 

Today, an analytical design can be completed for most cases, 

as concerns fire exposed steel structures. Validated material 

models for the mechanical behaviour of concrete under tran- 

sient high-temperature conditions [12]. 1131 and thermal mo- 

dels for a calculation of the charring rate in wood exposed 

to fire [14]-[17]. derived during recent years. have signifi- 

cantly enlarged the area of application of analytical design. 

To aid this application. design diagrams and tables have been 

computed and published. giving directly. on the one hand, the 

temperature state of the fire exposed structure. and on the 

other, a transfer of this information to the corresponding 

load bearing capacity of the structure - cf.. for instance, 

[S]-[8], [18]-1431. 



The most recent trend in the development of the structural 

fire design is to adopt the modern loading and safety philo- 

sophy and include a probabilistic approach, based on either a 

system of partial safety coefficients (practical design for- 

mat) or the safety index concept [S], [10]. [Ill. [43]-[52]. 

The research and development work presented has mainly focus- 

sed on structures and structural elements of steel or rein- 

forced concrete. For timber structures exposed to fire, the 

fire resistance and load bearing capacity can at present be 

calculated approximately for beams and columns of solid cross 

section. For lightweight and composite timber structures, 

there is no analytical method available for a structural fire 

design. Probabilistic design of fire exposed timber structu- 

res is a research area to which very little attention has 

been paid up to now. 

The following presentation is intended to stimulate and faci- 

litate a future development towards an improved situation for 

a reliability based structural fire engineering design of 

timber structures. 
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2. DESIGN METHODS FOR STRUCTURAL FIRE SAFETY 

2.1 Characteristics of a Reliabilitv Based Structural Fire 

Desipn 

As stated in Chapter 1 ,  the modern development of functional- 

ly well-def ined, analytical design methods for fire exposed 

structures includes a probabilistic approach [E ] .  [10]. [ l l ] ,  

[43]-C521. 

A reliability based structural fire design should originate 

from validated models, describing the relevant physical pro- 

cesses and connected to strictly specified functional requi- 

rements and criteria. For the probabilistic model to be inte- 

grated with the physical model, various levels can be distin- 

guished: 

W An exact evaluation of the failure probability, using 

multi-dimensional integration or Monte Carlo 

simulation, 

Y an approximate evaluation of the failure probability, 

based on first order reliability methods (FORM), and 

Y a practical design format calculation, based on 

partial safety factors and taking into account 

characteristic values for action effects and response 

capacities. 

For practical purposes, an exact evaluation of the failure 

probability is not possible. Also, the FORM approximations 

are too cumbersome for everyday design and the more simpli- 

fied practical design formats have tc 

In the partial safety factor format, 

in the design process is represented 

lue X to which a certain probab k 

be used. 

each of the variables X 

by a characteristic va- 

lity of exceedance or 



non-exceedance may be allocated - i.e.. expressed as a speci- 
fied fractile. From the characteristic values, design values 

Xd 
are derived by multiplication, as concerns exposure va- 

riables, or by division, as concerns response variables, with 

corresponding safety factors 7 : 
X 

Xd = X k -'X for exposure variables (2. la) 

Xd 
= X 17 k X 

for response variables (2. lb) 

The fundamental components of a reliability based structural 

fire design are 

X the limit state conditions, 

U the physical model 

K the practical design format, and 

)C deriving the safety elements 

Depending on the type of practical application, one, two or 

all of the following lim_it State goadi-ti-ogs apply: 

)C Limit state with respect to load bearing capacity, 

S limit state with respect to insulation. 

Y limit state with respect to integrity. 

For a load bearing structure, the design criterion implies 

that the minimum design value of the load bearing capacity 

R (t) during the fire exposure shall meet the design load ef- 
d 
fect on the structure Sd, i.e. 

min {Rd(t)} - Sd > 0 (2.2) 



The criterion must be fulfilled for all relevant types of 

failure. The requirements with respect to insulation and in- 

tegrity apply to separating structures. The design criterion 

regarding insulation implies that the highest design tempera- 

ture on the unexposed side of the structure - max {T (t)} - 
S d 

shall meet the temperature Ter. acceptable with regard to the 
requirement to prevent a fire spread from the fire compart- 

ment to an adjacent compartment, i.e. 

For the integrity requirement, there is no analytically ex- 

pressed design criterion available at present. Consequently, 

this limit state condition has to be proved experimentally. 

when required, in either a fire resistance test or a simpli- 

fied small scale test. 

The ghysi-cal-model comprises the deterministic model, descri- 

bing the relevant physical processes of the thermal and me- 

chanical behaviour of the structure at specified fire and 

loading conditions. Supplemented with relevant partial safety 

factors. the physical model is transferred to the practical 

design-format - illustrated in Fig. 2.1 by a flow chart for a 
load bearing timber structure, exposed to a natural compart- 

ment fire. 

From the design fire load and the geometrical, ventilation 

and thermal characteristics of the fire compartment (opening 

factor and type of fire compartment), the design fire exposu- 

re is determined either by energy and mass balance calcula- 

tions or from a systematized design basis. Together with de- 

sign values for the constructional data of the structure and 

the thermal, moisture mechanics and combustion properties of 

the structural materials at elevated temperatures, the design 

fire exposure gives the reduced cross section of the structu- 

re and the associated temperature and moisture conditions. 

With the mechanical properties of the structural material as 



further input data, the transient temperature and moisture 

state for the uncharred part of the cross section can be 

transferred to the related design load bearing capacity R d 
for the lowest value of the load bearing capacity during the 

relevant fire process. 

. . . , a .  . 
I [ d i f f e r e n l i a t i o n  I I 
L - - - -A  Type of f i re  

comportment 
Deripn f ire Design f i r e  

S i z e  o f  reduced 
r l O I I  r e r t l o n  
ond o r s o r i a f e d  

e f f e c t  S d  

tempetoture  OM r o n w t t i o n  pra- 
moisture %tote  pettier of 

C o o r t r u ~ t i o n o l  J moter io l  

Fig. 2.1 Procedure for a reliability based, analytical fire 

design of a load bearing timber structure. exposed 

to a natural compartment fire. The flow diagram 

shows two alternative allocations of the differen- 

tiation factor 7 defined by Equation (2.4) 
n' 

data  of 
structure 

The design format condition to be proved is given by Equation 

(2.2). Depending on the type of practical application, the 

condition has to be verified for either the complete fire 

process or a limited part of i t ,  determined by, for instance, 

Mechonic01 
b e h o v i o ~ ~  Of Methoo i<o l  p a p r r -  

s t r u c t u r e  t i e r  of moter ia l  

I 



the time necessary for the fire brigade to attac .he fire 

under the most severe conditions or by the design evacuation 

time for the building. 

The probabilistic influences are considered by specifying 

characteristic values and related partial safety factors for 

the fire load density, such structural design data as imper- 

fections, the thermal properties, the mechanical strength and 

the loading. In deriving the partial safety factors, the fol- 

lowing probabilistic influences then have to be taken into 

account : 

The uncertainty in specifying the loads and of the mo- 

del, describing the load effect on the structure, 

the uncertainty in specifying the fire load and the 

characteristics of the fire compartment, 

the uncertainty in specifying the design data of the 

structure and the thermal. moisture mechanics, combus- 

tion and mechanical properties of the structural mate- 

rial, 

the uncertainty of the analytical models for the cal- 

culation of the compartment fire and the related heat 

transfer to the structure, the size of reduced cross 

section and the associated temperature and moisture 

state of the structure and its ultimate load bearing 

capacity. 

the probability of occurrence of a fully developed 

compartment fire, 

the efficiency of the fire brigade actions, 

the effect of an installed extinction system, and 

the consequences of a structural failure. 



The functional requirements, specified for the design, should 

be differentiated with respect to type of occupancy, type and 

size of building, number of floors, size and location of fire 

compartment, and the importance of structure or structural 

element to the overall stability of the building. This may be 

considered by a system of gafeg-classes associated with dif- 

ferent failure probabilities. In design verification, safe- 

di-ffe~egtLat-ip is accounted for by applying different par- 

tial safety factors for different safety classes or - more 
conveniently - by applying corresponding differentiation fac- 
tors 7 

nl . 

For a certain occupancy, provisions employed for reducing the 

frequency of a fully developed fire for a particular project, 

i.e. 

- envisaged alarm and sprinkler systems 

- available force of fire fighting brigades 

should be considered. In design verification, freqsegcr &if- 

fergntiati-og is accounted for by applying different partial 

safety factors, depending on intended provisions and fire 

compartment size or - more conveniently - by applying corre- 
sponding differentiation factors 7 

n2' 

Summing up, the design verification must ensure that 

(2.4b) 

where 

Rd is the design value of the ultimate load bearing capa- 

city. determined by the lowest value of the ultimate 

load bearing capacity during the relevant fire pro- 

cess, 



Rdi. Rki, 7 . are design values, characteristic values and ri 
partial safety factors, respectively. related to the 

ultimate load bearing capacity, accounting for the un- 

certainties in heat exposure and structural response - 
cf. Fig. 2.1, and 

d is the design load effect in fire. determined by con- 

sidering an accidental load combination of the type 

Gk + I: Jli QkSi 
i 

+ Qk, ind (2.5) 

where all actions are represented by their characteristic va- 

lues 

Gk = permanent loads (actions), 

'k, i = variable loads (actions). and 

'k, ind = indirect actions due to heat exposure, 

with 

'i 
= combination coefficients (generally different for 

i=l and i > 1). 

and all other load factors are set to unity Ell]. [ 5 3 ] ,  [ 5 4 ]  

is a differgntiatioz factor. accounting for different safety 

classes (7 ) and special fire fighting provisions (7 ) ac- n l n2 
cording to above. In Equation (2.4). the differentiation fac- 

tor 7n has been allocated to the design load bearing capacity 

Rd. Alternatively, 7 may be applied as to affect the design n 
fire load thus modifying the design fire exposure - as shown 
in Fig. 2.1. 

For deri~i~-the-safety elgmen+s (partial safety factors), a 

probabilistic analysis, based on a first order reliability 



method (FORM) is necessary. In such an analysis, the design 

criterion requires that some minimum safety margin has to be 

maintained during the fire exposure with respect to the mini- 

mum load bearing capacity or, for a separating structure, the 

maximum temperature of the unexposed side. Expressed accor- 

ding to the "second moment code formats". this implies that 

the minimum value of the safety index for the structure du- 

ring the relevant fire process p fm' derived by a probabilis- 
tic analysis, has to meet the required value of the safety 

index p i.e. 
r ' 

F .  2.2 Required values of safety index Pr as function of 
fire compartment area A and unit area probability 

per year p for industrial buildings and a safety 

class. representative of members of the main load 

bearing structure and separating structural members 

bounding the fire compartment [49 ]  



The required value of the safety index P depends on the con- r 
sequences of a structural failure, the probability of occur- 

rence of a fully developed compartment fire. the efficiency 

of the fire brigade actions, and the effect of an installed 

fire extinguishment system. if any. For the detailed techni- 

que of deriving required values of the safety index P see 
r' 

refs. [10] .  [46] .  [47] ,  [50] .  Fig. 2.2 exemplifies P values 
r 

derived for industrial buildings and a safety class, repre- 

sentative of members of the main load bearing structure and 

separating structural members bounding the fire compartment 

[49] .  The values are given as a function of the area of the 

fire compartment A and the probability of occurence of a ful- 

ly developed compartment fire per year and unit area p. 

The probability per unit area and year p may be described as 

where 

P 1 = mean probability of occurrence of a fully developed 

compartment fire per unit area and year if the in- 

fluence of fire brigade actions and extinguishment 

systems is not considered. 

p2 = factor to assess the efficiency of the fire brigade 

actions. and 

p3 = factor to include the effect of an installed extin- 

guishment system. if any. 

Example values of the probability p are given in Table 2.1 1 
and of the reduction factors p 

2' p3 in Table 2.2 [10] .  



Table 2.1 Example values of the mean probability of oc- 

currence of a fully developed compartment fire 

per unit area and year p [ l 0 1  
1  

Germanv Enaland 

Dwellings 0 . 2  2 . 0  0.05-1 1 0 - ~  

Schools 0 . 5  10+ 

Hotels 0 . 5  1 0 - ~  

Shops 1 . 0  1 0 - ~  

Off ices 0 . 5  1 .0  1  o - ~  

Industrial 2 . 0  2 . 0  10+ 

buildings 

Table 2 . 2  Example values of reduction p 2 ,  p3 of the mean 

probability of occurrence of a fully developed 

compartment fire p for different types of ac- 
1  

tive protection measures [ l 0 1  

Average standard public fire brigade 10-I 

Adequately maintained sprinkler system 2 -  1 0 - ~  

High standard residential fire brigade. > 1 0 - ~  to 1 0 - ~  

combined with alarm system 

Both sprinkler system and high standard > 1 0 - ~  

residential fire brigade 

A probabilistic analysis according to a first order reliabi- 

lity method can be outlined as follows - see Fig. 2 . 3 ,  which 

shows the procedure for a fire exposed, loadbearing timber 

structure. 



combustion oro- 

Load 

,k of failure 

Minimum value of 
safety index 

Required value of 
safety index 

Strength and 
deformation 
properties I 

Fig. 2.3 Derivation of partial safety factors for a fire ex- 

posed. load bearing timber structure by a probabi- 

listic analysis according to a first order reliabi- 

lity method (FORM) 



The size and properties of the fire load density and the geo- 

metrical, ventilation and thermal characteristics of the fire 

compartment constitute the basis for a determination of the 

fire exposure, given as the gas temperature-time curve T - t 

of the fully developed compartment fire. Together with const- 

ructional data for the structure and information on the ther- 

mal, moisture mechanics and combustion properties of the 

structural material at elevated temperatures, the fire expo- 

sure gives the reduced cross section of the load bearing 

structure and the associated transient temperature and mois- 

ture conditions. With the strength and deformation properties 

of the structural material as further input data, the tran- 

sient temperature and moisture state for the uncharred part 

of the cross section can be transferred to the time variation 

of the load bearing capacity during the fire exposure. This 

can be expressed, for instance, as bending moment M (t) in a R 
decisive section of the structure. The loading, statistically 

representative for the fire situation, gives a maximum load 

effect with a bending moment MS(t) in the section for the 

load bearing capacity M (t). R 

The following formulae apply for the safety margin: 

for the probability of failure 

and for the safety index 

Pf(t) = V1c1 - P(t)l 



where fz[Z(t)] = probability density function of safety mar- 

gin Z, and @-' = inverse of the standardized normal distribu- 

tion. At the determination of the safety margin Z(t), the 

probability of failure P(t) and the safety index p (t), all f 
the probabilistic influences listed on 10 p. have to be taken 

into consideration, except the influences covered by the sa- 

fety index pr according to above. 

As expressed by Equation (2.7), the design verification must 

ensure that the minimum value Pfm of the safety index Pf(t) 

during the relevant fire exposure meets the required value of 

the safety index Pr. 

Further guidance for the determination of the partial safety 

factors -rr and the differentiation factor 7 - Equations 
n 

(2.4a) and (2.4b) - is given in appendix 5 of ref. [ll] to- 

gether with example values. 

2.2 Summarv Review of Internationallv Applied Methods for 

a Structural Fire Design 

The methods available at present for a fire engineering de- 

sign of load bearing structures can systematically be charac- 

terized with reference to the matrix presented in Fig. 2.4 

[10]. [ll]. [41]. This is based on three types of models for 

the thermal exposure of the structure (models HI, H2 and H3) 

and three types of models for the mechanical behaviour of the 

load bearing structure (models S S and Sg). 1' 2 

HI - thermal exposure according to the standard temperature- 
time curve as specified in the IS0 Standard 834 C551 or in 

the corresponding national standards. This exposure is used 

to grade structural elements and the building codes and regu- 

lations require different grades of element depending on the 

circumstances and expressed by the fire resistance t 
f '  



Model for 
thermal 
ex~osure \ 

Element 

I" 
1 5 0 - 8 3 L  

test or 
calculation 
ldeterministicl 

t .  

1 5 0 - 8 3 L  

test or 
calculation 
Iprobabilisticl 

real fire 

calculation 
Iprobabilistic) 

S 2 

Substructure 

$+ 
calculation 
exceptionally 
testing 
(deterministic) 

calculation, 
exceptionally 
;erling 
,probabilistic) 

:alculation 
Iprobabilistic) 

Fia. 2.4 Matrix of thermal 

S3 
Complete 
structure m- 
/ 
calc~lat ion 
Iprobabilistic) 
should be 
avolded 

:alculation 
probabilistic) 
n special cases 
~ n d  for researcl 

exposure and structural models, 

characterizing available methods for a fire engi- 

neering design of load bearing structures 

HZ - the same thermal exposure as for model H I ,  except that 

the length of thermal exposure te is determined in each indi- 

vidual case from the characteristics of the particular com- 

partment fire. t is called the equivalent time of fire expo- e 
sure and is defined to give the same decisive effect on the 

structural element with respect to the relevant limit state 

when the element is exposed to the standard temperature-time 

curve as i t  is when exposed to the natural compartment fire. 



H 3  - thermal exposure determined by the fully developed com- 
partment fire with due regard taken to the combustion charac- 

teristics of the fire load, the ventilation of the fire com- 

partment and the thermal properties of the structures enclo- 

sing the compartment. 

Internationally, a structural fire design method, based on 

the thermal exposure model H1, H or H3 is referred to as a 2 
level 1. 2 or 3 method or, alternatively, as an assessment 

method 1 ,  2 or 3 ,  respectively. 

S1 - single structural elements, e.g. beams. columns, walls, 
floors and roofs. The structural model may simulate either a 

structural element, which behaves as single in the real 

structure, or a structural element with simplified end condi- 

tions which in reality acts together with other elements of 

the complete structure. 

Sg - a substructure which approximately describes the mecha- 
nical behaviour of a part of the complete load bearing system 

of the building. Compared to the complete load bearing sys- 

tem, a substructure has simplified conditions of deformation 

at its outer ends or edges. 

S3 - the complete load bearing structure acting as, for ins- 
tance, a two- or three-dimensional frame. a beam-slab system 

or a column-beam-slab system. 



As~easment-method 1 (model HI) represents the internationally 
prevalent structural fire design. As mentioned, the method is 

related to a grading system with the fire resistance usually 

determined experimentally by the standard fire resistance 

test. Alternatively, the fire resistance can be evaluated 

analytically and manuals and other publications now available 

facilitate such an evaluation [G]-[S], [21]-[24], [26]-[29], 

[31]-[37], [39]-[41]. 

As specified in the IS0 Standard 834, the standard fire re- 

sistance test is applicable to such structural elements as 

walls and partitions, columns, beams, floors and roofs. 

Hence, i t  follows that the thermal exposure model H is only 1 
intended to be applied to structural elements, i.e. the 

structural model S In some countries. also the model combi- 1' 
nation H -S is applied and then usually by calculation. The 1 2  
model combination H -S3 is characterized by a very great dif- 1 
ference in schematization between the thermal exposure and 

structural models and should consequently not be used. 

The rapid progress during the last decades in the develop- 

ment of analytical methods has considerably increased the 

possibilities of applying a structural fire design according 

to assessment methods 2 and 3 as an improved alternative to 

the conventional fire design. 

An assessment-method 3 design means an entirely analytical 

procedure, directly based on the natural compartment fire - 
exposure model H3. Exceptionally, the design can refer to a 

full scale test. Depending on the individual practical appli- 

cation. the thermal exposure model can be combined with the 

structural model S 
1' S2 or S3. The structural model S1 then 

primarily has relevance if the structural element behaves as 



a single element in the real structure. If the real structure 

has a high degree of complexity. the ordinary procedure will 

be to split up the structure into well-defined substructures 

in the analysis. A structural fire design related to the mo- 
del combinations H -S and H -S is facilitated by the avai- 

3 l 3 2 
lability of manuals. especially as steel structures and rein- 

forced concrete structures are concerned [g]. [19]. [20], 

[25]. [32]. [38], [41].- 1431. A design according to the 

model combination H3-S3 normally requires the support of a 

computer. 

A fire design in accordance to asgegsment-method 2 (model H ) 2 
is based indirectly on the natural compartment fire but the 

thermal exposure is specified by the standard temperature- 

time curve. The connecting instrument is the equivalent time 

of fire exposure t . When formulated as a model combination e 
H2-S1, a level 2 design can be done either by calculation or 

by an evaluation based on results of the fire resistance 

test. For the model combination H -S an analytical approach 2 2' 
will be the normal case and testing will be confined to ex- 

ceptional cases. For both model combinations H -S and H -S 2 1 2 2' 
an analytical design is facilitated by the availability of 

manuals and other relevant publications - se references, 

given above in relation to assessment method 1. The model 

combination H -S requires access to a computer. The combina- 2 3 
tion can be questioned from a practical point of view since 

i t  does not give any simplifications in comparison with the 

more direct design according to the model combination H -S . 3 3 

For a ~r~babi-li-tr based gtyuctgral -fi-re design, it  must be 

required that i t  originates from functionally validated mo- 

dels, describing the relevant physical processes and clearly 

specifying the inherent uncertainties and reliability levels. 

Of the fire design methods presented, only the assessment 

methods 2 and 3 fulfil these requirements from a conceptual 

point of view. Consequently, the fire design according to 

assessment method 1 should be limited to a deterministic app- 

roach. 



In what follows, the summary review given of the internatio- 

nally applied methods for structural fire design will be 

supplemented with an outline of the different models of ther- 

mal exposure in relation to the assessment methods 1 ,  2 and 

3. Then, the procedure of a reliability based structural fire 

design is briefly described and commented on. as concerns the 

assessment methods 2 and 3. The description will be structu- 

red in such a way that i t  is directly linked to section 2.1, 

which mainly applies to assessment method 3. 

2.3 Assessment Method 1 and Thermal Ex~osure H 1 

The internationally prevelant fire design of load bearing and 

separating structural elements, related to national classifi- 

cation systems, is directly based on results of standard fire 

resistance tests. In the design. the results of such tests 

have to meet the corresponding requirements, specified in the 

building codes and regulations - Fig. 2.5. 

OCCUPANCY U 
BUILDING HEIGHT 

BUILDING VOLUME 

PROPOSED STRUCTURE 

RESISTANCE TEST DESIGN LOAD AT 
SFRVICE STATE 

Fig. 2.5 Internationally conventional fire design of struc- 

tural elements, based on classification and results 

of standard fire resistance tests 

In the fire resistance test [55], the specimen is exposed in 

a furnace to a temperature rise, which shall be controlled so 

as to vary with time within specified limits according to the 

relationship - the standard fire 



where 

t = time, in minutes 

0 

t 
= furnace temperature at time t, in C, and 

0 T = furnace temperature at time t=O, in C. 
0 

Internationally, the standard fire resistance test is consi- 

dered to be one of the fire test methods most thoroughly 

dealt with. In spite of this, the test can be criticized. In 

its present form. the test procedure is insufficiently speci- 

fied in several respects, for instance. concerning the hea- 

ting and restraint characteristics. the environment of the 

furnace, and the thermocouples for measuring and regulating 

the furnace temperature. The specification of the test load 

is practically related to the national building codes and re- 

gulations and these can vary considerably with respect to the 

load level required from country to country. 

Consequently, a considerable variation may arise in the fire 

resistance for one and the same structural element. when tes- 

ted in different fire engineering laboratories with varying 

furnace characteristics and varying practice. These problems 

are thoroughly analysed within ISO/TC92/SC2/WGl with the ul- 

timate aim to arrive at a test procedure with improved repea- 

tability and reproducibility. 

The important progress in the development of computation 

methods for an analytical structural fire design has opened 

the door for the fire resistance to be determined by calcula- 

tion in many practical applications. Fig. 2.6 shows a flow 

chart for this procedure. More and more countries are now 

permitting a classification of load bearing structures to be 

done analytically with respect to the standard fire, as an 



alternative to testing. A further development in this direc- 
tion is stimulated and facilitated by the recent internatio- 

nal recommendations and guidance documents, produced by Euro- 

pean Convention for Constructional Steelwork (ECCS) [ 6 ] ,  [7] 

and Comite Euro-International du Beton (CEB) [ S ] .  C361 

OCCUPANCY 

BUILDING HEIGHT 

BUILDING VOLUME H 
REWIRED FIRE 
WRATION It,, t 

IMPORTANCE OF WSTEMPERATURE-TIME 
STRUCTURE 

CT"L'"*SD FIRE 
n k x ~ l a N C E  TEST -- PROPOSED STRUCTURE 

1 /DESIGN LOAD AT 
SERVICE STATE 

Ficc. 2.6 Analytical fire design of load bearing structural 

elements, based on classification and thermal expo- 

sure according to Equation (2.12) 

Irrespective of the fire resistance being determined analyti- 

cally or by testing. i t  is important to consider that the 

standard fire resistance test does not represent the real 

fire exposure in a building nor does i t  measure the behaviour 

of the structural element as a part of an assembly in the 

building. What the test or the corresponding calculations do 

is to grade structural elements and the building codes and 

regulations then require different grading levels of elements 

depending on the circumstances. 



2.4 Assessment Method 3 and Thermal Exposure H 3 

Applying assessment method 3 means a structural fire design, 

directly based on a natural compartment fire exposure. The 

design procedure follows the flow chart according to Fig. 2.1 

with the limit state criteria given by Equations (2.2) and 

(2.4) for load bearing structures and by Equation (2.3). as 

concerns the insulation function for separating structures. 

The essential influences on the fully developed compartment 

fire are: 

X Amount and type of combustible materials in the 

compartment - the fire load, 

Y porosity and particle shape of the fire load, 

Y distribution of the fire load in the compartment, 

* amount of air per unit time supplied to the 

compartment . 

* geometry of the compartment. and 

X thermal properties of the structures, enclosing the 

compartment. 

The fully developed compartment fire is the one most widely 

studied and during the past 20 years several analytical simu- 

lation models have been presented, primarily developed for 

the application to problems of structural fire safety. In a 

review paper C561 published 1983. HARMATHY and MEHAFFEY have 

classified 14 such mathematical models on the basis of 14 

principal modelling aspects. The models included have been 

judged either to represent important steps in the evolution 

of knowledge or to offer unique concepts. 



The fundamental characteristics for a complete description of 

the fully developed compartment fire are the time variations 

of the 

( 1 )  rate of heat release. RHR, 

(2) gas temperature. 

( 3  geometrical and thermal data for external flames, 

( 4  smoke and its optical properties, and 

( 5 )  composition of the combustion products, particularly 
toxic and corrosive gases. 

The simulation models, developed for structural fire safety 

purposes. then concentrate on the characteristics (1) to (3). 

Most models are partly theoretical and partly empirical with 

the empirical part focusing on data on the rate at which the 

fuel is consumed. The models generally appear to be based on 

the approximation that the temperature is uniform within the 

fire compartment. 

For known combustion characteristics of the fire load. the 

time curve of the heat flux to an exposed structure or the 

gas temperature-time curve of the fire compartment can be 

calculated in the individual practical application from the 

energy and mass balance equations of the compartment fire - 

Fig. 2.7 [57]-[72]. 

Fig. 2.7 Energy balance of a compartment fire 



The energy balance equation reads 

where 

h = 
C 

h = e 

h = r 

h = 
W 

h = 
g 

rate of heat release due to the combustion of the fuel 

(fire load). 

energy removed per unit time by change of hot gases 

against cold air. 

energy removed per unit time by radiation through the 

openings, 

energy removed per unit time by heat transfer to the 

enclosing structures, and 

energy stored per unit time within the fire 

compartment, usually negligible. 

The corresponding mass balance of the fire compartment is 

described by the equation 

if = i + m air P 

where 

m f = mass outflow of hot gases. 

m = mass inflow or air. and air 

m = rate of fuel pyrolysis. 
P 

As a simplification, fully developed compartment fires can be 

described by two types of behaviour - ventilation controlled 
or fuel bed controlled [73]. For the first type, the combus- 

tion during the active stage of the fire is controlled by the 

ventilation of the compartment with the burning rate approxi- 

mately proportional to the air supply through the openings 



and does not depend on the amount. porosity and particle 

shape of the fuel in any decisive way. For the second type, 

the combustion is mainly controlled by the properties of the 

fuel and is fairly independent of the air supply through the 

openings. The boundary between the two types of fire beha- 

viour is not clearly defined. 

Entholpy 
rclase 
rate 

contml mntr 

Time 

Fir. 2.8 Possible rates of enthalpy release in a fully deve- 

loped compartment fire versus time for two types of 

fuel [62] 

Fig. 2.8 illustrates the two types of compartment fires in a 

diagram, giving the rate of enthalpy release during the fire 

process versus time for two types of fuel [62]. In the f i -  

gure, L denotes the potential rate of change of enthalpy of 
P 

the gas, pyrolyzed from the fuel. i.e. the maximum fuel 

enthalpy release rate that would occur under ideal burning 

conditions. The term denotes the rate of heat release for 
S 

stoichiometric combustion. For a given compartment, As is 

primarily a function of the ventilation factor A& - where A 
is the area and h the height of the opening of the compart- 

ment - and the gas temperature and only slightly dependent on 

the type of fuel. The actual enthalpy release rate Ac will be 
the lesser of A and is, reduced by a factor of maximum com- 

P 
bustion efficiency b , which corrects for incomplete mixing. 

P 
i.e. 



Fig. 2.8 shows two compartment fires with L > Gs at flash- 
P 

over which means that the fires start as ventilation control- 

led. At a decreasing rate of pyrolysis during the fire, the 

curve may cross the Ls curve after some time. At this 
P 

point, the fire changes to be fuel controlled from then on. 

For > is, more fuel is pyrolyzed within the fire compart- 
P 

ment than can be burnt inside it. The difference (L - Ls), P 
shown hatched in the figure for the wood fuel fire. repre- 

sents the excess pyrolysates, released from the compartment. 

For fuels with a high rate of pyrolysis, which is typical for 

flammable liquids and many plastic fuels. these excess pyro- 

lysates can give rise to a considerable fire hazard outside 

the fire compartment, for instance, in corridors or at faca- 

des. 

The practical use of the energy and mass balance equations of 

the fully developed compartment fire is facilitated by access 

to well-documented computer programmes, e.g.. see [59], [65], 

[70]. A closed-form approximation, arranged to suit hand cal- 

culations, is presented in [66]. 

The available methods can be used for preparation of design 

aids for practical application. The gas temperature-time cur- 

ves in Fig. 2.9 - cf. [g]. [19]. [25], [59] - exemplify such 
design aids for an analytical design of load bearing structu- 

res and partitions. exposed to a natural compartment fire. 

The curves are approved by the National Swedish Board of Phy- 

sical Planning and Building for a general practical applica- 

tion [g]. 
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Variables for the diagrams are the fire load density f per 

-2 unit area of bounding surfaces of the compartment (MJ m ) ,  

and the ventilation characteristics of the compartment, ex- 

1/2 pressed by the opening factor A&/A (m ) 
tot 

where 

A 2 = total area of window and door openings (m ) .  

h = mean value of the height of window and door openings, 

weighted with respect to each individual opening area 

(m), and 

Atot = total interior area of the surfaces, bounding the 

2 compartment, opening area included (m ) .  

The fire load density f is given by the relationship 

where 

m is the total mass of combustible material v (kg). 
v 

H U  its net calorific value (MJ . kg-'), and 

p v  
a fraction between 0 and 1 ,  giving the real degree of com- 

bustion for each individual component v of the fire load. 

The diagrams in Fig. 2.9 apply to a fire compartment with 

specified thermal data for the bounding structures - fire 

compartment type A. Fire compartments with deviating thermal 

data can approximately be transferred to the fire compartment 

type A by using fictitious values of the fire load density 

and the opening factor according to the formulae 



The coefficient Kf then mainIy is a function of the type of 

fire compartment. For some types of compartments, there also 

is an influence of the opening factor to be considered. The 

coefficient Kf is given in Table 2.3 [ g ]  for 8 types of fire 

compartments. 

The design basis referred was computed from the energy and 

mass balance equations of the fire compartment under certain 

simplifying assumptions, viz. 

S the combustion of the fire load takes place entirely 

within the fire compartment. 

Y the fire process is ventilation controlled. and 

Y the temperature is uniform within the fire compartment 

at any time. 

Systematic analyses have verified the reasonableness of the 

assumptions as a basis for the calculation of the load bea- 

ring capacity of fire exposed structures and structural ele- 

ments located in fire compartments of moderate size. i.e. 

compartments with a size representative of dwellings, ordina- 

ry offices, schools, hospitals. hotels and libraries. For 

fire compartments with a very large volume - for instance. 

large industrial buildings and sports halls - the exemplified 
design basis as well as the energy and mass balance equations 

behind are giving an unsatisfactory description of the real 

fire exposure. For such compartments, a preflashover fire may 

locally expose a structural member - for instance, a beam, a 
column or a frame - more or less severely than would be the 
case, if the design is based on available models of the fully 

developed compartment fire. At present, no validated models 

are available for a phenomenologically correct representation 

of the fire exposure, as concerns fire compartments with a 



T a b l e  2 . 3  C o e f f i c i e n t  K f o r  t r a n s f o r m i n g  a real f i r e  l o a d  d e n s i t y  f  a n d  a f 
real o p e n i n g  f a c t o r  A \ / ~ ; / A ~ ~ ~  t o  a f i c t i t i o u s  f i r e  l o a d  d e n s i t y  f. f 
a n d  a f i c t i t i o u s  o p e n i n g  f a c t o r  ( A f i / A t O t J f  c o r r e s p o n d i n g  t o  a f i r e  

c o m p a r t m e n t ,  t y p e  A 

Type of fire Openmg factor A&A m"' 
compartment 

0 02 0 04 0 06 0 08 0 10 0 12 

~ y p e  A I I I I 1 1 
Type B 0.85 0.85 0.85 0.85 0.85 0.86 
Type C 3.00 3.00 3.00 3.00 3.00 2.50 
Type D 1.35 1.35 1.35 1.50 1.55 1.65 
Type E 1.65 1.50 1.35 1.50 1.75 2.00 

Type F '  1.00-0.50 1.00-0.50 0.80-0.50 0.70-0.50 0.70-0.50 0.70-0.50 

Type G 1.50 1.45 1.35 1.25 1.15 1.05 
Type H 3.00 3.00 3.00 3.00 3.00 2.50 

The lowest value of Kf applies t o  a fire load density 5 > 500 MJ m-2, the highest value t o  a fire load density 
f < 60 MJ m-=. For intermediate fire load densities, linear interpolation gives sufficient accuracy. 

The different types of fire compartments are defined as follows: 
Type A :  Bounding structures of a material with a thermal conductivity X = 0.81 W m - " ~ - '  and a heat capac- 

ity pc, = 1.67 MJ m-3 "C'. 
Type B: Bounding structures of concrete. 
Type C: Bounding structures of aerated concrete (density p = 500 kg m-'). 
Type D: 50% of the bounding structures of concrete, and 50% of  aerated concrete (density p = 500 kg m-"). 
Type E :  Bounding structures with the following percentage of bounding surface area: 50% aerated concrete 

(density p = 500 kg m-$). 33% concrete and 17%. from the interior t o  the exterior, of plasterboard panel (density 
p = 790 kg m-') 13 mm in thickness, diabase wool (density p = 50 kg m-" 10 cm in thickness, and brickwork 
(density p = l800 kg m-" 20 cm in thickness. 

Type F: 80% of the bounding structures of sheet steel, and 20% of concrete. The compartment corresponds t o  
a storage space with a sheet steel roof, sheet walls, and a concrete floor. 

Type G :  Bounding structures with the following percentage o f  bounding surface area: 20% concrete, and 80%. 
from the interior t o  the exterior, of double plasterboard panel (density p = 790 kg m-'). 2 X 13 mm in thickness. 
air space 10 cm in thickness, and double plasterboard panel (density p = 790 kg 2 X 13 mm in thickness. 

Type H: Bounding structures o f  sheet steel on both sides of diabase wool (density p - 50 kg m-') 10 cm in 
thickness. 

For fire compartments, not directly represented in the Table, the coefficient Kt  can either be determined by a 
linear interpolation between applicable types of fire compartment in the Table or be chosen in such a way as to 
give results o n  the safe side. For fire compartments with surrounding structures of both concrete and lightweight 
concrete, different values of the coefficient Kf can be obtained, depending on the choice between the fire com. 
partment types B, C and D at the interpolation. This is due t o  the fact that the relationships, determining K f ,  are 
non-linear. However. the Kf-values in the Table are such that a linear interpolation always gives results on the safe 
side, irrespective o f  the alternative of interpolation chosen. In order t o  avoid an unnecessarily large overestima- 
tion of Kt ,  that alternative of interpolation is recommended which giver the lowest value of Kt .  At the determina. 
tion o f  Kt ,  it is not allowed t o  combine types of fire compartments in such a way, that any of  them gives a 
negative contribution to Kt. 



very large volume. In [68], a preliminary investigation is 

presented which includes a non-uniform model of the fully 

developed compartment fire - in its present version consis- 

ting of 29 subvolumes and 60 surface elements on the boundary 

of the compartment. For a practical application to fire com- 

partments of a very large volume, the model has to be supple- 

mented by a model, describing the fire growth and the related 

energy release in the subvolumes, as well as by an internal 

flow model. 

2.5 Assessment Method 2 and Thermal Exposure H 2 

The concept gqaivalegt-time of-fire gxEo=ure has been intro- 

duced as a mean to connect a natural compartment fire exposu- 

re (thermal exposure model H ) and the heating according to 3 
the standard fire resistance test (thermal exposure model 

HI). The concept can be used in practice, for instance, for 

giving an improved classification for fire ranking or grading 

of structural elements. In principle, the equivalent time of 

fire exposure is defined as that length of the heating period 

of a standard fire exposure which gives the same, decisive 

effect on a structural element with respect to a limit state 

as the complete process of the compartment fire. 

The principle is illustrated in Fig. 2.10. The full-line cur- 

ves show the time variation of the gas temperature T and the 
t 

load bearing capacity R(t) of the structural element for a 

compartment fire exposure, determined by the fire load densi- 

ty, the opening factor and the thermal properties of the 

structures bounding the compartment. The dash-line curves 

give the standard fire temperature-time variation T ISO, 
t' 

and the corresponding time curve of the load bearing capacity 

R(t), ISO. The minimum load bearing capacity of the structu- 

ral element during the compartment fire, transferred to the 

same value of the load bearing capacity at the standard fire 

exposure, determines the equivalent time of fire exposure t . e 



Fig. 2 .10  Definition of equivalent 

Full-line curves apply 

fire exposure, dash-line 

sure according to the 

time of fire exposure t . e 
to a natural compartment 

curves to a thermal expo- 

standard fire resistance 

test. Equation (2.12). T = temperature. R load 

bearing capacity, t = time 

For steel structures. i t  can normally be assumed that the 

minimum load bearing capacity is reached at the time for the 

maximum steel temperature T . The definition of the equi- 
S max 

valent time of fire exposure then is modified to the defini- 

tion as shown in Fig. 2.11.  

Fig. 2 .11  Equivalent time of fire exposure t as defined by e 
the maximum steel temperature Ts max, exemplified 

for a fire exposed, protected structural steel ele- 

men t 



Defined in the described manner. the equivalent time of fire 

exposure e depends on the parameters influencing the com- 

partment fire as we11 as on the structural parameters. For 

fire exposed steel structures, refs. [ I S ] .  C251 and C741 give 

design aids which facilitate a practical determination of the 

equivalent time of fire exposure according to this defini- 

tion. For fire exposed structures of reinforced concrete or 

wood. corresponding design aids are not available. 

A simple formula. giving the equivalent time of fire exposure 

as independent of the structural parameters, was derived by 

LAW in the following way for protected steel structures [75]. 

For a given compartment fire exposure. those values of the 

structural parameters were chosen which gave a maximum steel 

temperature of a fixed value, e.g. 500'~. By repeating this 

procedure for different compartment fire characteristics, an 

approximate formula was obtained, which gives t as a func- e 
tion of only the fire load and the properties of the fire 

compartment. A similar formula with about the same level of 

accuracy was derived by THOMAS-HESELDEN [76]. Both formulae 

are confirmed by experimental results. A generalized approach 
is presented in [74], 1771, giving the following approxima- 

tion, derived for an insulated steel structure as reference 

type of element 

e = 0.067 1/2 (min) 
(AJi;/AtotIf 

where ff  and ( ~ f i / A ~ ~ ~ ) ~  are the fictitious fire load density 

- 2 1 /2 
(MJ - m ) and opening factor of the fire compartment (m ) ,  

respectively. according to Equation (2.17) and Table 2.3. 

Written in this form, the equation enables the influence of 

varying thermal properties of the surrounding structures of 

the fire compartment to be taken into account. 



The approximate formula according to Equation (2.18)  has been 

verified for a practical application to fire exposed unpro- 

tected and protected structural steel elements. if the criti- 

0 cal steel temperature with respect to failure is about 500 C. 

The formula can be used for deviating values of the critical 

steel temperature. too. provided that the opening factor of 

the fire compartment A6/Atot > 0.05 m l" [7] ,  [74].  The for- 

mula has also been verified for reinforced concrete beams 

with a failure in bending on the condition that the failure 

starts by yielding in the reinforcement [77] .  [78] .  For other 

types of load bearing structural elements and for partitions, 

there are very few studies reported on the accuracy of Equa- 

tion ( 2 .18 ) .  Consequently. an application of the formula to 

such types of structural elements must include a correspon- 

ding additional uncertainty in the design. 

In [79] .  five different methods of calculating the equivalent 

time of fire exposure t are reviewed and compared in the e 
light of some experimental data. 

The applicability of the simple formula for te according to 

Equation (2 .18)  for fire exposed timber-structures can be 

examined in the following way. 

The minimum load bearing capacity at a natural compartment 

fire exposure is reached approximately when the maximum char- 

ring of the structure is obtained. This modifies the defini- 

tion of the equivalent time of fire exposure te to the one 

shown in Fig. 2.12.  The full-line curves refer to the gas 

temperature T and the charring depth f3 of the structure for 
t 

a defined compartment fire exposure. The dash-line curves 

give the standard fire temperature-time curve T 
t' 

ISO, and 

the corresponding time curve of the charring depth p. ISO. A 
transfer of the maximum charring depth Pmax at the compar t- 
ment fire exposure to the same p-value at the standard fire 

exposure, determines the equivalent time of fire exposure t . e 



Fig. 2 . 1 2  Equivalent time of fire exposure t as defined by e 
the maximum charring depth Pmax for a fire exposed 
timber structure 

For a thermal exposure according to the standard fire resis- 

tance test - Equation (2 .12)  - a large number of tests. made 
in different fire engineering laboratories, verify an app- 

- 1  roximately constant rate of charring 8 .  IS0 of 0 . 6  mm min 

for solid and glued laminated timber beams and columns of 

pine. The value is applicable up to a charring depth equal to 

one quater of the cross-section dimension in the direction of 

charring. For a larger charring depth, the rate of charring 

increases. 

Analytical models for a calculation of the charring rate and 

depth of wood at varying thermal exposure are presented in. 

for instance, refs. [14]-[l71 and [SO]. cf. also [ S l ] .  The 

refs. [14 ] ,  [15].  [ l 7 1  and [SO] also include a model for de- 

termining the temperature distribution within the uncharred 

part of the cross section. In [16]. diagrams are presented 

giving the charring depth P of a cross section at a natural 
compartment fire exposure, defined by the gas temperature- 

time curves according to Fig. 2.9. The diagrams apply to 

structures and structural elements of solid or glued lamina- 

ted timber beams of pine. A curve fitting of the charring 

diagrams results in the following approximations for a calcu- 

lation of the charring depth P (mm). [16]: 



bo = 1.25 - 0.035 

(A&/A )+0.021 tot 

where 

f =  fire load density, per unit area of bounding surfaces 

- 2 (MJ . m ) - Equation (2.16). 

A&/ A 1 /2 
= opening factor of the fire compartment (m ) - 

tot 
section 2.4, 

9 = time at which maximum charring depth is reached for 

particular values of f and A&/Atot (min) , 

bo = 
initial value of rate of charring (mm . min-l) and 

t = time (min). 

By using fictitious values of the fire load density f and f 

the opening factor ( A & / A ~ ~ ~ ) ~  according to Equation (2.17) 

and Table 2.3. the influence of varying thermal properties of 

the structures bounding the fire compartment can be taken 

into account. 

Equation (2.21b) gives for the maximum charring depth Pmax 
the value (t = 9): 



from which the equivalent time of fire exposure t can be de- 
e 

termined according to Fig. 2.12, i.e., by the relationship 

'max = ( ~ , I s o ) ~  e (2.23) 

where ',IS0 is the rate of charring at a thermal exposure as 

applied in the standard fire resistance test. Fig. 2.13 shows 

the equivalent time of fire exposure t calculated in this 
e' 

- 1 way with (~,Iso) = 0.6 mm . min , as a function of the fire 

load density f and the opening factor A & / A ~ ~ ~ .  

Fig. 2.13 Equivalent time of fire exposure te versus fire 

load density f and opening factor of the fire com- 

partment A&/Atot for solid or glued laminated tim- 

ber structures of pine. The corresponding value of 

the maximum charring depth P is given by the re- 
max 

lationship P = 0.6 te (mm) max 



The related applicability of the approximate formula for te 

according to Equation (2.18) can be investigated by transfer- 

ring the data in Fig. 2.13 to a presentation as shown in Fig. 

2.14. giving e primarily as a function of the parameter 

~/(A&/A )'I2. This results in a family of dash-line curves tot 
with the fire load density f as entrance parameter. The cur- 

ves are relatively close to the straight line defined by 

Equation (2.18). Consequently. the simple formula for a quick 

determination of the equivalent time of fire exposure t can e 
be used as an approximation also for solid and glued lamina- 

ted timber structures of pine. As can be seen from Fig. 2.14. 

the formula then gives conservative values of t . 
e 

Fiv. 2.14 Equivalent time of fire exposure e as a function 

of the parameter ~/(A&/A~~~)'/~ for different va- 

lues of the fire load density f (dash-line curves). 

The curves verify the applicability of the simple 

formula for t as an approximation for solid and e 
glued laminated timber structures of pine 



2.6 Procedure of a Reliability Based Structural Fire 

Design According to Assessment Method 3 

The general characteristics of a reliability based fire 

design of load bearing structures according to assessment 

method 3 has been dealt with in Section 2.1. The limit state 

condition and the criterion for the design verification are 

given by Equations (2.2) and (2.4). Fig. 2.1 describes the 

design procedure and the practical design format, including 

the physical (deterministic) model for the thermal and mecha- 

nical fire behaviour of the structure. The way of deriving 

the related partial safety factors by a first order relia- 

bility method (FORM) is outlined in Fig. 2.3. 

In the flow diagram in Fig. 2 . 1 ,  describing the design proce- 

dure, two alternative allocations are shown of the differen- 

tiation factor 7 which accounts for the influences of the n 
consequences of a structural failure (safety classes; safety 

differentiation factor vnl) and the frequency of a fully de- 

veloped fire (frequency differentiation factor v ) .  For the n2 
design procedure presented below, the safety and frequency 

differentiation will be allocated to the design fire load and 

fire exposure, which gives as a consequence that 

in the design verification according to Equation (2.4). 

The reliability based structural fire design procedure, 

described in what follows. is mainly in conformity to the 

principles of safety applied in the Swedish Building Code, 

Section 2A. Load Bearing Structures [S21 which is being used 

voluntarily in practice from 1 January. 1980. The design pro- 

cedure also is in close agreement with the specifications 

given for assessment method 3 in the Design Guide "Structural 

Fire Safety", prepared on behalf of CIB W14 [ll]. 



The design method comprises an assessment of the thermal and 

mechanical response of structures and structural elements ex- 

posed to a natural compartment fire. It applies to those 

structures and structural elements which surround the fire 

compartment or are located in it ,  as well as to structures 

and structural elements which are located outside the fire 

compartment, e.g.. external columns and beams. The design 

situation may be a fire affecting the structure as a whole or 

only a part of it. 

The fire design is based on the verification of adequate 

structural safety in case of a fully developed compartment 

fire. Adequate structural safety then may be assumed if the 

required function of the structure or structural element is 

maintained during the relevant part of the fire exposure with 

appropriate safety and differentiation factors considered. 

The design method can be applied to fire compartments in 

buildings with specified occupancies. Reference can be made 

to either 

X an individual assessment of a particular compartment 

and building, comprising a detailed individual apprai- 

sal of the various influence parameters or 

H an assessment of a fire compartment and building con- 

sidered as representativ for a certain type of buil- 

ding and occupancy with respect to the various in- 

fluence parameters. 

A certain standard of fire prevention and fire-fighting effi- 

ciency is presumed in the specification of the safety fac- 

tors. Furthermore, some limitations are assumed on compart- 

ment sizes as stated in Section 2.4 .  



For the assessment, the following information and data are 

required: 

Type of building and occupancy. 

size of building, number of floors. 

size and location of fire compartments, 

type and amount of fire loads (permanent and variable 

fire loads), referring either to the particular com- 

partment or to a representative compartment for a cer- 

tain occupancy. 

ventilation conditions in the fire compartment and 

thermal properties of its surrounding structures 

(walls, floor and roof), again referring to either the 

particular compartment or a representative compartment 

for a certain occupancy, 

function of structure and structural elements with 

respect to compartmentation and overall stability of 

building, 

fire-fighting devices (detecting systems, sprinkler 

systems), and 

fire brigades and water supply 



As specified in Section 2 .1  with respect to load bearing 

and/or fire separating functions. 

The appropriate design load for evaluating the fire behaviour 

and the ultimate load bearing capacity R is determined by 
d 

considering an accidental load combination according to Equa- 

tion (2.5). The partial safety factors -r then are given by f 
Table 2 . 4  [82 ] .  

Table 2 . 4  Partial safety factors -r for the ultimate load 
f 

bearing capacity at fire exposure [S21 

Type of load Load value Partial safety factor -rf 

Permanent loads 
Gk 1.0 and 0.8 

Variable loads 
'Qk 1.0 

Fire induced loads 
'k, ind 1.0 

The 7f values 1.0 and 0.8 for the permanent load are alterna- 

tive values to be applied in such a way that the most unfa- 

vourable load effect is considered. Loads of the same type 

(e.g., dead load) shall always be given the same 7 value. f 
The number of variable loads with + < 0 .5  may be limited to 

one. No corresponding limitation is allowed for the number of 

variable loads having + > 0 .5 .  

Values of permanent loads G variable loads Qk and reduction k' 
factors + to be applied in the structural fire design are 

specified in [82] .  



As stated above, the functional requirements to be laid down 

for a fire engineering design should be differentiated with 

respect to such effects as the occupancy, the height and vo- 

lume of the building. and the importance of the structure or 

structural member to the overall stability of the building. 

This can be done by dividing the structures or structural 

members into categories, with a related differentiation of 

the design fire load density fd, and the length of the fire 

process, to be considered in the design. 

In the version of the design procedure under development, 

four categories KO, K1, K2 and K3 have been introduced and 

defined according to Table 2.5.  The table relates the diffe- 

rent categories and the fire resistance in minutes (A30, B30, 

A60, B60, A90.. . )  required in the current design. based on 

classification and results of standard fire resistance tests. 

which is to be seen as a procedure of a relative calibration. 

For the different categories. the design fire exposure will 

be chosen according to Table 2 . 6 ,  specifying the design fire 

load density fd, in relation to the characteristic value of 

the fire load density fk. and the duration of the fire pro- 

cess. The characteristic fire load density f is defined as k 
that value corresponding to a probability in excess of 20%. 

For various types of occupancies and buildings. fk values to 

be applied in the fire design are specified in [ g ] .  



Table 2.5 Definition of categories of structures and struc- 

tural elements 

Fire resistance in minutes, required Category 

in current design, based on classi- 

f ication 

- K 0 

A30. B30 K 1 
A60. B60 K 2 

1 A90 K 3 

Table 2.6 Design fire exposure, expressed by its duration 

and the design fire load density f d 

Category of Design fire Duration of 

structural load density fire exposure 

member fd 

30 min 

l complete fire 

process 

The thermal exposure on the structure or structural element 

during the fully developed compartment fire is determined by 

the energy and mass balance equations with due regard taken 

to the characteristics of the fire load, the ventilation of 

the fire compartment and the thermal properties of the struc- 

tures enclosing the compartment - as further described in 

Section 2.4. The thermal exposure can be specified by the 

time curve of either the gas temperature within the fire com- 

partment or other appropriate properties, e.g.. the heat flux 

to the structure or structural element. 



By Fig. 2.9. Equation (2.17) and Table 2.3, a set of gas tem- 

perature-time curves T -t of the fully developed compartment 
t 

fire is defined which is generally approved by the National 

Swedish Board of Physical Planning and Building for a struc- 

tural fire design in practice. The design basis is limited in 

application to fire compartments of moderate size, i.e. com- 

partments with a size representative of dwellings, ordinary 

offices, schools, hospitals. hotels and libraries. 

By specifying the design fire exposure as described. conside- 

ration is taken of 

Y the probability that the fire load density differs un- 

favourably from the characteristic value, 

X the uncertainty of the analytical model for the deter- 

mination of the compartment fire and its thermal expo- 

sure on the load bearing structure or structural ele- 

ment, 

Y the uncertainty in specifying the geometry and thermal 

properties of actual fire compartment materials, 

H the safety level required for the respective catego- 

ries of structure or structural member, including the 

influence of varying safety classes (differentiation 

factor 7 ) .  n l 

A rough estimation, carried out for some simple types of load 

bearing structural elements. shows that the probability of 

failure is about one tenth of an order of magnitude less at a 

design for fd = 1.5 fk than for a design where fd = 1.0 fk 

C481. 



The probability of occurence and the consequences of a fully 

developed compartment fire are influenced by various types of 

active fire protection measures such as fire detection sys- 

tems, sprinkler systems, smoke control systems, roof venting 

systems, fire alarm systems, and the fire fighting facilities 

of the fire brigade (frequencey differentiation factor 7 ) .  
n2 

The present version of the method does not allow for such 

influences to be included in any sophisticated way in the 

specification of the design fire exposure. 

According to Table 2.2, the presence of an adequately main- 

tained sprinkler system gives a reduction of the mean proba- 

bility of occurence of a fully developed compartment fire 

which roughly can be accounted for by multiplication by a 

factor of the order of 1 0 - ~ .  This verifies a simple procedure 

implying that the influence of an adequately maintained 

sprinkler sys-tem could be taken into account by transferring 

the structure or structural element to the next lower 

category. 

The physical model comprises the deterministic model. descri- 

bing the inherent physical processes of the thermal and 

mechanical behaviour of the structure or structural element 

at the specified fire and loading conditions. 

For a fire exposed timber structure, the thermal behavigur is 

characterized by the time variation of the size of the redu- 

ced cross section and the associated temperature and moisture 

states - Fig. 2.3. The time variation of the reduced cross 

section can be approximately determined by Equations (2.19) - 
(2.21) for various values of the fire load density f and the 

opening factor of the fire compartment A6/Atot. By using 

fictitious values of the fire load density and the opening 

factor, the influence of the thermal properties of the struc- 



tures bounding the fire compartment can be included. The 

maximum charring depth of the cross section Pmax for the 

complete process of a fully developed compartment fire is 

given by Fig. 2.13. The equations and design curves quoted 

relate to solid or glued laminated timber structures of pine 

and do not consider any influence of the initial moisture 

content in the structure. 

As concerns the time variation of the temperature and mois- 

ture states of the uncharred part of the cross section at a 

fire exposure, refs. [14]. [15]. C171 and [SO] include a 

model by which the temperature state can be computed. Any 

model for a calculation of the connected moisture state has 

not yet been published. 

A transfer of the thermal behaviour to the mechgnLcgl-bhg- 

vLogr and load bearing capacity for a fire exposed timber 

structure requires in the general case access to validated 

analytical models for the mechanical behaviour of the struc- 

tural material in the temperature and moisture ranges asso- 

ciated with fires. Available information in this respect is 

mainly limited to the compression strength, tensile strength. 

bending strength. shear strength, modulus of elasticity and 

shear modulus, parallel to and perpendicular to the grain. 

determined from tests with small specimens conditioned to 

different combinations of temperature and moisture content - 
see, for instance. [41]. [83]. Furthermore, there are a few 

studies presented concerning the mechanical behaviour of wood 

at fire exposure conditions, characterized by a more general 

approach. The most comprehensive of these studies is the one 

carried out by SCHAFFER [84]. However, at present. there is 

no analytical model available for the mechanical behaviour of 

wood which can be applied for a description of the deforma- 

tion process at simultaneous transient states of stress, tem- 

perature and moisture. This prevents a reliable calculation 

of the deflections of fire exposed timber structures to be 

performed and limits a structural fire design primarily to a 



determination of the ultimate load bearing capacity. The lack 

of a practically adaptable model for a calculation of the 

moisture gradient in the uncbarred part of the cross section 

then requires a relatively rough approximation to be introdu- 

ced at the estimation of the decrease in the ultimate bending 

moment of the reduced cross section due to increased tempera- 

ture and moisture content during the fire. As a rule. this 

decrease is considered by multiplying the ultimate bending 

strength at normal temperature by a reduction coefficient p 

with a value giving results on the safe side. 

For solid and glued laminated timber beams and columns with 

rectangular cross section, there is a design basis available 

which enables a quick determination of the ultimate load bea- 

ring state at fire exposure, defined as the corresponding 

maximum charring depth p for various values of the quo- max 
tient between the load of failure at normal temperature and 

the design load at fire [25]. [41] .  The design basis has been 

produced under the simplified assumption, mentioned above, 

with the reduction coefficient p = 0.8. 

For slender beams with small lateral flexural rigidity and/or 

torsional rigidity, the risk of lateral-torsional buckling 

can be decisive in a structural design. In a fire. this risk 

is continuously increased since the width/height ratio of the 

cross section of the beam decreases by the charring. The risk 

will be further accentuated if intermediate supports of the 

beam fail during the fire exposure. A comprehensive design 

aid for fire exposed, solid and glued laminated timber beams 

of rectangular cross section with respect to this type of 

instability failure is given in [85]. 

For lightweight and composite timber structures, there is no 

analytical method derived for a determination of the mechani- 

cal behaviour and ultimate load bearing capacity at fire ex- 

posure. The urgency of the development of such a design in- 

strument is evident. 



The determination of the ultimate design load bearing capa- 

city R of a structure or structural element is based on the d 
design strength values fd of the actual structural materials. 

In applying the practical design format, the design strength 

fd is given by the formula [ S 2 1  

where 

fk = the characteristic value of the material strength, 

V = a factor which considers the systematic differences 

between the material strength of a test specimen and 

the real structure. 

7 = a partial safety factor, expressing the influence of m 
the probability that the material strength differs un- 

favourably from the characteristic value, and 

7 = a partial safety factor which considers the influence n 
of the safety class. 

Normally, the characteristic strength value f is put equal k 
to the lower 5 percent fractile. For structural wood (konst- 

ruktionsvirke) and glued laminated wood (L-tra), the charac- 

teristic value f at ordinary room temperature may be assumed k 
to be twice the permissible stress - for L-tra in bending or 
shear 2.4 times the permissible stress - as specified in 

Chapter 27 of the Swedish Building Code for normal case of 

loading. 



By introducing various categories of structure and structural 

elements when specifying the design fire load density and the 

design fire exposure. the influence of different safety clas- 

ses is already covered. Consequently. the partial factor 7 n 
is to be made equal to 1 in the fire design. 

A combined experimental and analytical study of reliability 

based design methods for timber structures at ordinary room 

temperature conditions was recently reported by JONSSON and 

OSTLUND [86]. This study recommends qvm = 1.4 for structural 

wood. primarily as concerns compression and tension parallel 

to the grain. For glued laminated timber structures, a lower 

value, 7 = 1.2, is reasonable when referred to a whole 

cross section. 

The exposure of a structure or structural element to combined 

static loading and fire is considered as an accidental case. 

Consequently, the partial safety factor qv should be given a m 
lower value in a structural fire design than those referred 

above. An appropriate choice then requires a supplementary 

probability study. 

2.7 Procedure for a Reliability Based Structural Fire 

Design Accordina to Assessment Method 2 

The design method comprises an assessment of fire compart- 

ments with respect to the appropriate fire resistance of 

structures and structural elements. The method applies only 

to those structural elements which are directly exposed in a 

fire, i.e.. those elements which surround the fire compart- 

ment or which are located within it. 



The fire design is based on the verification of adequate 

structural safety in case of a fully developed compartment 

fire. Adequate structural safety then may be assumed if the 

fire resistance of the structural elements is equal to or ex- 

ceeds the equivalent time of fire exposure with appropriate 

safety factors and differentiation factors considered. 

The design method can be applied to fire compartments in 

buildings with specified occupancies. Reference can be made 

to either 

Y an individual assessment of a particular compartment 

and building. comprising a detailed individual app- 

raisal of the various influence parameters, or 

Y an assessment of a fire compartment and building. con- 

sidered as representative for a certain type of buil- 

ding and occupancy with respect to the various in- 

fluence parameters. 

The approach can be applied for an experimental or an analy- 

tical evaluation of the structural response. 

A certain standard of fire prevention and fire-fighting effi- 

ciency is presumed in the specification of the safety fac- 

tors. Furthermore, some limitations are assumed on compart- 

ment sizes as stated in Section 2.4. 

According to 2.6.2. 



2.7.3 Limit State CondLtLons 

Depending on the type of practical application. one, two or 

all of the following limit state conditions apply; 

Y Limit state with respect to load bearing capacity. 

X limit state with respect to insulation. 

W limit state with respect to integrity. 

The limit states are expressed in the time domain (min) in 

terms of: 

Y The equivalent 

2.5. and 

W the fire resis 

time of fire exposure 

itance t with respect 
f 

e 
- cf. Section 

to the particular 

structure, type of structural component and limit 

state of concern with reference to a thermal exposure 

according to Equation (2.12). 

For each limit state, the limiting condition is given by 

where the design values t and ted are expressed by charac- 
fd 

teristic values and appropriate safety factors and differen- 

tiation factors. 

According to Section 2.5. The applicability of Fig. 2.13 and 

the simplified formula (2.18) for the equivalent time of fire 

exposure t is limited to fire compartments of moderate size, e 
i.e.. compartments with a size representative of dwellings, 

ordinary offices, schools. hospitals, hotels and libraries. 



The fire resistance t of the structure or structural element f 
with respect to the limit state under consideration may be 

determined either 

E experimentally, according to IS0 834 C551 - applicable 

to all limit states. or 

X analytically, according to Fig. 2.6 - not applicable 

to the limit state with respect to integrity. or 

N by interpolation or extrapolation and by analogy from 

experimental or analytical results, or 

Y by reference to catalogues, compiling experimental/ 

analytical results, possibly extended by interpolation 

and analogy. 

For load bearing capacity, the fire resistance can be deter- 

mined 

W as a function of the mechanical loading, so that the 

decisive fire resistance for a structural element is 

evaluated taking into account the individual loading 

conditions in terms of Section 2.7.6. or 

S for a specified design load, roughly accounting for 

representative loading conditions in terms of Section 

2.7.6. 



In conventional fire design, the fire resistance is determi- 

ned for the design load corresponding to the normal, non- 

accidental design situation. 

More consistently, the appropriate design load for evaluating 

the fire resistance should be determined by considering an 

accidental load combination according to Equation (2.5) and 

Section 2.6.4. 

Expressed in the practical design format, the design verifi- 

cation reads 

where 

e = characteristic value of the equivalent time of fire 

exposure (min). 

tf = characteristic value of the fire resistance, determi- 

ned experimentally or analytically according to Sec- 

tion 2 . 7 . 5 ,  

7 = partial safety factor related to the equivalent time e 
of fire exposure and covering the uncertainties of the 

fire load density and the fire compartment characte- 

ristics, including the uncertainties of the analytical 

models for the determination of the fire exposure and 

the related formula or design curves for t e' 



-rf = partial safety factor related to the fire resistance 

and covering the uncertainties of the mechanical load 

and the thermal and mechanical material properties of 

the structural element, including the uncertainties of 

the analytical models for a determination of the load 

effect, the transient thermal behaviour and the load 

bearing capacity, if the fire resistance is evaluated 

analytically. 

7 7 nl' n2 = differentiation factors accounting for different 

safety classes (7 ) and special fire-fighting provi- 
nl 

sions (7n2) according to Section 2.1. 

Guidance for deriving appropriate values of the partial safe- 

ty factors and the differentiation factors as well as example 

values is given in refs. [10], [ll] and [50]. In Appendix 2 

of ref. [10], the statistical aspects of the experimentally 

determined fire resistance is dealt with. 
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