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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance afe
describefd in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance,with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentiof is drawn to the possibility that some of the elements of this document may\pe the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Tntroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation of the voluntary nature of standards, the-mganing of ISO specific terms and
expressipns related to conformity assessment, as well as jnfermation about ISO's adherence to
the Worlld Trade Organization (WTO) principles in the echnical Barriers to Trade (TBT), sge
www.isd.org/iso/foreword.html.

This doqument was prepared by Technical CommitteeISO/TC 92, Fire safety, Subcommittee SC 4, Fire
safety engineering.

Alist of 3ll parts in the ISO 24679 series can be:feund on the ISO website.

Any feedback or questions on this documentishould be directed to the user’s national standards body.|A
completg listing of these bodies can be found at www.iso.org/members.html.
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Introduction

This document provides an example of the application of ISO 24679-1. The procedure in this d

ocument

is intended to follow the principles outlined in ISO 24679-1. The clauses of ISO 24679-1 which are
considered relevant to this document are identified and the clause titles are kept the same and in the

same order.

The purpose of this document is to demonstrate the application of the steps outlined in ISO 24679-1 for

fire safety engineering, performance of structures in fire, applying probabilistic methods.

Tt?e analysis shows how the achievement of the fire safety objectives, with respect to s
fire resistance, can be demonstrated through probabilistic analysis. The building-is\bag
pmonstration case for Eurocode 2[2] and is thus conformant with the design requirements of
2[51, For this type of building, a probabilistic analysis would generally not be performed.

el Y=Y

e not conformant with standard design guidance.

—

his document only presents an example application of a probabilistic-analysis. More 3
bplications considering system behaviour and stochastic fire exposure are possible. Thg
Hvanced procedures will generally result in an improved understanding of the reasonably for
fructural behaviour in case of fire, and can, for example, be used for an in-depth analysis of
ire structural performance.

o0 O hwn L ©

Fobabilistic methods make engineering assumptions more explicit. This pushes the eng
gpestion their competence and promotes an in-depth communication with stakeholders on the
structural performance in case of fire.

ructural
ed on a
EN 1992-
However,

Fobabilistic analysis can demonstrate the achievement of the fire safety objectiyés for situatiops which

dvanced
se more
eseeable
the post-

ineer to
intended
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Fire safety engineering — Performance of structures in

fire —

Part 8:

This document provides an example of a probabilistic assessment of a concrete building by 1
the structural fire analysis of the concrete building presented in ISO/TR24679-6, using prol
bproaches. Specifically, the most heavily-loaded concrete column is arfalysed probabilistica
the evaluation in ISO/TR 24679-6 as a starting point.

o8]

This report only addresses the fire safety objectives related to theistructural performance. The
wlthin this document therefore forms only part of the overall building fire safety strategy:.

Normative references

2
The following documents are referred to in the text in such a way that some or all of thei
c
u

hdated references, the latest edition of the reférenced document (including any amendments)

[0 24679-1, Fire safety engineering — Performance of structures in fire — Part 1: General

3| Terms, definitions and symbols

3l1 Terms and definitions

=]

br the purposes of this deCument, the terms and definitions given in ISO 24679-1 apply.

[

§0 and IEC maintain-terminology databases for use in standardization at the following addres

- 1SO Online)browsing platform: available at https://www.iso.org/obp

- IEC Electropedia: available at https://www.electropedia.org/

3{2-""Symbols

e average eccentricity

E load effect

Ey design value of E

Ey characteristic load

f out-of-straightness

fex characteristic concrete compressive strength

© IS0 2022 - All rights reserved
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fyk characteristic steel yield strength

G dead load

G dead load fagade

Gy characteristic value of the permanent load effect
Ky model uncertainty for the load effect

Ky model uncertainty for the resistance effect

L column height

Ngpg | designload

Ps reliability (i.e. probability of failure in the case of a given fire exposure)
D¢ failure probability

Dt target maximum failure probability

p axial load

Pax load bearing capacity of the column

P axnum| Dumerical evaluation of P .,

Pgy characteristic permanent load

Poy characteristic imposed load

Py total axial load

Q dominant live load effect

Qx characteristic value of the imposed load effect
R resistance effect

Ry design value of R

Ry characteristic resistance

|4 coefficient-of variation

Vg coeffieiernt of variation for the load effect

Vr coefficient of variation for the resistance effect
Z limit state function

B reliability index

B target reliability index

Yo safety factor

YE load factor

YR resistance factor

2 © IS0 2022 - All rights reserved
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€ surface emissivity of the member

u mean value

UEg mean value for the load effect

UR mean value for the resistance effect

o standard deviation

o standard deviation for the load effect

ok standard deviation for the resistance effect

@ out-of-plumbness; the standard normal cumulative distribution function
X load ratio (characteristic live load effect relative to total characteristicload effect)
Y combination factor for the live load effect

He;i fire design variable action combination factor

d reinforcement bar diameter

4 Design strategy for fire safety of structure

The built environment of this example is an office birilding, as considered in ISO/TR 2467

9-6. The

structural elements are composed of concrete.

Fpr the concrete columns, the tabulated fire resistance, under standard thermal action (ISQ 834) in
agcordance with EN 1992-1-2 is 90 min, while'the calculated fire resistance using simplified calculation
njethods is 180 min, as specified in Eurqogode 2.[2]

The safety level (i.e. probability of failure) associated with a tabulated or calculated stanglard fire
r¢sistance is not known. Consequently, there is a possibility that the structure does not bghave as
ekpected during fire exposure, notably because:

- the expectations did not account for the failure probability;

- the real fire conditions and structural behaviour do not match the concept of fire resistan
standard fire exposure.

—

hese shortcomings can be reduced by:

— conducCting a detailed analysis taking into account potential fire scenarios and structural b
for the building system in question, as applied in ISO/TR 24679-6, where the fire was defing
into account Reference [3]; or

ce under

chaviour
bd taking

| b 1 Joals cd . £ 41 L1 1 loal:s £ H | DR | 4 b
- CUIIUUCLITS d PI'UDAUIIISTIU dSSTOSSITITIIL UT LT I4dITUT T PTUUAUITILy 10T A1 ISULALTU StTutiuld

exposed to a standard fire, as applied further; or

— a combination of both of the previous bullet points, for example, a full probabilistic

element

analysis

of a structural system, taking into account uncertainties in the fire development and structural

response. This level of analysis can be very computationally expensive.

In the following clauses, a probabilistic assessment is carried out for the example concrete

building

(specifically, for the most loaded concrete column), demonstrating confidence in the achievement of the

fire safety objectives.

© IS0 2022 - All rights reserved
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5 Quantification of the performance of structures in fire
5.1 STEP 1: Scope of the project for fire safety of structure

5.1.1 Built-environment characteristics

The concrete building considered is the same as that studied in ISO/TR 24679-6. The building
characteristics are re-introduced in this subclause.

The builfimgstudied 1sanm open-ptamn offfce butlding withoutany fitertor vertica Mpartmenta
with a glazed facade all around the perimeter. It has a floor area of approximately 420 m? and-tothl
gross ar¢a of 3 360 m2. The building is divided into two basement levels, a ground floor and fiye floors
above grjound which are open to the public. The building is 30,25 m long x 14,25 m wide x25.m high.
The ground floor has a height of 4 m, whereas the upper storeys have a height of 3 m. Elevators and

stair casps are placed in the central core.

The length is divided into five structural bays and the width into two bays. Each bay measures 6 m|x
7,125 m s shown in Figure 1. The building frame is composed of reinforced contintious concrete beanps
and columns, supporting concrete floor slabs which are 180 mm thick; the exterior walls are 200 mm
thick; the columns are 500 mm x 500 mm wide, and the beams are 400 mmdeép x 250 mm wide.

Dimensions in metres

SECTION 2: (? (? (?E 5 8 QF (? (? SECTION 2: @ 3 @ 7,125 @ 7125 QP
. ROOF | | | | ROOF !
—— N
m | m
. . . .| LEVELS ! : LEVEL 5
—_—— —————— —————————
! ! ! ! m | ! -
LEVEL 4 . LEVEL 4
—_——— — | ———————
' ' ! ' - . ! -
LEVEL 3 | LEVEL 3
—_——— —————— ——————————
™ H m
LEVEL2 | LEVEL 2
— e — —————————
m m
; ! . !| .-LEVEL1 ! LEVEL 1
—_—— —— . —_——————————
. . . . ~ | b <
LEVEL 0 : ¢ ¢ || & e
e —— e -
L ¢ LEVEL-1| | ™
e e —— ————— -
| | "
LEVEL-2 2
m
30,25 21,25 -
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=

1,15

1,15

Concrete: C30/37 (Note: 30 and 37 are the characteristic cylinder and cube compressive g

respectively in MPa);

Figure 1 — Plan and elevation ofithe structure

The structure includes three kinds of structural members: reinforced concrete columns, be
slabs. The cross-section of the column is equal to 0,256 m?2 and is presented in Figure 2 (Key e
ldngitudinal reinforcement).

br the first floor, the height of the columniis’equal to 4 m whereas the upper storeys have 4
pight of 3 m. The materials are:

Steel: hot rolled, Grade 500; Class B.

, 500 ,

112 x 920

500

Dimensions in m

ams and
ement 1,

i column

trengths

illimetres

Key
1

longitudinal reinforcement

Figure 2 — Column cross-section

The reinforcement in the column and the axis distance are presented in Table 1.

© IS0 2022 - All rights reserved
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Table 1 — Column reinforcements and the axis distance of reinforcements.

Column ] Axis distance
mm mm
Longitudinal reinforcement 12020 52
Stirrups ?12/200 36

In Figure 3, the cross-sections of the beams are illustrated, and in Figure 4 the concrete slab and
reinforcement is presented (180 mm thick). As the analysis further focuses on the most-loaded concrete

column, 10 Turther detalls regarding the beams and slabs are given here.

2 61,2

Dimensions in millimetr
18276

180
_.__S_.__

1180,6

1180,6

400

N

1750

3 500

250

a) Cross-section at mid-span

180

7

188,8

b) Cross-section’at intermediate support

250

Figure 3 — Continuous beam cross=section

Dimensions in millimetr

3 000 1500 C?

UPPER: ¢14/125 mm

-
_ —ﬁ?)‘—;—_ R — r__—__—:l :;___:'_T'_T_' _L_]l_:-l___'—l
I! UPPER: $#14/250 mm I i I |
|i LOWER:(12/250 mm 1T |
- | L
s-1—-%J|—s-1 - —}-l-{—sz'

| L

|

LOWER:012/125 mm

JOWER:@12/500 mm + @14 /500" mnf

LOWER:¢12/250 mm + $14 /250 m

UPPER: $16/125 mm

-]

LOWER:¢12/500 mm + $14/500 mm

UYPPER: $16/250 mm

S

S

UPPERCY 14/ 25U ITITL

LOWER:(¢12/250 mm

— ]

NOTE The terms "UPPER" and "LOWER" in this figure refer to the upper side and lower side measurements,

respectively.

Figure 4 — Reinforcement distribution in the slab
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5.1.2 Fuel loads

The building is an office space with cellulosic (i.e. majority of fuel load), plastic and miscellaneous type
fuel, which is assumed to be uniformly distributed throughout the compartment. The fuel load varies

greatly depending on the building types and available guidance provides typical ranges.

Commonly, structural fire performance requirements are stated with respect to the ISO 834 standard
fire curve. This is also the approach followed in the analysis below. For a consideration of fire
development through parametric (natural) fire exposure, reference is made to ISO/TR 24679-6.

Ti et et O—834 N s —the—ad et ,

cpmmunication, as no further engineering assumptions nor calculations have to be made:Th
at the cost of reduced correspondence with actual compartment fire development. Notably, thq
standard fire ought to be considered as a reference exposure, not as a realistic representation

I other words, performance relative to the ISO 834 standard fire exposure”/is-applied a
hderstood proxy for performance during any of the wide range of natural fires,Capturing a s¢
kposure, the standard fire exposure is set at 240 min (4 h) of ISO 834.

0 o

5/1.3 Mechanical actions

Dlead and live loads are presented in Table 2.

Table 2 — Loads

ease of
is comes

ISO 834
of fire.

5 a well-
vere fire

Load name Value of load
Self-weight 25 kNym3
Dead load 1 : .
Finishing, pavement, embedded services, partition 1,5 kN/m?
llive/variable load Office 4 kN/m?2
The concrete column with the highest desigh load is considered further. The design load is determined
in a single (deterministic) analysis considering the load combination using Formula (1), in ac¢ordance
whth Reference [4]:
G+y,0Q (1)
where
G is the-permanent load effect;
Q is.dominant live load effect;
v, =0,6" isthe combination factor, accounting for the low likelihood of fire coincidence with a high

realization of the live load effect.

Thedistribution of loads between the columns was calculated using an advanced model (finitg

element

—

I 1 - 21 A TaVaWisalaWaW] L Y )l 1 1 1. I I 11 . I o1 [a
IIOUCT IIT OU, SEC 10U/ TR 2907770, 11E 104aUS dPpPIHEU 1T ULLS ITTOUET AI'€ SUIIITIANTZEU TIT 1dDIE O.

Table 3 — Used loads in detailed structural analysis

Unit
Slab Dead load (G) 0,18 x 25+ 1,5 6
Live load (Q) 4 4 kN/m?
Total load G+0,60Q 8,4
Exterior beams Dead load (G) 0,25 x 0,40 x 25 2,5
Dead load fagade (Gp) 8 8 kN/m
Total load G + Gg 10,5

© IS0 2022 - All rights reserved
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Table 3 (continued)

Unit

Interior beams

Dead load (G)

0,25 x 0,40 x 25

2,5

kN/m

Total load

G

2,5

The resulting loads on the columns are indicated in Figure 5. The most loaded concrete column is
evaluated further as a critical element, taking into account pinned connections for further analysis
in isolation. The evaluation of the critical column as pinned ignores redistribution to other structural

[E )

membersand ensures thatthe analvsis of the element can be pprfnrmpd inisolation
Considering a design load, NED’ﬁ, of 2,8 MN for the most loaded column, as evaluated in ISO/TR 24679~
afire dedign variable action combination factor ¥; = 0,60, and evaluating the load ratio y =Qy /(Q+ Gy
as 0,40, the characteristic value of the permanent load, Pgy, and imposed load, Py, on the column are
evaluatefd using Formula (2):
Ngp b = Pey 495 Py = Py | 14w —%—
EDfi = Fak TVfifQk = Fak Vi 1-y
where
P £2 000 kN
Pox 1333kN
NED,fi,Al =0,59 MN NED,fi,AZ 1,18 MN
@ 6 m @ 6
I [
N Ai— ----- —+— -----
al | r@-L—W
= | |
' s2' . S2
Ngp g1 = 1,18 MN | |
-~I— ----- o 8
al | |
|| |
| |
! !
©_ _T_ ----- _+_ -----
Ngp g = 2,38 MN
0,2 58 575 0,25
I I/I [l
0,25
Figure 5 — Total design loads on concrete columns above
8

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=7112f312198b4ede0c4f4a9ea94faa5d

ISO/TR 24679-8:2022(E)

5.2 STEP 2: Identifying objectives, functional requirements and performance criteria
for fire safety of structures

In agreement with [SO/TR 24679-6, the objectives of structural fire safety in this document are:

— life safety of occupants, fire-fighters and others in the vicinity of building in terms of structural
behaviour of the building in the event of fire, including search and rescue operations;

— conservation of property and continuity of operation.

Cpmsidertgthatthestabitity of thecotumms—is—cructat-fortheoveralperformanceof the—sfructure,
ahd that columns in the ground floor are the most heavily loaded and have the greatest/lehgth, the
functional requirement is:

- no loss of stability for the mostloaded ground floor column, considering 240 min.ofISO 834 $tandard
fire exposure.

—3

his functional requirement considers the ISO 834 standard fire exposure”as a common|point of
re¢ference in structural fire engineering. This functional requirement doés.not explicitly conpider the
poling phase of realistic fires, although cooling phase performance is.known to be a key] issuel®l.
stead, it addresses cooling phase performance through a deemed-to-be-conservative assessment of
the fire severity (ISO 834 standard heating regime duration); see also’5.4.

(@)

et

Ihperfections in the column geometry and stochastic variatiens'in the concrete compressive $trength,
steel yield strength and concrete cover imply uncertainty with respect to the column perfgrmance.

counting for this uncertainty, the performance criterion selected to fulfil the above objectives and
functional requirements, and confirmed through stakeholder consultation, is:

- structural stability of the mostloaded ground fleer column, considering 240 min of ISO 834 $tandard
fire, is to be maintained with a reliability, p.“of 99,5 % (i.e. a probability of failure given the fire
exposure of no more than 0,5 %, i.e. p; < 5:10°3).

.3 STEP 3: Trial plan for fire saféty of structures

F the fire safety objectives with regard to structural fire resistance does not rely on any aflditional

5

The concrete building considered-hiere has been designed for the ambient temperature. Achjevement
0

phssive or active measures.

L4 STEP 4: Design-fire scenarios and design fires
he design fire has fhypothetically) been set at 240 min of exposure to the ISO 834 standard fire.

D,5 % reljability with this conventional fire exposure is deemed appropriate for ensuring the structural

5

T

Achieving the_performance requirement of maintaining stability for the most loaded column with
123rformance when exposed to any (reasonably possible) real fire development.

et

z[ other words, all possible design fire scenarios are aggregated into a single conventional d¢sign fire
farease of communication.

As noted in Clause 4, analyses whereby the fire exposure itself is also evaluated probabilistically are
possible. The conceptual benefits of this more elaborate approach have to be weighed against the
additional computational costs and complexity (both in terms of the calculation and the communication
of the results).

5.5 STEP 5: Thermal response of the structures

The thermal response of the concrete column is evaluated deterministically considering the following
thermal and physical properties, based on Eurocode 2:[]

— water content: 2,0 % of mass;

©1S0 2022 - All rights reserved 9
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— concrete density: 2 400 kg/m3;

— thermal conductivity: average between the upper and lower limit given in Eurocode 2[5];
— siliceous aggregates;

— emissivity related to the concrete surface: 0,7;

— the coefficient of heat transfer by convection is taken as 25 W/(m2-K) (on all 4 sides);

— initial temperature: 20 °C.

With regpect to the thermal response, a probabilistic analysis can also be applied. In th(;§(;lﬁlt

evaluatign, the uncertainty regarding the thermal properties of the concrete column is aggreg with
the uncefrtainty on the fire exposure, both of which are taken into account through the decg inistjic
[SO 834 standard fire exposure in accordance with Reference [5]. /\Q’

The heat| transfer to the column has been calculated using an advanced model (see ﬁ/@ence [Z])- The
temperature distribution at 240 min of exposure is visualized in Figure 6. Q‘

>1 050 °C
975°C-1050°C
900 °C-975°C
825°C-900°C
750 °C - 825 °C
675 °C-750°C
600 °C - 675 °C
525°C-600°C
450°C-525°C
375°C-450°C
300°C-375°C
225°C-300°C
150°C-225°C
75°C-150°C
0°C-75°C
<0°C

Y

Key %\
T t¢mperature Q9
TEMPERATURE P%?“

TIME: 14 400

R

Figuj eCO— Temperature in column cross-section, at 4 h of ISO 834 standard fire exposure

5.6 STEP 6: Mechanical response of the structures

5.6.1 Structural model
The column is modelled in Reference [7].

InISO/TR 24679-6, a 3D model was considered with the columns clamped at the bottom and with lateral
and rotational restraint by the remainder of the structure experienced at their connection to the floor
slab. As the column is considered in isolation here, a 2D analysis is performed. The column is modelled
with a pinned support at the bottom, considering that there are 2 basement levels underneath the

10 © IS0 2022 - All rights reserved
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ground floor, and a roller support at the top (lateral restraint, but no rotational restraint). Neglecting
rotational restraint results in a more onerous evaluation as rotational restraint helps reduce the lateral
deformation of the column, but allows for the column to be modelled in isolation. Building system
effects are deemed to be accounted for through the onerous assessment of the most loaded column.

The 4 m long column is modelled using 10 beam elements. As listed in ISO/TR 24679-6, the structural
fire analysis considers the following points:[Z]

a) the Bernoulli Hypothesis;

b' £ " rad L " e 1. n L | s - d=l e Ll - L | 1 .1 h f'b
CIICCULS Ul INUITFUIIITor 11 LUllllJCl dlUl © UISUITOULIUIL IIT UIIC SCCLIUIT LLlllb IS CUIISIUCTCU LIIT OU a ripre
model);

c] fracture energy (however, shear energy of the plane sections in the finite elementsisignoted);

d) plastifications (in the longitudinal direction of beam elements only, meaning that|uniaxial
constitutive models are used in the beam element);

e] large displacements (however, strains are assumed to be small).

3]

br a given realization of the column characteristics (concrete compressive strength, steel yie|d stress,
teel yield stress retention (reduction) factor and geometry, see 5.6.2)and axial load, P, the defprmation
of the column and the time of structural failure are evaluated; see*Figure 7, for example. Thg time of
structural failure is evaluated considering a resolution of 1 mjin.
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Figure 7 — Example of mid-height lateral deflection of a column according to the ISO 834
standard fire duration, and indication of assessed time of structural failure

5.6.2 Stochastic variables

The performance criterion requires the column to have a high reliability of maintaining structural
stability up to 240 min of exposure to the ISO 834 standard fire. The achieved reliability is evaluated
by taking into account the uncertainties associated with the characteristics (parameters) defining the
column. The considered stochastic parameters and their probabilistic models are listed in Table 4. The
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meaning of the parameters eccentricity, out-of-straightness and out-of-plumbness are illustrated in
Figure 5 and are as listed in Reference [8].

The steel yield strength retention factor at elevated temperatures is modelled in accordance with the
probabilistic model specified by Khorasani et al.,[19] while the concrete compressive strength retention
factor and concrete cover are considered deterministically through their nominal values. The nominal
value of the concrete compressive strength retention factor is taken as specified in EN 1992-1-2.13
However, recent research by Qureshi et al.[l1] indicates that the variation in the concrete compressive
strength retention factor can have an important effect on the capacity of fire-exposed concrete columns.
The current understanding of the influence of this effect is indicated in 5.7. In the current evaluation, a
compengdation is implicitly incorporated through the considered model uncertainty for the resistange
effect, K§. On the other hand, the concrete cover variation does not markedly influence the considergd
column’q failure probability.

a) Average eccentricity, e b) Out-of-straightness;f c) Out-of-plumbness, @

Figure 8 — The three basic eccentricities![8l

Table 4 — Probabilistic description of concrete column parameters, based on References [8], [9]

and [10]
Parameter Distribution Mean Standard deviation
u o
20 °C corjcrete compressive strengthy(MPa) Lognormal fux _42.9 Viu
1-2V (coefficient of varia-
(fa= 30 MPa) tion, V= 0,15)
20 °Creipforcement yield stress (MPa) Lognormal 560 30
(fyx= 500 MPa)
Steel yie|d stressaetention (reduction) factor at Logistic Temperature-de- | Temperature-depend
elevated [temperature (-) pendent[10] entl10]
Average gccéntricity, e (m) Normal 0 L=0,004
1.000
Out-of-straightness, f (m) Normal 0 L 0,004
1 000
Out-of-plumbness, @ (rad) Normal 0 0,0015

The column characteristics exhibit uncertainty (e.g. out-of-plumbness, concrete compressive strength),
and the load effects ¢ and Q which coincide with a (nominal) fire event are uncertain. Furthermore,
both the resistance effect, R, of the column load bearing capacity and the load effect, E, are associated
with model uncertainties (K and Kg). The corresponding probabilistic models are listed in Table 5. For
the permanent and imposed load effect, these models relate to the arbitrary point-in-time loads to be
considered in conjunction with fire exposure.
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The model uncertainties applicable for structural fire design are not yet well-established. In Table 5,
the model uncertainty for the load effect is equal to the model uncertainty listed for normal design
conditions. For a simply supported column (as is the case here) internal thermal restraint is taken into
account through the resistance model. For the resistance effect, the model uncertainty in Table 5 is
based on the model uncertainty for normal design conditions, under the additional consideration that
structural fire assessments are likely subject to more variability (larger coefficient of variation, V) and
a reduced conservative bias (lower mean value, ¢). The model uncertainty also accounts for effects
which are not taken into account directly, here: the variability of concrete cover and the concrete
compressive strength retention factor. Model uncertainties currently remain an active area of research

( ce Reference [B], for pvamplp) In the absence of international gnidanr‘p onmodel uncertainties, it is
u

b to the designer to make an assessment which is justifiable under scrutiny.

Table 5 — Probabilistic description of the load and model uncertainty, based on References [8],

[9] and [12]
Harameter Distribution Mean Standard defviation
U o
Hermanentload, B, (kN) Normal Pyl Vu
(coefficient df varia-
tion, V'=(,10)
Imposed load, £, (kN) Gumbel 0,2 Ry Vu
(5-year refer (coefficient df varia-
ence) tion, V'=1,10)
Model uncertainty for the load effect, K (-) Lognormal 1,0 0,1
&N (coefficient df varia-
tion, V'=(,10)
Model uncertainty for the resistance effect, Ky (-)-f,* Lognormal 1,0 0,15
(LN) (coefficient df varia-
tion, V=10,15)

9]}

6.3 Probabilistic evaluation(of the column load bearing capacity

—

he criterion of the column maintaining stability is given by Formula (3), where P, is the loaq bearing
hpacity of the column apd-P; is the total axial load. Considering the design fire specified in [5.4, P .,
¢fers to the load bearing eapacity at 240 min of ISO 834 standard fire exposure.

= O

Z=P, . —Pr20 (3)

The columnseapacity P, ,, refers to the 'actual’ load bearing capacity of the column and Py [refers to
the 'actual load effect. When assessed through a model, appropriate model uncertainties (as|listed in
Thble 5)Weed to be taken into account.

Thé-distribution of P ,, can be evaluated considering the distributions of the input variables ip Table 4
and Tabte 5. This can be achieved elther through a direct catcutation (I.e. USer-caicutated analysis’), or
by applying a ‘listed’ fragility curve. Alternatively, a semi-probabilistic approach can be used in case the

type of distribution describing P, (or a derived parameter) is known.

The above alternative approaches are listed below as separate example assessments in 5.7.

©1S0 2022 - All rights reserved 13
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5.7 STEP 7: Assessment against the fire safety objectives

5.7.1 Example assessment 1: full probabilistic analysis — user-calculated analysis

5.7.1.1

Introduction

A first assessment procedure considers the direct calculation of the distributions for P, ., and P in

Formula (3).

The dir
the num
time is a

5.7.1.2

The coly
SAFIR®!
In other

evaluatign.

P

max]

For a gil
realizati
for whic
fire expd

The disf
(specific
of the i
perform
is sampl
standard
Figure 9

Figure 1
mean arn

approxir

For the s
P

max,num
describe|

t \,al\,u}atiuu Uf lnmax ib Luxuputatiuua}}_y CAPCIID;VC, tal\lus ;lltU a\,\.uuut I C}Jcatcd D(}lllllJ}ills f
prical model and an iterative procedure for evaluating P, ,, (see 5.7.1.2). The total calcu}dtign
F the time of publication in the order 2 000 core hours on a state-of-the-art laptop.

Evaluation of P,

mn load bearing capacity P,.,, is evaluated numerically, using the Finite-Element code
11), as elaborated in 5.6.1, and taking into account the model uncertainty Ky as listed in Table
words, P is evaluated by Formula (4), where P is the directaesult of the numerichl

[OT

max max,num

=KpP @

max,num

ben column realization (i.e. for a given concrete compreéssive strength), the corresponding
bn of Ppoy num 1S determined through the finite element code by evaluating the maximum lodd
h the run-off failure (illustrated in Figure 7) does naot\occur prior to the considered standaid

sure time (in this case, 240 min).

ribution of P ., ., is evaluated using repeated (Monte Carlo type) random sampling
hlly: Latin Hypercube Samplingl14l), i.e. evaluating P, . for different random realizations
put variables listed in Table 4 through-thie numerical model. In total, 10* repetitions are
bd. Latin Hypercube Sampling ensures that the full range of the input variables’ distributign
bd. For the applied number of realizations, the advantage of Latin Hypercube Sampling over

crude Monte Carlo random sampling can be considered negligible. Results are visualized In
(cumulative density function, CDF, and complementary cumulative density function, cCDF) and
) (probability density function, PDF), together with a lognormal approximation. The observgd
d standard deviation for( Py, ,um are listed in Table 6. More computationally efficient, byt
hate, methods exist for as$essing the distribution of P ,, .., (see Reference [12], for example]).

pecific considered-case, a lognormal approximation accurately describes the distribution pf
As both Kp and-®, .« ,um €an be described by a lognormal distribution, their product P, ,,
d by a lognormal distribution as well, with mean and standard deviation as listed in Table 6.

1) SAFIR® isanexample of a suitable product available commercially. This information is given for the convenience

of users o

14

f this document and does not constitute an endorsement by ISO of this product.
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Higure 9 — Cumulative density function (CDF) and complementary cumulative density function
numerical evaluation and lognormal approximation
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Table 6 — Distributions describing P,

10000 X

max,num: NUMerical evaluation and lognormal

Parameter Distribution Mean Standard Coefficient of
u deviation variation
o %
Numericfl evaluation of thenraximum load, Lognormal 4 854,1 kKN 742,5 kKN 0,15
Pmax,num
Model unjcertainty for;the resistance effect, Ky Lognormal 1,0 0,15 0,15
(see Table 5) (coefficient of
variation, V' =
0,15)

Column 1 Cld b\.«al ;1‘5 \,ayab;ty P } 5 ] 4-854-11N 1-045-04N 022

) T max AV} TTUT I11Ialrt T UJT,A JAWA Py U_I'J,J JAWA U‘LaLa
5.7.1.3 Evaluation of P;
The total load effect, Py, is evaluated directly through the distributions listed in Table 5 as:

The total load can be approximated by a lognormal distribution, with mean and standard deviation
assessed by a Taylor approximation, i.e. Formulae (6) and (7). For reference, the appropriateness of this

16
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approximation is illustrated in Figure 11. Considering Formulae (6) and (7), the coefficient of variation
V(Py) is approximately 0,19.

p(Pr)=u(Kg)(1(Pg)+u(Py))=2 266,6 (6)

where u(Prg) is expressed in kN.

O'(PT)=,/0'12<E (,u(PG)+u(PQ))2 “‘IZ(E (oIEG +o§Q ):421,2 (7)

where o(Py) is expressed in kN.

Y
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Figure 11——"Total load effect P;: numerical evaluation and lognormal approximation

9]

7.1.4 _“Evaluation of the reliability /failure probability

—

he Teliability is evaluated in accordance with Formula (8), and the failure probability as its ¢onverse,
b shown in Formula (9):

o8]

ps:P[Z:Pmax_PT2 0] (8)
pf:P[Z:Pmax_PT<O] 9)

where P[.] is the probability operator.
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As P_ ., and Py are both described by a lognormal distribution, p¢ is directly given by Formula (10),
where @ is the standard normal cumulative distribution function.

ps =@ =3,6,1073 (10)

Considerin_g Formula (10), the probal;ility of failure given the standard fire exposure is lower thdn the
performfince criterion of p; < 5:10-3. Equivalently, the reliability of the column is assessed to)excedd
99,5 % for the prescribed standard fire exposure duration.

The desipn is accepted with respect to the structural fire safety objectives, in accordanee\with 5.2.

NOTE When considering the uncertainty with respect to the concrete retention |factor at elevatg¢d
temperatjire in accordance with Qureshi et al.,[111 a higher failure probability is found. However, a more detail¢d
modelling also influences the model uncertainty assessment. In this respect, further developments in the statp-
of-the-ar{ are to be monitored.

5.7.2 Example assessment 2: full probabilistic analysis — listed fragility curve

5.7.2.1 | Introduction
This ass¢ssment procedure considers the application of listed\fragility curves for P, ..

Fragility| curves show the probability of exceeding a spetified limit state according to a demand (loadl)
parametpr. Fragility curves are widely used in earthquake engineering, where they indicate the
probabiljty of exceeding a specified damage level daccording to a demand variable of interest, such gs
the earthquake intensity itself, or an intermediate response parameter such as inter-storey-drift.

Fragility| curves can be listed in literature; by manufacturers or industry organizations, and allow fgr
a fast reliability-based evaluation of the adequacy of the fire safety of the structure with respect fo
the cons|dered performance requirement. The development of fragility curves can be computationally
expensiye, but can be done on a genéral basis and increases uniformity across projects.

In the fdllowing subclauses a_fragility curve is applied which indicates the probability of exceeding
the capafity limit state of thé.column, according to the applied load, P,,,. This P, thus corresponds
with the|distribution (cumulative density function) of the column capacity. Listed fragility curves (i.
distributions) for P, ., alew for the fast and easy application of dedicated reliability software, such gs
COMREL®[1212), limiting computational cost.

®

COMREI® is a_commercial package for structural reliability analysis. It incorporates a large numbgr
of different reliability methods and has ample validation. Other packages (including open-sourge
softwardg) eXist. The user should be familiar with the reliability method applied and the validation levl
of the sottware

5.7.2.2 Evaluation of P, through listed fragility curve

In the hypothesis, P, is listed for the given standard fire exposure and column design in scientific
literature, or by a manufacturer or industry organization.

The fragility curve is visualized in Figure 12, together with its distributional definition. This definition
corresponds with the result obtained through computationally expensive simulation in Table 6, after
rounding.

2) CORMEL® is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Figure12 — P listed fragility curve
5/7.2.3 Evaluation of theteéliability /failure probability
Thking into account thesmodel for the load effect as listed in Formula (5), the limit state functign for the
cplumn stability is given by Formula (11). The distributions for the parameters are reprinted for clarity
in) Table 7, taking ibte account Figure 12 and Table 5.
Z = Poax~Kg (P + Py ) (11)
Table 7 — Probabilistic models for the variables in Formula (11)
Parameter Distribution Mean Standard Ceefficient of
u deviation variation
o %4
Permanent load, P (kN) Normal Py Vu 0,10
Imposed load, Pq (kN) Gumbel 0,2 By V'u 1,10
(5-year refer-
ence)
Model uncertainty for the load effect, Ki, (-) Lognormal 1,0 Vu 0,10
Column load bearing capacity, P, ., Lognormal 4 850 kN 1067 kN 0,22
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