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ABSTRACT

During the last ten years a rapid progress has been made

in the development of analyitical methods for a fire
engineering design of load bearing structures and structural
members. In a long-term perspective, the development then

goes towards an analytical design, directly based on a

natural fire exposure, specified with regard to the combustion
characteristics of the fire leoad and the geometriczl,
ventilation and thermal properties of the fire compartment.

This progress is now followed up by a further development
towards a reliability based structural fire engineering
design. Internationally, the development includes contri-
butions, related to a probabilistic approach on level I,
based on a system of partial safety coefficients, as well
as tc a probabilistic approach on level II, based on the
safety jindex concept.

The paper describes and comments on these parallel develop-
ments with special reference to fire exposed reinforced
concrete structures.

INTRODUCTION

In a general sense, the fire engineering design problem is
non-deterministic. Some level of risk - the probability of an
adverse event - 1s virtually unavoidable and we have to re-
cognize the impossibility of absolute compliance with a preset
goal. Performance has to be described and measured in probabi-
listic terms.

Essential components of a reliability based design methodelogy
include ~ in the ideal case (1)

* analytical modeling of relevant processes; verification of
model validation and accuracy; determination of critical
design parameters,

*  formulation of functional requirements, independent of
choice of design process, expressed either in deterministic
or probabilistic terms,

* determination of design parameter values,

* wyerification by reliability analysis that the choice of
safety factors leads to safety levels which are consistent
with the expressed functional reguirements.

Lack of knowledge concerning the structure of analytic models
describing the rhysical processes has, up to recently, pre-
vented all efforts to assess risk levels guantitatively within



the field of fire engineering design. Gradually, with expanding
modeling capabilities, the potential for a rational, reliabi-
lity-based design will proportionally increase.

One of the applications, where fire safety analyses have
been furtherst developed, applies to load bearing building
structures and structural members. Mainly, then two schools
can be distinguished, namely

(1) classical prcbhability analyses as developed by Freudenthal
and others (2), {(3), (4}, regquiring that the probability
density functions of the strength or resistance R and the

&

load effect S are known or can be acceptably prescribed, and

{2) & more engineering directed approach, connected to the
concept of safety index 8 (5),(6),(7),(8),(9).

In the latter approach, a design scheme can be based simply
on the requirement that some minimum safety margin be main-
tained. In place of requiring that a calculated risk of failure
must fall below a specified probability Py, it may be reguired
that the average safety margin R-S or R-S must lie a specified

number 38 of standard deviations above zerc, i.e. = FIG 1
— - = /2 Z
R-8 2B+0, o Or R25 + BYop + ©g (1}
Sp=g is the sitandard deviation of the safety margin R-5, o
ald”cg are the standard deviations of R and §, respectively.
FAILURE SURVIVAL
fros
|
{
i
G l
P, 0 RS R-S
!_.«.. n'UR-S l
, -
FIG 1. Probability density function £ of safety margin R-S

an@ definition of safety index £. Dashed area gives the
failure probability Pf.



The method is distribution~free and employs conly the first
and second central moments of relevant stochastic variables,
hence the name "secend moment code formats".

The safety index g defines the reliability of, for instance,
a design system and offers a guantitative basis for comparing
the relative safety of two or more design alternatives. A
greater value of B8 then corresponds tc & higher level of
safety. With this safety measure we can improve our design
methods to be more consistent and assess the implications

of assumptions and guesses.

The random variables R and S are invariable functions of
other, more basic variables. The problem is toc derive the
means ané variances of R and S from the first and second
moments of the basic variables. Exact calculation is only
possible when the functional relation between the two sets
of variables is a linear transformation. In all other cases,
approximate methods must be used. A convenient method is to
make a Taylor expansion of R and $ with the derivatives
evaluated at the mean values andéd truncate the expansion at
+he linear terms. In more complicated cases, the reguired
central moments must be derived by a Monte Carlo simulation.

DETERMINISTIC ANALYTICAL METHODS FOR & STRUCTURAL FIRE
ENGINEERING DESIGN

The internationally predominant fire engineering design of
load bearing structures and structural members is charac-
terized by a schematic procedure, based on results of standard
fire resistance tests and connected systems of classification.
FIG 2 describes the procedure. The design comprises a proof
that the structure has a fire resistance time t r determined
in a standard fire resistance test, which exceegs the reguired
time of fire duration tgg, specified in buillding codes and
regulations for differen% applications.

|occupancy }—1
L

i BUILDING  HEIGHT

£ 1 BuLbing cobe REQUIRED FIRE
. 1 ‘ DURAT'ON i +d :
|BUILDING VOLUME — = ;

IMPORTANCE OF E
STRUCTURE

|

T .
| PROPOSED STRUCTURE kﬁ o
! __ STANDARD FIRE | FIRE RESISTANCE l>ta

DESIGN LOAD AT | ; RESISTANCE TESY tf!’ ‘\_
SERVICE STATE

-

END

FIG-2. Conventional fire engineering design of load bearing
structures and structural members, based on classification
and results of standard fire resistance tests.



The fire resistance t and the required fire duration t
then are connected to a thermal exposure, which shall vary
with time within specified limits according to the relation-
‘ship:

T-T, = 345 1ogm (8t+1) (2)
where
t = time, in minutes,

temperature at time t, in DCé

temperature at time t=0, in C.

3

=
oy o

During the last ten years important progress can be noted in
the development of computation methods for an analytical
structural fire engineering design. Internationally, the
approach then can be categorized with reference to the follow-
ing levels:

{1} 2 thecretical determination of the fire resistance of a
load bearing structure, based on a thermal exposure according
to the standard fire resistance test, Eg (2) - methods of

—— ——

{2) an analytical design, directly based on the gastemperature-
time curves of a natural compartment fire, specified with
regard to the properties of the fire load and the fire
compartment (10), (11} - methods of level 3,

{3) an analytical design, based on the gastemperature-time
curves of a natural compartment fire, but taken into account
indirectly over an eguivalent time of fire duration, connected
to the heating according to the standard fire resistance

test, Eg (2), {10}, (11), (12), (13) - methods of level 2.

(14) briefly describes the different approaches and demon-
strates how useful input information for the analytical

design methods can be derived from the results of standard
fire resistance tests. The consistency between the various
methods is critically reviewed and ways are indicated for
inmproving this consistency. Although, the different analytical
and experimental design methods have been developed mainly
independently and rather freguently have been discussed as
contradictory to each other, it is guite clear, that the
methods in a long-term perspective will form a well ccherent
pattern.

Internationally, the development goes towards an increased
practical use of design methods cf level 3. In Sweden, an
analytical procedure of this level is officially approved
for a general practical application, as one alternative,
since about ten years. Design methods of level 3 also
constitute the natural deterministic basis for a further
development of reliability based design methods.



STRUCTURAL FIRE ENGINEERING DESIGN ACCORDING TO LEVEL 3

A structural fire engineering design according to level 3
means a direct design based on temperature characteristics

of the fully developed compartment fire as a function of

the fire load density and the properties of the fire compart-
ment. FIG 3 describes the design method in a summary way.

FIRE LOAD DENSITY m—w
! ‘:,

p—m  FIRE EXPDSURE ‘
: — 1 |
{ FIRE COMPARTMENT %—J
: |

i

i

[ 1

ra—i STRUCTURAL DATA F—~——-a»- TEMPERATURE STATE |
| :
-

\
\ F DESIGN LOAD'BEAF\‘ING!
i ™ CAPACITY Rc!
t
i
{
o NG YES
Rd>5d END

1 DESIGN LOAD EFFECT |
i AT FIRE 54 z

FIG 3. Summary description of a rational design methed for
fire exposed load bearing structures according to level 3.

The design starts by a determination of the fire exposure,
given by the gastemperature-time curve of the natural
compartment fire. The combustion characteristics of the fire
load and the geometrical, ventilation and thermal properties
of the fire compartment are the decisive influences.

For a given structural design, the fire exposure is trans-
ferred analytically to transient temperature fields of the
structure. In the next step, a determination is carried
out of the time variation of the load bearing capacity of
the fire exposed structure. The lowest value of this load
bearing capacity during the relevant fire process defines
the design load bearing capacity Ry.



Nominal lcads and load factors for dead load, live locad,
etc, statistically representative of a fire occcasion,
specify the design load effect at fire Sg-

4 direct comparison between the design load bearing capacity
R. and the design load effect at fire S, decides whether the
sgructure can fulfil its recguired function or not at a fire
exposure.

Fire load density and gastemperature-time curvesg of fully
developed compartment fire

At known combustion characteristics of the fire lead, the
gas temperature-fime curve of a fully developed compartment
fire can be calculated in the individual practical applic-
ation from the heat and mass balance eguations of the fire
compartment with regard taken to the size, geometry and
ventilation of the compartment, and to the thermal proper-
ties of the structures enclosing the compartment - FIG 4
(10y, (11, (15, (ie), (17), (18}.

T T T 77 A
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o
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L

FIG 4. Energy balance eguation Ie=I; +Iy+Ig of a2 fire com-
partment. Ig is the heat release per unit time from the
combustion of the fuel, and Iy, I, and I, the quantities of
energy removed per unit time %y cgange of hot gases against
cold air, by heat transfer tc the surrounding structures,
and by radiation through the openings of the compartment,
respectively.

Provisionally, the Swedish building code permits the structural
fire design to be based on gastemperature-time curves T -t
according to FIG 5, which applies to a fire compartment with
surrounding structures maqe of a material with a thermal
conductivity 2 =0.87 Wem '. ©C~1 and a heat capacity pc_=

= 1.67 MJ *m °. ©¢”! (fire compartment, type A). Entrante
parameters of the diagrams are the fire load density g,
defined by the formula
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FIG 5. Gas temperature-time curves T,.~t of the complete
process of fire development for different values of the fire
load density g and the opening factor AJH/At. Fire compart-
ment, type A.



. L =2
q—At Ly m H (MJ - m ) (3)

and the ventilation characteristics of the firelgompartw
ment, expressed by the opening factor A/E/At (m' 2y,

where
A = total area of window and door openings (mz),
h = mean value of the heights of window and door openings,

weighed with respect to each individual opening area (m),
A, = total interior area of the surfaces bounding the com-
partment, opening areas included (m?)},

m, = total weight of combustible material v (kg),

HU= effective hea% value of combustible material v of the
fire load (MJ'kg '), and
v = a fraction between 0 and 1, giving the real degree of

Y . . . . .
combustion for each individual compeonent of the fire load.

As a rule, the design fire load density is to be determined
on the basis of statistical investigations for the type of
building or premises in guestion. Such statistical invest-
igations have Dbeen carried out for dwellings, offices,
administration buiidings, schools, stores, and hospitals
{10}, (11). As a temporary regulation, the Swedish buil=-
ding code authorizes the 80 percent level of the statistical
distribution curve to be aprlied as the design fire load
density.

The gas temperature-time curves in FIG 5 have generally
been determined on the assumption of ventilation controlled
fires. For fires, which are fuel bed contreclled in reality.
this assumption leads to a structural fire engineering
design on the safe side in practically every case, giving
an overestimation of the maximum gastemperature and a
simultaneous, partly balancing underestimation of the fire
duration. For the minimum load bearing capacity, which
thermally can be seen as an integrated effect, the gas
temperature~time curves in FIG 5 give reasonably correct
results, verified in (10}, (16).

As pointed out, the gas temperature-time curves in FIG 5
apply to a certain fire comvartment, tyvpe 2, specified with
respect to the thermal properties of its surrounding struc-
tures. Fire compartments with surrounding structures of
deviating thermal properties can be transferred to fire
compartment, tvpe A, via effective wvalues of the fire lead
density gy and the opening factor (A/H/At)f - (10), (11).

An analytical design according to the described procedure
can be carried through in practice todav in a comparatively
general extent for fire exposed steel structures. Validated



material models for the mechanical behaviour of concrete
under trancient high-temperature conditions and thermal
models for a calculation ¢f the time variation of the
charring rate in wood at a fire exposure, derived during
the last vears, now are enabling an essential enlargement
of the area of application. To aid this application, design
diagrams and tables are systematically produced giving,
directly, on the one hand, the design temperature state of
the fire exposed structure, and on the other, a transfer of
this information to the corresponding design load bearing
capacity of the structure; cf., for instance (10}, (11).

Temperature state and design load bearing capacity of fire
exposed concrete structures

For a practical determination ©f the transient temperature
state in fire exposed structures, numerical methods have
been developed and arranged for computer calculaticons. The
methods are based either on finite difference (19), (20)

or on finite element avproximations (21}, (22}. In application
ro concrete structures, the methods have to start out from
approximations of the thermal properties at elevated tempe-
ratures and of the moisture transport and evaporation. The
methods are enabling a svstematic determination of a design
basis in the form of diagrams and tables, giving directly,
for instance, the maximum temperature in different points

of a concrete beam during a complete fire process at varying
values of the fire loaé density g and the opening factor
avh/a, - FIG 6. .

A transfer of the temperature-time fields cf a fire exposed
concrete structure to data on the structural behaviour and
load bearing capacity requires in the general case a gualified
knowledge on the strength and deformation properties of the
concrete and the reinforcing steels in the temperature range
associated with fires. Comparatively detailed information
then is available for some types of reinforcing steels, as
concerns stress-strain relation and short-time creep at
elevated temperatures and residual strength. For concrete,
the deformation behaviour at elevated temperature is much
more complicated than for steel and conseguently the present
state of knowledge is more incomplete.

An accurate analysis of the stress and deformation behaviour
of a fire exposed concrete structure implies that the
constitutive relations between stresses and strains are
known, the time-dependent behaviocur included. In comparison
with metallic or ceramic materials, stressed concrete then
presents special difficulties in that respect that during
the first heating considerable deformations develop which

do not occur at stabilized temperature. This effect has been
confirmed in flexural, torsional and compressive tests and
for moderate as well as high temperatures.
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For practical applications, the total strain e can adeguately
be given as the sum of a number of strain components, pheno-
menologically defined with reference to specified types of
test and depending on the temperature T, the stress o, the
stress history & and the time t. For concrete stressed in
compression this leads to the relation (23)

£ = (T) '*'Ec(BrOfT} +€Cr(GrTrt]+€tr(UlT) (4)

“ih
where

c = thermal strain, including shrinkage, measured on un-
s%%essed specimens under variable temperature,

€5 = instantaneous, stress-related strain, based on stress-
strain relations obtained at a rapid rate of lcading under
constant, stabilized temperature,

€ny = CTEEp strain or time-~dependent strain, measured under a
cohstant stress at constant, stabilized temperature, and

£y = transient strain, accounting for the effect of tempe-
rifure increase under stress, derived from tests under
constant stress and variable temperature,

For stressed concrete in a transient high-temperature state,
the transient strain component €y ordinarily plays a pre-
dominant part. This is illustrat8d in FIG 7, showing how
the total strain ¢ is composed of the thermal strain iy
the instantaneous stress-related strain =g, the creep
strain e and the transient strain = for a concrete
specimen, initially stressed in comprésSsion and heated to
failure,

2 validated model for the mechanical behaviour of concrete
under transient, high-temperature conditions of the type
described constitutes a prerequisite for getting reliable
results by applying the mathematical models and connected
computer programs available for an analysis of fire exposed
concrete beams and frames. The most comprehensive program
robably then is Fires-RC, developed by Becker and Bresler
(24) for a calculation of the fire response of reinforced
concrete frames. With the frame divided into substructural
members, segments from substructure, concrete subslices and
reinforcing bars, the computer program is capable of pro-
viding a broad spectrum of response data, including the time
history of displacements, internal forces and moments,
stresses and strains in concrete and in steel reinforcement,
as well as the current states of concrete with respect to
cracking or crushing and steel reinforcement with respect
to yielding.

11
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FIG 7. Relation between different strain components for a
concrete specimen, initially stressed in compression to a
stress level of 35% of the strength at 20°C, and heated to
failure (23}.

Fires~RC has been modified by Anderberg for a theoretical
analysis of hyperstatic concrete beams, fire exposed from
below (25). FIG 8 gives a fragmentary result from this
study, showing the calculated structural behaviour cof an
unloaded, respectively a loaded plate strip restrained
against rotation as well as longitudinal movement at both
ends. The full-line curves give the time history of the
bending restraint moment and the dashed curves the time
history of the axial force (FIG a). FIG b shows the corre-
sponding midpoint deflection.

12
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FIG 8. Structural fire behaviour of an unlcaded, respec-
tively loaded plate strip restrained against rotation as
well as longitudinal movement at both ends. a) Bending
restraint moment and axial restraint force, b) midpoig%
deflection. Fig;zproceSS characteristics: g =500 MI'm =,
A#H/Et =0.04 m according to FIG 5 (25).

RELIABILITY BASED STRUCTURAL FIRE ENGINEERING DESIGN METHODS
UNDER DEVELOPMENT

Up to now, there are only two reliability based structural
fire engineering design methods reported in the literature,
as concerns methods of design level 3 (8), (26}, (27). The
methods are still under further improvement.

Both methods relate to a design for the ultimate limit
state. One of them - a German model code draft (26), {27} =
belongs to the probabilistic approach on level IT, based

on the "second moment code formats". The functional reguire-
ment implies that the minimum value of the safety index
during the relevant fire exposure fg. pin has to meet the
required value of the safety index Brf derived by & pro-
babilistic analysis, i.e.,

6fe,min - Br 2 0 ()
The other method - a development of the Swedish design
method according to FIG 3 (9) - is related to a semi-

probabilistic approach on level I, based on a system of
partial safety coefficients. The functional requirement
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then implies that the design value of the minimum load
bearing capacity of the structure during the fire exposure
Rs shall meet the design load effect on the structure Sd' il.e.

Rg = 54

>0 (6}
The functional requirements apply to all relevant types

of failure - bending failure, shear failure, instability
failure, etc,

In the design, the fecllowing probabilistic influences should
be taken into consideration:

* +the uncertainty in specifying the statical loading,

* +the uncertainty in specifying the fire load and the
characteristics of the fire compartment,

* the uncertainty in specifying the thermal and mechanical
properties of the structural materials,

* the uncertainty of the models for calculation of the
compartment fire, the heat transfer to and within the
structure and the ultimate load bearing capacity of the
structure,

* the consegquences of a structural failure.

In the German model code draft, the consequences of a struc-
tural failure are included in the reguired value of the safety
index A_. In the Swedish approach, these consequences are
related indirectly to the design load bearing capacity R

via a differentiation of the design fire load density ang the
length of the fire process, to be considered in the design.

Swedish reliability based design

In a summary way, the Swedish design procedure under develop-
ment can be described as follows - FIG 9.

The design fire load density, the fire compartment character-
istics, and the fire extinguishment and fire fighting
characteristics constitute the basis for the determination

of the design fire exposure, given as the gas temperature-
time curve T~t of the fully developed compartment fire.
Depending on the type of practical application, the load
bearing function of the structure or structural member will
be required to comply with either the complete fire process
or a limited part of the fire process t,, determined from the
time necessary for the fire to be extindguished under the
most severe conditions, or from the design evacuation time
for the building.



DESIGN FIRE FIRE COMPART- FIRE EXTINGUISHMENT,
LOAD DENSITY MENT CHARAC- FIRE FIGHTING
Qg TERISTICS CHARACTERISTICS

I |

|

1 DESIGN FIRE I
! EXPOSURE N
t T-t - 3

7 L

l '

1
STRUCTURAL DESIGN DESIGN !
DESIGN TEMPERATURE THERMAL
DATA STATE PROPERTIES

.

BEARING MECHANICAL
CAPAL, TY STRENGTH

R(MCH Mg Vd.](T?.MdZ(T}

DESIGN LDAD DESIGN

A

i
DESIGN LOAD
EFFECT AT FIRE

FIG 9. Reliability based, structural fire engineering
design procedure under development,

Together with the structural design data, the design thermal
properties and the design mechanical strength of the structural
material, the design fire exposure provides the design temper-
ature state and the related design load bearing capacity R

for the lowest value of the load bearing capacity during tge
relevant fire process.

A direct comparison between the design load bearing capacity
Ry and the design load effect at fire 5, finally decides
w%ether or not the structure or struciufal member can fulfil
its required function on exposure to fire ~ Eg (6).

15



Design_loads and design_load effect

The design consists of an analysis of simultaneous exposure
to static loading and fire, dealt with as an accidental
case. The determination of the static loading and the
associated design load effect S5 then follows the procedure
according to FIG 10. The determination begins with charac-
teristic permanent and variable loads G, and Q, . The
characteristic value of the permanent 1dad G, wWill be
chosen as the average, and the characteristiC value of a
variable load Q, as that corresponding to a probability of
excess at least once & vyear. The characteristic Q) values
may be differentiated with respect to whether a complete
evacuation of people can be assumed or not in the event

of fire.

J——
Gk,ﬂk CHARACTERISTIC LOAR VALUES
v .Yf.tb yu,yf=PARTiAL FACTORS

4= REDUCTION FACTOR

Cg=Va Ol
nyok DESIGN LOADS
d:
[waak
1
S4251G4. Gyl DESIGN LOAD EFFECT

FIG 10. Procedure of determination of design load effect Sd‘

2 multiplication by partial factors y and reduction factors ¢
transfers the characteristic load values to design loads G
and Q,. By using the partial factors y, the following etffeCts
are tdken into consideration:

* the probability that the load differs unfavourably from
the characteristic wvalue,

* the uncertainty of the model, describing the load - for
instance with regard to the distribution of the load over
the structure, :

* guch uncertainties of the design model which are inde-
pendent of material.

16



The partial factors vy, furthermore, depend on the type of
loading and of the appropriate load combination.

The reduction factors vy give expression to the relative
duration of a variable load.

For values of G, Qk’T and ¢ to be applied in the design,
reference is maée t0 the Swedish building code (28).

e . o . W WA i s P K o fw —  Goon o W o T T o e T ot W o e g DA Aot e [ G Tn S M et O T

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 volume

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 locad density g., and the length of the fire
process, to be considered in tge 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 1. The table relates the different
categories and the fire endurance in minutes - F30, Fo60

and F90 - reguired in the current design, based on classi-
fication and results of standard fire endurance tests, which
is to be seen as & procedure of a relative calibration.

Fire endurance in minutes, Category
required in current design,
based on classification

- K O
F 30 K1
F 60 X 2
F 50 K 3

TABLE 1. Definition of categories of structures or
structural members.

For the different categories, the design fire exposure will
be chosen according to TABLE 2, specifying the design fire
leoad density Q- in relation toc the characteristic fire load
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density gy . and the duration of the fire process. The
characteristic fire load density g, then is cdefined as that
value corresponding to a probabili%y in excess of 20%. The
related gas temperature-time curves of the fire exposure are
specified in accordance to FIG 5, with due consideration taken
to the influence of the thermal properties of the structures,
enclosing the fire compartment.

Category of Design fire Duration of
structural load density fire exposure
member dg

K 1 1.0 Iy < 30 min

K 2 1.0 dy complete fire
K 3 1.5 Gy process

TABLE 2. Design fire exposure, expressed by the design
fire load density Qg -

By specifving the design fire exposure as described, con-
sideration is taken of:

* +the probability that the fire load density differs un-
favourably from the characteristic value,

* the uncertainty of the analytical model for the determina-
tion of the compartment fire and its thermal exposure on
the load bearing structure or structural member,

* the uncertainty in specifying the geometry and thermal
properties of actual fire compartment materials,

* the safety level reguired for the respective categories
cf structure or. structural member.

The probability and the consequences of & fire outbreak are
strongly influenced by various types of active fire pro-
tection measures such as fire detection systems, sprinkler
systems, smoke control systems, roof venting systems, fire
alarm systems, and the fire fighting facilities of the fire
brigade. 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. Discussions
are in progress concerning whether the presence of an approved
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sprinkler system could be taken intoc account in a very
rough way by transferring a structure or structural member
to the next lower category.

e T e e T e T e e Dk e W S B A T e W

The calculation of the ultimate design load bearing capacity
R. of a structure or structural member will be based on the
désign strength values M, of the actual structural materials.
These strencgth values aré given by the corresponding charac-
teristic strength values M, , divided by a resulting partial
factor y__. Normally, the Characteristic value is put equal
mn - : -
to the lower 5 percent fractile, as concerns strength.

CHARACTERISTIC STRENGTH

PARTIAL FACTORS - MATERIAL

PARTIAL FACTOR -SAFETY CLASS

RESULTING PARTIAL
FACTOR Y .

DESIGN  STRENGTH

FIG 11. Procedure of determination of design strength Md
at non-fire ultimate limit state.

In a non-fire design for the ultimate limit state, the
determination of the design strength follows the procedure
according to FIG 11. The different partial factors Y1
Ym2! Y3 and Y, are expressing the influence of:

*# the probability that the value of the material property
differs unfavourably from the characteristic value - Y1

* the uncertainty of the model for calculation of the
ultimate load bearing capacity, including the influence
of such deviations of measurements which are not to be
considered separately - Yo ! :
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* the uncertainty of the relation between the properties
of the material in the structure and the corresponding
material properties, determined in the test - Y3’

* +the safety class =~ Ypt

By introducing various categories of structure and structural
members when specifying the design fire load density and the
design fire exposure, the influence of different safety
classes 1s already covered. Consequently, the partial factor
g is to be made egual to 1 in the fire design.

Values of My and v__, to be applied in a fire design of
reinforced Concrete structures, are given in the Swedish
regulations {29).

German reliabilitv based design

The German model code draft for a reliability based structural
fire design includes methods for design level 3 as well as
design level 2 (26). As concerns design level 3, the German
model code draft and the Swedish design procedure are in

good principal agreement. With respect to their detailed .
structure, the two methods differ primarily in the way to
consider the conseguences of a structural failure. In the
German method, +this influence is included in a more advanced
and detailed way in the required value of the safety index

B_ bv introducing three safety classes with the following
definition:

* safety class SK_ 3 - members of the main load bearing
structure and coOmponents bounding the fire compartments,

* gafetv class SK, 2 - other important structural members,
Yy b P

* sgafety class 8K, 1 - structural members of secondary
significance.

To the safety classes, the following failure probabilities
per year pg; are allocated, referred to average sizes of
fire compartments:

-6

* Pey = 10 for SKbB,
_ -5

* Pey = 170 for SKb2,
_ -4

Peq = 10 for SKbi.

The failure probabilities Pey apply independently of the risk
of occurance of a fully deveioped compartment fire. This risk
Ay, may be estimated from the formula '

Ay, = PA (7)
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where p is the unit area probability and A the area of the
fire compartment. The unit area probabllity p may be
described as

P = P1PyP5 {8}
where

p, = mean probability of fire occurance per m2 fire compart-
ment area and year,

p, = factor to assess the efficiency of the fire brigade
acttions,

p. = factor to consider the effect of an installed extinguish-

mént system, if any.

In a given design situation, the failure probability p..,
the unit area probability p, and the area of the fire .
compartment A can be calculated or estimated. This inform-
ation then can be transferred to a required value of the

safety index E FIG 12 exemplifies E&_ wvalues, derived for
structural members, related to safety class SKbB ,

D= ’10'-6

1 //’/— :29

0 + —t } } } } o A
0 5 10 15 20 25 30-10° m

FIG 12. Reguired values of safety index B8, as function of
unit area probability p and area of fire compartiment A for
structural members of safety class 5K, 34 =107%) . The
values are representative to German 1ndus€r1al buildings.
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In the design, it finally must be proved that the minimum
value of the safety index during the fire exposure Bee min
meets the regquired value B_- Eg (5). The determinatidn’
of Be . includes a calcliilation of
e,min
* the gas temperature-time curve of the fire compartment by
solving the heat and mass balance eguations,

* the transient temperature fields of the load bearing
structure or structural member, and

* the corresponding time curve of the load bearing capacity.

Bt d
20
!
jﬁfe,?
15 ﬁfE.1 '% 1
12 :
!
i
B i
I3
Bp=2.05
[} X s

FIG 13. Calculated time curves of safety index B8 for a
reinforced concrete c¢olumn, exposed to a natural compart-
ment fire. The two curves ceorrespond to one accurate and
one approximate solution (26}.

FIG 13 shows for a specific application - a fire exposed
reinforced concrete column in an industrial building - how
the calculated safety index B decreases with time at a
natural compartment fire with &n increasing gas temperature
during the first 60 minutes, then followed by a cooling
down pericd. The column is functionally reliable as long

as Bg, 2 B = 2.05 which is fulfilled for t < 66 min.



Summary comparison between German and Swedish design methods

Compared with each other, the German and Swedish reliability
based design methods can be generally commented on as follows:

(1) The Swedish method relates to a probabilistic approach
on level I, based on & system of partial safety coeffi-
cients, and the German method to a probabilistic approach
on level II, basecd on a verification with respect to
safety index,

{2) the German method applies to industrial buildings, i.e.
large fire compartments, while the Swedish method is
restricted to comparatively small fire compartments as
in dwellings, schools, offices and hospitals,

(3) the German method reqguires generally a structural sur-
vival, whereas the Swedish method includes two categories
of structures ané structural members - K0 and K1 - with-
out such a reguirement,

(4) the German method considers the influence of the prob-
ability of occurance of & fully developed compartment .
fire and the related efficiency of an installed ex~

. tinguishment system and of the fire brigade in a more
complete and functionally correct way than the Swedish
method. However, the merits of the German method in this
respect can eagily be incorporated in the Swedish method,

(5} in their present forms, the Swedish method enables a
relatively guick structural fire design, while the
German method is rather time-consuming or needs a
computer.

But generally, the two methods are in good principal agree-
ment and both methods have such a pattern that they can be
successively improved as knowledge increases.
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