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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bod

ies

(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 1SO, also take part in the work. ISO collaborates closely with the

International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part)2-

The main [task of technical committees is to prepare International Standards. Draft International Standa
adopted the technical committees are circulated to the member bodies for voting.,Publication as
International Standard requires approval by at least 75 % of the member bodies casting a,vote.

In exceptipnal circumstances, when a technical committee has collected data of a,\different kind from t
which is nprmally published as an International Standard (“state of the art”, for éxample), it may decide b

rds
an

hat
y a

simple majority vote of its participating members to publish a Technical Report; A Technical Report is entirfely

in nature and does not have to be reviewed until the data it prevides are considered to be
or useful.

drawn to the possibility that some of the elements of thissdocument may be the subject of pat
rights. 1ISQ shall not be held responsible for identifying any or all such’patent rights.

ISO/TR 19656 was prepared by Technical Committee ISO/TFC 92, Fire safety, Subcommittee SC 2, k

containmeht.

ISO/TR 19656 is one of a series of documents developed by ISO/TC 92/SC 2 that provide guidance
important aspects of calculation methods for fire resistance of structures:

— ISO/TR 15655, Fire resistance — Tests )for thermo-physical and mechanical properties of structl
materfals at elevated temperatures far fire engineering design

Others doguments in this series arescurrently in preparation and include:
— ISO/TS 15657, Fire resistance — Guidelines on computational structural fire design
— ISO/TS 15658, Fire resistance — Guidelines for full scale structural fire tests

Other relgted documents developed by ISO/TC 92/SC 2 that also provide data and information for
determinatfion of firesresistance include:

no

ent

ire

on

ral

the

— IS0 8B4Aall parts), Fire-resistance tests — Elements of building construction

— ISO/TR 10158, Principles and rationale underlying calculation methods in relation to fire resistance of

structural elements

— ISO/TR 12470, Fire-resistance tests — Guidance on the application and extension of results

— ISO/TR 124711), Computational structural fire design — State of the art and the need for further

development of calculation models and for fire tests for determination of input material data required

1) In preparation.
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Introduction

Structural fire behaviour for a standard fire exposure has traditionally been experimentally determined by test
methods described by International Standards such as ISO 834 (all parts). For a variety of reasons,
calculation methods have been developed as alternative methodologies for determining the fire endurance or
fire resistance of structural members or assemblies. Since fire resistance is a critical component of fire safety
regulations, it is essential that objective assessments of the accuracy and applicability of such calculation
mgthods be conducted. In a review of the state of the art of computational structuralnfire design,
ISO/TR 12471, it was noted the “rapid progress in analytical and computer modelling of phengdmena and
prqcesses of importance for a fire engineering design stresses the need for internationally standardized
prqcedures for evaluating the predictive capabilities of the models and for documenting the| computer
software.” The development of this Technical Report is toward that end.

© 1SO 2003 — Al rights reserved \
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re resistance — Guidelines for evaluating the predictive

capability of calculation models for structural fire behaviour

1

Scope

Th
str
en
be
ele

In
md
nu
me

computer code on a digital computer. The application and extension ©f results from calculation m
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2 [ Normative references

The following referenced documents yare indispensable for the application of this document.
references, only the edition cited applies. For undated references, the latest edition of the
dogument (including any amendments) applies.

ISQ 13943:2000, Fire safety= Vocabulary

3 | Terms and definitions

Fof the purposes of this document, the terms and definitions given in ISO 13943 apply.

NQTE In> discussions of models, the terms “evaluation”, “verification” and “validation” have taken on

diff
Th

s Technical Report provides guidance for evaluating the predictive capability of calculation

jurance of structural members or assemblies. Such models include models simulating th
naviour and mechanical behaviour of fire-exposed load-bearing and/or separating stractures anc
ments.

this Technical Report, the term “model” includes all calculation procedures{that are based o
dels. These mechanistic-based or physical models encompass all /he "physical, mathem
merical assumptions and approximations that are employed to describe the behaviour of
mbers and assemblies when subjected to a fire. In general, such physical models are implem

nerally limited to performance resulting from standard tests. Aspects of this Technical Report are
culate the behaviour of structures in non-standard fire exposures.

process of model evaluation is critical in establishing both the acceptable uses and limitati
dels. It is not possible to evaluate a model in total} instead, this Technical Report is intended

thodologies for evaluating the predictive capabilities for specific uses. Documentation of su
tain applications or scenarios does not imply alidation for other scenarios.

models for

ictural fire behaviour. It is specific to models that are intended to predict the fire aresistampce or fire

e thermal
| structural

n physical
atical and

structural
ented as a
ethods are
applicable

calculation procedures not based on physical models. Mechanistic-based models can often e used to

ons of fire
to provide
tability for

For dated
referenced

specific but
br validation.

erent meanings. There is no consensus on the requirements for an evaluation to be considered verification
] dlctlonary deflnltlon of * evaluate |s “to examlne and Judge Verlfy |s defined as “to establlsh the truth,

reah

accuracy, or

ing device.”

“Valld” is conS|dered to |mpIy being supported by objectlve truth or generally accepted authonty For the purposes of this

Technical Report, no judgement is made as to what is required for a model to be “verified” or “validated.” The intent is to
review methodologies that are available to evaluate fire models for purposes of gaining verification or validation of such
fire models for their defined applications. The term “evaluation” is used in all cases. “For clarity it would be better for the

word (i.e. validation) not to be used at all but for people to say explicitly what they mean.

»[1]
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4 Background information

4.1 General

Structural fire behaviour for a standard fire exposure has traditionally been experimentally determined by test
methods described by standards such as ISO 834. For a variety of reasons, calculation methods have been
developed as alternative methodologies for determining the fire endurance or fire resistance of structural
members or assemblies. Since fire resistance is a critical component of fire safety regulations, it is essential
that objective assessments of the accuracy and applicability of such calculation methods be conducted. In a
review of the state of the art of computatlonal structural fire deS|gn (ISO/TR 12471), it ‘was noted that rapid

ISO/TR 13389, Fire engineering — Assessment and verification of mathematical fire models. These
document$ provide guidance that are applicable to any fire model but their primary_intended applications are
to models| that predict fire growth in compartments. A number of papers, have been published on fhe
evaluation|of a fire model”'%. Some of these documents will be reviewed in ISO/TR 13389. A 1993 review of
seven thefqmal analysis programs and fourteen structural analysis was dediCated to fire endurance analysis .

An assesgment of fire models based on a matrix of criteria and weighting factors has been presented
Criteria inglude field of application (4 points), scientific verification. (6 points), precision of method (2 points),
physical bpckground (1 point), completeness (2 points), input existent (2 points), user friendliness (1 pojnt)
and approjal/standard or experience (2 points). The sum of:\the” weighting factors is 20 points. The system
was applied to existing simplified methods for concrete, structural steel and timber.

4.2 Potential users and their needs

This Technical Report is intended to meet the needs of users of fire models. Users of models need to asspre
themselvep that they are using an appropriate-model for an application and that it provides adequate accuracy.
Developerg of performance-based code provisions and other approving officials need to ensure that the
results of falculations using mathematical models show clearly that the model is used within its applicaple
limits and [has an acceptable level of accuracy. The methodologies discussed in this Technical Report will
assist model developers and marketers in developing the documentation of predictive capabilities for spedific
applicatior]s that should be available on their calculation methods. Part of model development includes the
identificatipn and documentatien of precision and limits of applicability, and independent testing. Educatprs
can use the methods to deémonstrate the application and acceptability of calculation methods being taught.
This Techpical Report sheuld also be useful for educators of future model developers so future modelq of
greater conplexity and-availability are used within their limitations of application and precision.

4.3 Predictive'model capabilities, uncertainties of design component (from ISO/TR 12471)

Few systgmatic studies of the predictive capabilities of models and related computer software, used [for
describing the simulated fire exposure and the thermal and mechanical behaviour of fire exposed structures,
have appeared in the literature. Recent studles seem to indicate that the situation now is improved. Such
studies mclude compartment fire modelllng 12 and modelling of the thermal and mechanical behaviour of
structures® ™. General categories have been identified regarding possible sources of error in using a
computer model to predict the value of a state-variable such as temperature or heat flux™"". The categories
specified are

a) unreality of the theoretical and numerical assumptions in the model,
b) errors in the numerical solution techniques,

c) software errors,

2 © ISO 2003 — Al rights reserved
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d) hardware faults, and
e) application errors.

For 10 zone models and 3 field models for the compartment fire, the Loss Prevention Council provides the
following information: degree of validation, limitations, and restrictions on compartment size, number of vents
and number of fuels that can be accommodated, and number of organizations using the modell'”. Useful
conclusions are drawn with respect to input/output data, experience of using the models, model valldatlon,
and potential limitations. A surveym discusses the theoretical background to 7 thermal and 14 structural
behaviour, fire-dedicated, computer programs together W|th thelr strengths and weaknesses The differences

= 3 input, the
structural
pragrams still require significant development and as most of them are not user-frlendly qr properly

Applied to fire exposed steel columns, comparative calculations are reported' of the(structural behaviour by
fivgé computer programs. In terms of the ultimate resistance of the columns, the ealculated resulfs are very
ed for the
displacements of the columns, probably mainly due to different ways of considering the residual stresses at
the same
1993-1-2,
Eurocode 3 — Design of steel structures — Part 1-2: General rules —= Structural fire design) was|used in all
computer programs.

For sensitivity and uncertainty studies of relevance for structuralfire design, there are very few repgrted in the
literature. The most comprehensive studies are probably still those presented by 20 years agd (14181 The
mgthodology developed for these studies is quite generaland applicable to a wide class of struftures and
striictural elements. To obtain applicable and efficient<final safety measures, the probabilistic analysis is
numerically exemplified for an insulated, simply supported steel beam of I-cross section as a part df a floor or
rogf assembly. The chosen statistics of dead and Jive load and fire load are representative for office|buildings.

With the basic data variable selected, the différent uncertainty sources in the design procedure werg identified
angl dissembled in such a way that available information from laboratory tests could be utilized in a manner as
prdfitable as possible. The derivation of-the total or system variance var(R) in the load bearing capacity R was
divided into two main stages: variability var(7,.,) in maximal steel temperature T,.« for a given type of
strpicture and a given design fire,compartment, and variability in strength theory and material prgperties for
knpwn value of Tray.

The results obtained are the decomposition of the total variance in maximum steel temperature T}, into the
component variances as-a’function of the insulation parameter x, = 4; k; /(Vsd,)) (see Figure 1), whefe 4; is the
intgrior surface areg.of the insulation per unit length, d; the thickness of the insulation, % the thermal
conductivity of theé‘insulating material corresponding to an average value for the whole procgss to fire
exposure, and ¥ ~the volume of the steel structure per unit length. Increasing «, expresses a |[decreased
insulation capacity.

© 1SO 2003 — Al rights reserved 3
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Figure 1|— Separation of total variance in maximum steel temperature 7,,,, into‘component variand

as a function of insulation parameter «,

The comppnent variances refer to the stochastic character of the fire load density ¢, the uncertainty in

insulation

properties x, the uncertainty reflecting the prediction error in the theory of compartment fires 3

the
nd

heat transfer from the fire process to the structural member AT,, and a corréction term reflecting the differepce

between

g natural fire in a laboratory and under real life service conditions AT; . Analogically, there is

decomposijtion of the total variance in the load bearing capacity R inte component variances as a functior
the insularion parameter «, (see Figure 2). The component variarices refer to the variability in the maxim

steel tem

strength t

exposure

erature T variability in material strength A/, the uncertainty reflecting the prediction error in
eory A®,, and the uncertainty due to the difference between laboratory tests and in situ
A(D2.

Uncertainty studies of fire-exposed concrete structures are scarce. A report[m breaks the total variance in
resistance|or load-bearing capacity into component variances as a function of the slenderness ratio A for
eccentrically compressed, reinforced concrete.célumn (see Figure 3). The component variances are relateg
the followihg stochastic variables: f; is the cémpressive strength of concrete at ordinary room temperaturg
is the strepgth of reinforcement at ordinary. room temperature, b is the width of the cross section, /4 is

height of

the cross section, x; is the pesition of tensile reinforcement, x; is the position of compress

reinforcement, fs 1 is the yield stress-of-steel as a function of temperature 7, and k. is the thermal conducti

of concretg.

the
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Figure 2 — Separation of total variance in load bearing capacity R into component variances as a

function of insulation parameter «,
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Figure 3 — Separation of total variance in resistance or/oad-bearing capacity R into comj
variances as a function of slenderness ratio /. for an eccentrically compressed,
reinforced concrete)column

sults of sensitivity studies regarding a fire engineefting design of timber structures have been 1
b study reports deals with the sensitivity of the charcoal layer penetration for a fire-exposed timbe
a function of certain material input in a defined simulation model, including the influence of

sented a first-order reliability analysis (FORM) of fire-exposed wood joist assemblies. By using
st-square regression analysis on 42 full-scale tests, a time-to-failure model is developed, pre
erministic value of the resistance of\the assembly. The exposure parameter is defined as the

ventilation controlled compartment fire predicted by the fire load, and the window area 4
suming constant rate of burning. Expressions describing the total system and component var
eloped which, when quantified, lead to a determination of the safety index (.

rmal conductivity of the charcoal and thé“rate of surface reaction (see Figure 4). Anothér study

bonent

eported“s].

br structure
arying t[qg]
non-linear
dicting the
duration of
nd height,
ances are
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Figure 4 — Depth of charring as a function of time for variable thermal conductivity i, of charcoal and
variable rate of surface reaction 3,

5 Outline of methodology
In this Technical Report, the evaluation of fire models is breken into seven primary components:

a) identification or definition of the model and scenario being evaluated;

b) evaIuItion of the application and use of the.model when applied to a specific use;

c) identification of sources of errors in the predictions;

d) evaluation of the appropriateness/of the theoretical basis and assumptions used in the model when
applied to the entire class of problems addressed by the model;

e) evaluation of the mathematical and numerical robustness of the model and the accuracy of the compyter
code;

f)  evalugtion of the.uncertainty and accuracy of the model results in predicting of the course of events;

g) evaluation 6fthe model sensitivity to parameters.

Sufficient documentation of calculation models, mr\lnr*lmg computer software s nhcnlufnly necessaryl to

assess the adequacy of the scientific and technical basis of the models, and the accuracy of computational
procedures. Also, adequate documentation will help prevent the unintentional misuse of fire models. Scenario
documentation provides a complete description of the scenarios or phenomena of interest in the evaluation to
facilitate appropriate application of the model, to aid in developing realistic inputs for the model, and criteria for
judging the results of the evaluation.

A model should be assessed for a specific use in terms of its quantitative ability to predict outcomes. Even
deterministic models rely on inputs often based on experimental measurements, empirical correlations, or
estimates made by engineering judgements. Uncertainties in the model inputs can lead to corresponding
uncertainties in the model outputs. Sensitivity analysis is used to quantify these uncertainties in the model
outputs based upon known or estimated uncertainties in model inputs.

6 © ISO 2003 — Al rights reserved
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In general, the results of measurement are only the result of an approximation or estimate of the specific
quantity subject to measurement, and thus the result is complete only when accompanied by a quantitative
statement of uncertainty. Guidance for determining the uncertainty in measurement is provided in the Guide to
the Expression of Uncertainty in Measurement.

The computer implementation of the model should be checked to ensure such implementation matches the
stated documentation. An independent review of the underlying physics and chemistry inherent in a model
ensures appropriate application of sub-models that have been combined to produce the overall model.

Information on methodologies discussed in this Technical Report can also be found in ISO/TR 13387-3:1999,
Fire safety engineering — Part 3: Assessment and verification of mathatical fire models, and ASTM E 1355.

These two documents are the primary documents used to prepare this Technical Report. AST

St4
m¢g
ha
an

pre

6

=

6.1

Fir|
ne
firg
str
thg

ndard guide for determining uses and limitations of deterministic fire models, provides
thodology for the systematic evaluation of fire models by model users, model developers-and
ing jurisdiction. While the scopes of these documents were all deterministic fire modelsi-they ten
emphasis on models for the compartment fire itself. Emphasis in this Technical Report is on
dicting structural fire behaviour.

Definition and documentation of model and scenario
Types of models

e models for structures normally consist of a heat-transfer model-that provides the thermal p
bded for the mechanical model and the mechanical model itself.\Models available at present fo
engineering design have been systematically characterized”with reference to a matrix of

icture versus models for thermal exposure[zo'21 . In the matrix (shown in Figure 5), there are tw
rmal models:

H;: the thermal exposure is the standard fire resistance test with the nominal temperature-time

H,: the thermal exposure is that resulting from.a'real fire.

M E 1895,
an overall
authorities
d to reflect
models for

rofile input
r structural
models for
o types of

curve;

Model for thermal
exposure Model for structure
S Sz S;
Element Substructure Complete
structure
Lo T bl
| 77| a7
1
4 T777 7777 7777 7777
Nominal
temperature-
time curves
T
H, test or calculation
f catcutation exceptionatty
(deterministic) testing
(deterministic)
tfr
Real fire
T 0]
calculation calculation calculation
H, (probabilistic) (probabilistic) [ (probabilistic) in
special cases
f and for research
s

Figure 5 — Matrix of thermal exposure and structural behaviour models
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Thermal exposure of a simulated real fire includes those computed by solving the energy and mass balance
equations of the compartment fire or that determined from some systematized design basis. Such systemized
design basis include the parametric fire of ENV 1991-2-2, Eurocode 1 — Basis of design and actions on
structures — Part 2-2: Actions on structures exposed to fire, or sets of gas temperature-time curves.

The matrix provides for three types of structural behaviour models. These three types of models include:

— S;: the analysis is for single structural elements;

— S,: the analysis is for a substructure;

— S3: th(L analysis is for the complete load bearing structure of the building.

A substrug
building wi

Models ca
a) integr
b) therm
c) loadg

A failure o

heat transfer model (thermal expansion) or the mechanical model (déftection).

Models ca

a) heatt

b) mechanical/deflection;

¢) mechanical/loss of load capacity;

d) integr
The mode
EXAMPLE
a) Global

1) P

ture model describes the mechanical behaviour of a part of the complete load-bearing system of
th simplified boundary conditions at its outer ends or edges.

h be characterized in terms of the failure criteria. Failure criteria include
ty criterion: passage of flames or hot gases;

bl insulation criterion: excessive heat transmission, temperature rise;
apacity criterion: load or deformation failure.

a structure in a fire is its loss of integrity. Models of integrity could depend on input from either th

N be characterized in terms of their outputs. These oQutputs include the following:

ansfer/thermal profile;

ty: delamination, spalling, dilation.

can be described in the context of the overall objectives of fire safety design.
Structural response’ (from ISO 13392).

nformation

rescribed/estimated parameters

- _building, occupants, fire loads, fire scenarios environment

©

2) Intervention effects

— alarm, control + suppression activation

— Fire Brigade intervention

3) S

imulation dynamics (profile/time)

— size of fire/smoke, thermal profile

— pressure/velocity, effluent species

© ISO 2003 — Al rights reserved
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— occupant condition and location
— building and content condition
Evaluations
1) Thermal + mechanical response

2) Fire spread

Ap
de
lim|
Inf
ing
wh

e)

.2 Documentation

1) Heat transfer

— radiation, convection, conduction
2) Mass transfer

— gas flow, flying brands
3) Physical/chemical reactions

— thermal degradation

— phase change

— degradation of strength

— delamination, spalling

— expansion/shrinkage

propriate documentation of the model includes such items as the name and version of the mod

I, name of

eloper(s), and a list of relevant\publications that provide additional details on the model. The sfated uses,
itations, and results of the )model need to be clearly stated. The type of model should be defined.
brmation should be provided on the scenarios for which evaluation is being sought. Such information

udes a description of the 'scenarios or phenomena of interest, a list of quantities predicted by th
ch evaluation is sought, and the degree of accuracy required for each quantity. Other informatior

the assumptions inherent in the model and the governing equations included in the model f
and the_numerics employed to solve the equations and the method by which individual so
coupled;

additional assumptions of the model as they relate to the stated uses or potential uses;

model for
includes:

brmulation,
utions are

f)

9)

the input data required to run the model;

property data that are defined with the computer program or were assumed in the model develo

pment.

ASTM E 1472, Guide for documenting computer software for fire models, provides additional information on
the documentation of fire models. Recommended documentation includes technical documentation and a
user’s manual. It is important to provide the range of applications for the model and the validity over the data
range from which the model was developed.
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6.3 Deterministic versus probabilistic

Quantitative analyses include deterministic design procedures and probabilistic procedures. Whereas
deterministic models predict a single possible result, probabilistic models allow for a range of possible
outcomes. In probabilistic models, the objective is to estimate the likelihood of a particular unwanted event.
Deterministic models are based on physical, chemical and thermodynamic relationships derived from scientific
theories and empirical methods. Probabilistic models are achieved by the use of statistical data regarding the
frequency of fire starts and the reliability of fire protection systems, combined with a deterministic evaluation of
the consequences of the possible fire scenarios. For the probabilistic model to be integrated with the analytical
model(s) of the relevant processes, the following levels can be distinguished”z'zz]:

— an ejfact evaluation of the failure probability, using multi-dimensional integration or Monte-'Carlo
simulation;

— an approximation evaluation of the failure probability, based on First Order Reliability Methads-(FORM)

— a pragtical design format calculation, based on partial safety factors and taking into accetnt characterigtic
values for action effects and response capacities.

7 Evalpation

7.1 Sodrces of errors in predictions
Sources of errors in the predictive capabilities of fire models come in vafiods forms!". These include errors in
— applicption of the model,

— assunpptions used in the model,

— numefical solutions of the model equations,
— softwgre representation of the model, and
— hardwlare used to run the software.

Problems |associated with the application of the model can include misunderstanding of the model or|its
numerical polution procedures. The(inadequacy of documentation is often cited. There are also straightforward
mistakes in inserting input or reading output.

The theorgtical and numerieal assumptions in a model can only be an approximation of the real wofld.
Inapproprigite methods or'erroneous assumptions include the use of inappropriate algorithms or wrong phydics
to describ¢ the fire processes and sub-processes that are being modelled. The incorporation of models|as
computer software {makes it critical that the constants or default values are clearly identified. The use of
incorrect or unsubstantiated constants or default values is a source of error, particularly when a model is uged
outside its|initial\field of application. Uncertainty in the range of plausible numerical values for parameters is
common. Oversimplification of fire phenomena in a model can lead to the omission of critical processes in the
model descriptiomofthefire ptenmomena T here shoutd-be—amimdependent Teview of thetheoreticat basisof a
model.

In a review of thermal and structural programs dedicated to fire analysism, it was observed that arbitrary and
empirical assumptions are often necessary to achieve good correlation between theory and proactivity.
Thermal computer codes used boundary condition parameters that were derived empirically and often
adjusted arbitrary without appropriate scientific explanations to make the computer predictions fit experimental
results. In structural models, there are inadequate inputs of material properties based on inadequate or
incomplete material models. It has also been observed that structural analyses in fire are very sensitive to the
temperature state of the structure and that many studies do not appear to give sufficient importance to this
fact.
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Numerical techniques are needed to solve the mathematical equations of the models. Such techniques
include finite difference and finite element methodologies. The use of inappropriate numerical algorithms to
solve the equation set(s) is another source of error in the predictions. Different numerical methods may be
used which give slightly different results and of varying stability. Numerical solutions generally depend on the
resolution of the grids of nodes or elements.

Software errors include coding that is not an accurate representation of the model and the numerical solution
procedures. Errors in the computer coding of the software represent a significant source for errors in model
predictions. The use of a particular software can also be affected by errors in the hardware operating system
software or the computer language software used to code the model. Inadequate documentation and the

ge

neral unavailahility of the svmbolic coding of computer proarams. can limit abilities to _evaluat
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rdware is needed to run the software. With progress in computer technologies, this hardware
sonal computer. Hardware errors include errors in the design or manufacture of the micfoproces

) Model application and use

del evaluation starts with documentation of the applicable scenarios. This<includes a complete
the scenarios or phenomena of interest in the evaluation. Such documentation facilitates
plication of the model, and aids in the developing realistic inputs for the’model and criteria for j
ults of the evaluation.

p

[«

del evaluation addresses multiple sources of potential error in{the design and use of predictive f
uding correct model inputs appropriate to the scenarios 10 be modelled, correct selection g
bropriate to the scenarios to be modelled, correct,calculations by the model chosen, a

pwledge of the expected results of the calculation addresses these multiple sources of potentia
jerstood that one or more of these levels of evaluation may be included in a particular model
bse evaluation methodologies include

blind calculation,
specified calculation, and
open calculation.

bse methodologies are intended to evaluate the ability of the user to select the appropriate mode
en different levels of problem description and specified input.

blind calculation,. the' model user is provided with a basic description of the scenarios to be mo
5 methodology,\the problem description is not exact; the model user is responsible for

bropriate model inputs from the problem description, including additional details of the geometh
perties,.and fire description, as appropriate. Additional details necessary to simulate the scen
bcific model are left to the judgement of the model user. In addition to illustrating the comp
dels_ih actual end-use conditions, this will test the ability of those who use the model {
brepriate input data for the models.

is often a
5Or'S.
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ppropriate
udging the

re models,
f a model
nd correct
nt levels of
error. It is
Bvaluation.

and input

delled. For
developing
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ario with a
arability of
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In specified calculation, the model user is provided with a complete detailed description of model inputs,
including geometry, material properties, and fire description. As a follow-up to the blind calculation, this test

provides a more careful comparison of the underlying physics in the models with a more completely specified
scenario.

In open calculation, the model user is provided with the most complete information about the scenario,
including geometry, material property, fire description, and the results of experimental tests or benchmark
model runs which were used in the evaluation of the blind or specified calculations of the scenario.
Deficiencies in available input (used for the blind calculation) should become most apparent with comparison
of the open and blind calculation.
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Different models may require substantially different details in the problem descriptions for each of the three
levels outlined above. For example, some models may require precise details of geometry while a simple
compartment volume may suffice for other models. For some models, a detailed description of the fire in terms
of heat release rate, pyrolysis rate, and species production rates are necessary inputs. For other models,
these may be calculated outputs. For each of the three levels of evaluation, an appropriate problem
description sufficient to allow the problem to be simulated is necessary.

For models for structural fire behaviour, input can include:

— dimensional variations: geometrical parameters;

— load dr design variations: level of load and end conditions;

— materfal variations, including mechanical properties at room temperature of all materials of thelstructlire
being|modelled; thermal properties and other parameters that affect the temperature or thermal profileg of
the stfucture being modelled; and mechanical properties at elevated temperatures of all \‘naterials of the
structyire being modelled.

While its ¢mphasis is on zone models of compartment fires, information on data required as input to fire
models cap be found in ASTM E 1591-00, Standard guide for obtaining data for deterministic fire models. The
need for improved data for input to fire models is also addressed in ISO/TR 15655, Fire resistance — Tgsts
for therm@-physical and mechanical properties of structural materials at -elevated temperatures for fire
engineering design.

7.3 Model theoretical basis
The theorgtical basis of the model should be reviewed by one or'more recognized experts fully conversgnt
with the chiemistry and physics of fire phenomena and the material response to thermal and structural loads,

but not invplved with the production of the model. This indepgndent review should include:

— an aspessment of the completeness of the documentation, particularly with regard to the assumptions
and approximations;

— an aspessment of whether there is sufficient scientific evidence in the open scientific literature to justify

the agproaches and assumptions being used;

— an aspessment of the empirical.or reference data used for constants and default values in the code for
accuracy and applicability in the.context of the model.

7.4 Model solution
7.41 Gehperal
The compliter implementation of the model should be checked to ensure such implementation matches the

stated documentation. Various methods are available to evaluate the mathematical and numerical robustngss
of the models. These analyses mclude analytlcal tests code checkmg and numerlcal tests For models baged

However, there are relatlvely few S|tuat|ons for WhICh analytlcal solutlons are known for complex scenarios.
Simplifying the desired scenario may provide scenarios for which there are known mathematical solutions of
portions of the model.

The code can be verified on a structural basis, preferably by a third party, either totally manually or by using
code-checking programs to detect irregularities and inconsistencies within the computer code. A process of
code checking can increase the level of confidence in the program’s ability to process the data to the program
correctly, but it cannot give any indication of the likely adequacy or accuracy of the program in use. A simple
evaluation is the comparison of the print-out of the input with the values entered®

Numerical techniques used to find solutions for the models are a source of error in the predictions. Numerical
tests include an investigation of the magnitude of the residuals from the solution of the system of equations
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employed in the model as an indicator of numerical accuracy and the reductions in residuals as an indicator of
numerical convergence. Such evaluations are discussed in 7.4.2.

7.4.2 Numerical accuracy
Mathematical models are usually expressed in the form of differential or integral equations. The models are in

general very complex, and analytical solutions are hard or even impossible to find. Numerical techniques are
needed for finding approximate solutions. In a numerical method, the continuous mathematical model is

discretized; i.e. approximated by a discrete numerical model. The discretization errors are discussed below.

rete solution should converge to the solution (when it exists) of the continuous problem,
retization parameters (time step, space mesh, etc.) decrease. This is achieved when_ the requir

Offen the continuous mathematical model is a set of partial differential equations (Pl
idiscretization in space, a set of non-linear or linear ordinary differeftial equations (ODE) i
her-order differential equations can be transformed to systems of. first-order equations, and
nsidered in the following only first-order equations. The full discreteé model is created by discr
E in the time space (usually finite difference method or finite €lement method). The resulting ng
lingar algebraic set of equations is, in turn, solved using appropriate numerical methods (Gauss, Ng

Mgny fire problems involve the interaction of different physical processes, such as chemical
prqcesses and mechanical response. Time scales associated with these processes may be s
different, which easily causes numerical difficulties. Such problems are called stiff. Some numeric
haye difficulty with stiff problems since they slavishly follow the rapid changes even when the
im )ortant than the general trend in the solution. Special algorithms have been devised for g
prd blems*
Dig
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de

cretization can also result in a stiff’discrete model. For example, when heat conduction

be, the stiffness of the semidiscrete model increases when the spatial discretization parame
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bility must be_€onsidered in the analysis and performance of temporal (transient) algorithms tg
nvergence of the solution algorithm. The algorithm for which stability imposes a restriction of the

bility is—called unconditionally stable. Stable integration gives decaying solutions (this is th
blyticalsolutions of the continuous problem ODE). Unstable methods can quickly give unbo
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ntinuous model described with PDE) are first semidiscretized in space and a stiff ODE is obtained. In this

ter (mesh)
non-linear
tes.

prove the
size of the

e step is-called conditionally stable. An algorithm for which there is no time step restriction imposed by

b case for
inded and
ical model

,|IIat|ng numerical solutions for some sizes of t|me step. It is |mportant to reahse that the nume

cat

: : the original
contlnuous modeI is unstable and then accurate solutions cannot be expected by any numencal method.

Time integration of the ODE can generally be carried out using two different types of numerical quadrature
algorithms, explicit or implicit. In the explicit method, the new values of the solutions are given explicitly in
terms of the old values. This is sometimes called time marching and a typical example is the forward Euler
algorithm. In the case of implicit methods, the new values depend on the old and the new ones. Examples of
implicit methods are backward Euler, Cranck-Nicolson and midpoint family method. Explicit methods are
conditionally stable. All the implicit methods are unconditionally stable in the linear case.

Integration of stiff systems of ODE using inadequate algorithms like the unstable or conditionally stable
methods may result in unbounded solutions and therefore considerable errors. The stability of the integration,
i.e. of the approximate solution, is determined by the more-rapidly-varying solution, even after the solution has
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effectively died away. This is a generic problem of stiff equations, and one is forced to follow variation in the
solution on the shortest time scale to maintain stability of the integration, even though accuracy requirements
allow a much larger size of (time) step. A way out of the problem is to use implicit methods.

In non-linear problems, the stability regions of the solution all evolve with the solution itself and the conditions
of stability may change. For example, the unconditional stability of the implicit trapezoidal (Crank-Nicolson)
integration scheme is not carried over to the non-linear regime. Methods like those of the generalized midpoint
family exist, which may preserve unconditional stability also in the non-linear regime.

In addition to the dlscretlzatlon errors, one has to consider also the machlne errors caused by the ﬂmte

Because f
discretizat
on the nun
with variod

agnitude of variables varies by orders of magnitude. In a good algorithm, the variables 'are sca

¢ same order of magnitude if possible.

he numerical convergence depends both on the original mathematical model and the method

nerical method may be increased by checking the rate of convergence by répeating the calculatic
s discretization steps. If the error according to a relevant norm decreases$ with decreasing step s

the method is consistent. Yet, this does not guarantee the solution found to be a.cofrect one.

In the cas

be an expensive task. Refining a grid by a factor of two in each™coordinate direction will incre
computatignal cost roughly by a factor of eight and so it is often necéssary to strike a compromise betw
cost and gccuracy. Most general-purpose computer fluid dynamics.packages provide diagnostic informa

of

on, no general method exists for checking the consistency and stability in every case. Confidence
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ize,
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of field models, it is important to examine the sensitivity of the solution to grid refinement. This ¢

on the progress of residual errors for each of the equations solved-\However, it is important to be satisfied t
the overal| mass and energy balances for the whole domain~are within acceptable bounds. Compartm
mass outflows must balance mass inflows and heat lost into the structure taken together with heat lost fr
the compartment through its opening must balance that geherated by the fire.

It is important to ensure that the solution is “well b&haved”. This might include inspection, for example
ensure that it is free from spurious oscillations, that the characteristics of the fire source, especially
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flux and flame length, are correctly-simulated, and that predicted downstream temperatures av
eas of chemical reaction are less than those at the source. If problems of this nature do occur, t
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If a physical simulation.were to produce something unexpected, the engineer would exert

owever, with a numeérical simulation such an eventuality is more disturbing since it can have t
ns: either it is génuaine and would have been observed in a physical simulation or, alternatively,
of misleadingutumerical artifact.
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ved.inveomputer fluid dynamics. It is therefore essential to “shadow” the numerical solution, wh
ith.known simple calculation methods.
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7.5 Comparison of model results

7.51 Ge

neral

Various comparative analyses can be used to evaluate the accuracy of the predictive results of the model.
These include comparison with

a) empirical evaluation with standard tests,

b) empirical evaluation with non-standard tests,
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c) empirical evaluation with documented fire experience, and
d) evaluation with proven benchmark models including analytical tests and other programs.

Comparison with empirical data is the most common way to evaluate the predictive capability of a model. For
structural fire endurance models, results that can be compared include thermal profiles within the components
of the structure being modelled, the mechanical behaviour for the well-defined temperature profiles and the
fire resistance times. The evaluation of the model needs to be defined in terms of the range of the applications
for the model.

C naricon with _amnirical data ic nart af mact madael devalonmants 1n gvaliiatione far \lnrifi'\ation and
I'I""‘."' TRV I"I"’."'.“" "“."T"‘ N TR oy sy "‘.' .“' M bl "“""“‘". o i MAARLL) 4
validation purposes, it is critical that program predictions should be made without refefémnce to the

experimental data used for the comparison except for that needed for the required input data.No|attempt to
adjust a fit between the measurement and the predictions should be made.

Fof calculation models for structural fire behaviour, the standard test is that of ISO@834 or relat¢d national
tegts. In comparison with such empirical data, the model predictions can be compared-with the empjrical times
for| the failure criteria and the related measurement and observations. Wheré_data are available, model
pradictions should be viewed in the light of the uncertainty in test/experimental’ data as compargd with the
ungertainty in the model results that arises due to uncertainty in the model input. In 1SO 834 |tests, one
ungertainty is the definition of the fire exposure used in the experimental {est and that used by the models.

>

When comparison is made with previously published test data, care, needs to be taken to ensure that there is
sufficient information to ensure that the test closely simulated the scenario of the model. ISQ 834 tests
conducted for the purpose of establishing the rating of the assémbly often do not include sufficient data on the
tegt specimen and the response of the test specimen to thelfire exposure. Although key measurements may
or may not have been taken, the predictive capabilities can\often be assessed by comparing predigted values
angl measured values of important variables, by comparing key events in the fire, and by comparing key
behavioural traits predicted by the model and measured during the simulation. By conducting tests gpecifically
forlmodel evaluation, additional data can be collected.

While the 1SO 834 test is often considered a(*full-scale” test, tests of actual structures or other nop-standard
tegts may be needed to evaluate the scenarios for which evaluation is sought. In such simulations, the tests
should be designed to duplicate, as-clesely as possible, the salient features of the scenarios| for which
evaluation is sought. Data should contain sufficient detail (initial conditions, time scales, and so forth) to
esfablish correspondence between predicted and measured quantities. Recently, the behaviour of multistorey
stgel-framed buildings in fire hastbeen tested and documented in an effect that includes comparispn with fire

Comparison with experimental data involves the validity of the experimental data itself. In a review|of thermal
mddels®?, it was concluded that in some cases experimental temperature measurements were in erfor (due for
example to excessive moisture movement around thermocouple tips) and consequently the |computer-
predicted temperature regimes appeared to be more reliable than experimental data. Thus, [the model
evaluation ineludes a thorough evaluation of the experimental data being used in the model pvaluation.
Unkertaintiesvin the measurements of the empirical data should be accounted for in a systematic and logical

a)
b) quantification of these sources of uncertainty;

c) sensitivity analysis to assess the effect of the uncertainty on the predictions;
d) data/program comparison techniques to account for the uncertainty.

See 7.6 for further discussion of this topic.

Comparison with documented fire experience is another option for evaluating a model. When statistical data
on the fire experience are used, they must be judged for reliability. Other forms of documented fire experience
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that can be compared with model predictions include eyewitness accounts of real fires, known behaviour of
materials in fires, and observed post-fire conditions.

Proven benchmark models provide another option for evaluating the results of models. Such models can
include empirical models and analytical models. Care should be taken to ensure that the benchmark model
has been evaluated for the scenarios of interest. The predictive capabilities can be assessed by comparing
the predicted values of important quantities, by comparing key events in the fire predicted by both models, and
by comparing key behavioural traits predicted by both models. When data are available, model predictions
should be viewed in light of the variability of the sensitivity of both model predictions. If the program can be
applied to situations for which there is a known mathematical solution, analytical testing provides a powerful
way to testthe caorrect fllnr*finning of a maodel llnfnrhlnanty, there are usually few applicable situations for

which analytical solutions are known.

An evalugtion scheme of computer codes of finite element or finite difference models for 'calculafing
temperatufes in fire-exposed structures has been published?®. The scheme starts with an example with|an
analytical $olution to more complex cases with non-linear boundary conditions and material properties varyjng
with tempgratures. This scheme does not involve the use of experimental data. The scheme uses repeated
analyses yith increasing elements or time elements to evaluate the models. Codesyielding results that
converge $moothly with increasing elements are considered more reliable. The sevendeference scenarios are
a) compdrison against analytical results involving constant material properties;

b) additipn of non-linear boundary conditions to the problem;

c) additiopn of non-linear boundary conditions and temperature-dependent thermal properties;
d) additipn of latent heat due to water content (common to several major building materials);

e) a comlposite of steel and concrete;

f) acomposite of steel and mineral wool,;

g) radiatjon heat transfer across voids, one and\two dimensional.

The develppment and standardization of reference fire tests, benchmark models, and reference scenatlios
would impfove the reliability of model evaluations.

Simple evaluations of structural models can be useful®. Simple questions that can be examined include fhe
following.

— Does p symmetric load‘ease yield symmetric deflections and reactions?

— Does pummation ofreactions equal summation of load?

-~

— Does the sum.of moments, horizontal forces, lateral forces (3-D) and vertical forces equal zero at joints

— Are dpflections consistent with the structural system conditions? For example, are fixed connectigns
shown as displaced?

— What is the orientation of loads? For example, are vertical loads transferred as truly vertical loads on
sloped members, such as snow on rafters?

7.5.2 Quantifying model evaluation

Studies™® have provided some guidance on the quantification of the comparison of model predictions with
empirical data which are usually described in only subjective qualitative terms such as “good”, “reasonable”,
etc. The appropriate method to quantify the comparison between the two sets of data is not always obvious.
The necessary and perceived level of agreement for any predicted quantity is dependent upon the typical use
of the quantity in the context of the specific use being evaluated, the nature of the comparison, and the
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context of the comparison in relation to other comparisons being made. For single-point comparisons such as
the time for structural failure, the results of the comparison may be expressed as an absolute difference
(model value minus reference value), relative difference ((model value-reference value)/reference value), or
other comparison as appropriate. For comparisons of two timed-based curves, appropriate quantitative
comparisons depend upon the characteristics of the curves. For steady-state or nearly steady state
comparisons, the comparison may be expressed as an average absolute difference or average relative
difference.

For rapidly varying comparisons, the comparison may be expressed in terms of a range of the calculated
absolute difference or relatlve dlfference The companson could also be expressed by comparing a time-
i should be

7.6 Measurement uncertainty of data (from ISO/TR 13387-3)

7.4.1 Introduction
Mdch of this subclause is taken from reference [27].

Thifs subclause is provided to assist experimenters in expressing the unceftainty of their measuremnents, and
mqdel users in judging the usefulness of experimental data when making.an’ empirical verification of the model.
Not all published experimental data will include information on the uncettainty of the data.

In lgeneral, the result of a measurement is only the result of .an)approximation or estimate of the specific
quantity subject to measurement, and thus the result is complete only when accompanied by a quantitative
stzit]ement of uncertainty. The uncertainty of the result,of;a measurement generally consists |of several
components which, in the approach used by the International Council on Weights and Measuregs, may be
grquped into two categories according to the method used to estimate their numerical values:

=

—| Type A, those which are evaluated by statistical'methods;
—| Type B, those which are evaluated by other means.

Unkcertainty is commonly divided into-two components: random and systematic. Each comppnent that
comtributes to the uncertainty of a measurement is represented by an estimated standard deviatipn, termed
stgndard uncertalnty, with a suggested symbol u;, and equal to the positive square root of the| estimated
vatiance u. An uncertainty camponent in category A can be represented by a statistically estimated standard
deyiation s;, equal to the pésitive square root of the statistically estimated variance s,z, and the pssociated
number of degrees of freedom v;. For such a component, the standard uncertainty u; = s;. In a similar manner,
an| uncertainty component in category B is represented by a quantity u;, which may be con sidered an
approximation to the-corresponding standard deviation; it is equal to the positive square root of uJ , Which may
be| considered an\approximation to the corresponding variance and which is obtamed from arn assumed
prgbability distribution based on all the available information. Since the quantity u, is treated like [a variance
angd y; like adstandard deviation, for such a component the standard uncertainty is simply ;.

35 C

7.6.2 <Type A evaluation of standard uncertainty

A Type A evaluation of standard unceriainty may be based on any vald statistical method for reafing data. An
example is calculating the standard deviation of the mean of a series of independent observations using the
method of least squares to fit a curve to data in order to estimate the parameters of the curve and their
standard deviations. This Technical Report does not attempt to give detailed statistical techniques for carrying
out statistical evaluations (see references [27] and [30]).

7.6.3 Type B evaluation of standard uncertainty]

A type B evaluation of uncertainty is usually based on scientific judgement using all the relevant information
available, which may include

a) previous measurement data;
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b) experience with, or general knowledge of, the behaviour and property of relevant materials and
instruments;

¢) manufacturer’s specifications;

d) data provided in calibration and other reports and, uncertainties assigned to reference data taken from
handbooks.

Because the reliability of the evaluation of components of uncertainty depends on the quality of information
available, it is recommended that all parameters upon which the measurement depends be varied to the
fullest extgrtpracticable—so-that the-evaluations—are-based-asfaraspossibleonobserved-data—\Wheneyver
feasible, the use of empirical models of the measurement process founded on long-term quantitative data)-gnd
the use of||check standards and control carts that can indicate that a measurement process is under statistical
control, shpuld be part of the effort to obtain reliable evaluations of components of uncertainty.

7.6.4 Combined standard uncertainty

The combjned standard uncertainty of a measured result, suggested symbol u., is taken to represent the
estimated fstandard deviation of the result. It is obtained by combining the individual standard uncertaintieq u;,
whether afising from a type A or a Type B evaluation, using the usual methad )for combining standgard
deviations| This method is often called the "law of propagation of uncertainty".op the "root-sum-of-squargs”
method. Cpbmbined standard uncertainty . is a widely used measure of uncertainty.

7.6.5 Expanded uncertainty

Although 1he combined standard uncertainty u. is used to express.the uncertainty of many measuremgnt
results, what is often required is a measure that defines the interval about the measurement result y with
which the |value of the measurand Y can be confidently asserted to lie. This measure is termed expanded
uncertainty, suggested symbol U, and is obtained by multiplying u.(y) by a coverage factor, suggested sympol
k. Thus U ¥ kU(y) and it can be confidently asserted that X5y vV U.

In general] the coverage factor & is chosen at the desired level of confidence. Typically, & is in the range 2 tg 3.
When the hormal distribution applies and u. has hegligible uncertainty, £ = 2 defines an interval having a Idvel
of confidepce of approximately 95 %, and £.=\3 defines a level of confidence greater than 99 %. Current
internationjal practice is to use the value k = 2:

7.6.6 Reporting uncertainty

To report measurement uncertainty, -report U together with the coverage factor k£ used to obtain it, or reportu.
When repgrting a measurementresult and its uncertainty, include the following information in the report itself
or refer to p published document.

— Allist ¢f all companénts of standard uncertainty, together with their degrees of freedom where approprigte,
and tIe resulting ‘value of u. The components should be identified according to the method used| to
estimate theiftnumerical values (statistical or other means).

— A detgiled description of how each component of standard uncertainty was evaluated.

7.7 Model sensitivity

Deterministic models involve uncertainties. A sensitivity analysis of a model is a study of how changes in
model parameters affect the results generated by the model. Model predictions may be sensitive to
uncertainties in input data, to the level of rigor employed in modelling the relevant physics and chemistry, and
to use of inadequate numerical treatments. A well-designed and executed sensitivity analysis serves

a) to identify the dominant variables in the models,

b) to define the acceptable range of values for each input variable,
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