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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.

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 Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

In exceptional circumstances, when a technical committee has collected data of a different kind from that
which is normally published as an International Standard (“state of the art”, for example), it may decide by a
simple majority vote of its participating members to publish a Technical Report. A Technical Report is entirely
informative in nature and does not have to be reviewed until the data it provides are considered to be no
longer valid or useful.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO/TR 12471 was prepared by Technical Committee ISO/TC 92, Fire safety, Subcommittee SC 2, Fire
containment.
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Introduction

Considerable advances have been made in recent years in understanding the behaviour of fires in their
development and impact upon buildings. Coupled with developments in computational techniques, it is now
possible to predict how structures will behave at the fire limit state (i.e. under fire conditions).
As a result of the high level of international fire research in recent decades, more and more components and
systems are becoming amenable to analytical and computer modelling. Considerable progress has been
made concerning such phenomena and procedures as:

~ — reaction of materials to fire;

— fire growth in a compartment;

g fully developed compartment fire;
— fire spread between buildings;
— fire behaviour of load-bearing and separating building structures;
— smoke filling in enclosures and smoke movement in escape routes and multi-storey buildings;
— interaction of sprinklers and fire, including sprinkler and fire venting interaction;

— process of escape; and

— systems approach to the overall fire safety of a building, in its most general form comprising fire
development models interacting with human response models.

This progress in fire research has led to consequent changes in the field of codes, specifications, and
recommendations for fire engineering. Some characteristic trends in these changes are:

a) improved connection to real fire scenarios;
b) increase in extent of design, based on functional requirements and performance criteria;

c) development of new test methods, that are, as far as possible, material-independent and related to well-
defined phenomena and properties;

d) increase in application of reliability-based analytical design;
e) extended use of integrated assessments; and
f) introduction of goal-oriented systems of analysis of total, active and passive fire protection for a building.

The most manifest verification of these developing trends probably relates to the fire engineering design of
load-bearing and separating structures. An analytical determination of the fire resistance of structural
elements is being approved by authorities in more and more countries as an alternative to the internationally
predominant design that is based on the results of the standard fire resistance test and connected
classification. The further step to permit a general practical application of an analytical design, based on a
natural compartment fire concept, was taken by Swedish authorities as early as 1967. Since then, a few other
countries have been officially open to the possibility of structural fire design.

A significant contribution was made by the Fire Commission of the Conseil International du Batiment, CIB
W14, in the form of a state-of-the-art report, in 1983. The report presented a conceptual approach towards a
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probability-based design guide on structural fire safetyl!l, supplemented in 1986 by a model code/design
guidel?l. These design guides are important aids in drafting corresponding national regulations and
recommendations. For European countries, the Eurocodes (see references [3] to [10] in the Bibliography)
issued as European Prestandards and supplemented with national application documents, certainly will
contribute to increased practical use of analytical structural fire design methods.

A problem arises between material-related codes and the general code. The material-related codes focus very
strongly on the fire design, based on thermal exposure according to the standard fire resistance test.
However, the general code, specifying the basis of design and mechanical and thermal actions on
fire-exposed structures, also gives some guidance, in the form of informative annexes, regarding the
alternate structural fire design, based on a parametric fire exposure determined by fire models or specified
temperature-time curves.

An analytical fire engineering design can now be performed in most cases for steel structures. Validated
material models for the mechanical behaviour of concrete under transient high-temperature
conditions[!11t0 [13] and thermal models for a calculation of the charring rate in wood exposed to firel14]1to [16]
developed in recent decades, have significantly enlarged the area of practical application of an analytical
structural fire design. To support this application, design diagrams and tables have been computed and
published, giving directly, on the one hand, the temperature state of the fire-exposed structure, and on the
other, a further transfer to the corresponding load-bearing capacity of the structure, for instance see
references [17] to [47] in the Bibliography.

The following clauses begin with a summary of internationally applied methods for a structural fire engineering
design. With this survey as general background, the characteristics of a reliability-based approach are
described. In order to review the need for further development of calculation models and for fire tests to get
the input data required for the design, the design alternative, based on a simulated fire exposure, has been
chosen for presentation. For other design alternatives, applied in practice, the need for calculation models and
related input data is less comprehensive than for the more general approach being dealt with. The
presentation is followed by a discussion about uncertainty in the design process.

Following this background presentation of the reliability-based design process and its inherent uncertainties,
the remaining document is devoted to related deterministic models, comprising the fire exposure and the
thermal and mechanical behaviour of the structure. These models are supplemented with a survey of the
material input data required for the structural fire engineering design. Finally, conclusions are drawn regarding
the need for further development of calculation models and tests to determine the input material data required
for the structural fire design.
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Computational structural fire design — Review of calculation
models, fire tests for determining input material data and needs
for further development

1 Scope

This Technical Report gives a review of the advances that have been made in measuring and understanding
how structural materials respond to fire in terms of changes in their elevated temperature, and physical and
mechanical characteristics, and to identify areas where further work is necessary to generate the data
required. Analytical methods for heat transfer are combined with mechanical models to calculate structural
behaviour from single elements up to complete frames under real fire and 1ISO Standard furnace heating
conditions. This Technical Report reviews advances in computational analysis and indicates how these can be
used with probabilistic analysis to provide a risk-based approach to structural fire engineering design.

2 Internationally applied methods for structural fire engineering design

The methods available at present for a structural fire engineering design can systematically be characterized
with reference to the matrix according to Table 1 [11121[37],

The matrix is based on two types of models for the thermal exposure of the structure (H1 and H2) and three
types of models for the mechanical behaviour of the structure (S1, S2 and S3).

Table 1 — Matrix of thermal exposure and structural behaviour models, characterizing available
methods for structural fire engineering design

Model for structure

S1 S2 S3
Element Substructure Complete structure
Model for thermal exposure N
v ' Ty vy
VA u—.
i ] T Lelild
T777 7777 7777 7777

Nominal temperature-time curves

T

. Calculation
Test or calculation - .
H1 exceptionally testing

(deterministic) (deterministic)

tfr

Real fire
T Calculation
H2 Calculation Calculation (probabilistic) in
(probabilistic) (probalistic) special cases and for
research
tfr
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2.1 Models for thermal exposure

Model H1 describes the thermal exposure according to the standard fire resistance test of structural elements
as specified in the 1SO 83448l and in corresponding national standards, or according to some other nominal
temperature-time curvel3l. A fire design, based on this thermal exposure, represents the internationally
prevalent situation for load-bearing and separating structural elements.

In the standard fire resistance test, the specimen is exposed in a furnace to a temperature rise that is
controlled so as to vary with time within specified limits according to the standard temperature-time curve

T, - T, =34510g10 (8 +1) (1)
where

t is the time, in minutes;

T, is the furnace temperature at time ¢, in °C;

T, is the furnace temperature at time ¢ =0, in °C.

For calculations, it is normally more favourable to use the following expression for the standard temperature-
time curve

T,—Ty =1 025(1 -0,324e 92 _0,204e 717 —0,472e*19f) )

that describes Equation (1) to a fairly high degree of accuracy, as shown in reference [49] in the Bibliography.
In Equation (2), then ¢ is time, in hours.

Other nominal temperature-time curves are the hydrocarbon curve

T, - To = 1080(1-0,325¢ 0167~ 0,675¢ >*' o
representing thermal exposure on structural members due to hydrocarbon type fires, and the external fire
curve

T, -To = 660(1 —0,687e70'321 —0,313673'81) “

representing thermal exposure on the outside of external walls and on other external members as beams and
columns(3l. See Figure 1.

In the test, the time to reach the decisive limit state with respect to the load-bearing and/or separating function
of the structural element defines its fire resistance, normally expressed in minutes. As an alternative, the fire
resistance can be determined by calculation.

Internationally, the standard fire resistance test is considered to be one of the fire test methods most
thoroughly dealt with. In spite of this, the test can be criticized. In its present form, the test procedure is
insufficiently specified in several respects, such as the heating and restraint characteristics, the environment
of the furnace, and the thermocouples for measuring and regulating the furnace temperature. The
specification of the test load is practically related to national building codes and regulations, which can vary
considerably with respect to the load level required from country to country. Current activities within CEN and
ISO are aimed at improving the test specifications.

n .
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Figure 1 — Temperature 7, as function of time ¢ according to Equations (1) to (4)

Irrespective of the fire resistance being determined by testing or by calculation, it is important to consider that
the standard fire resistance test does not represent the real fire exposure in a building, nor does it measure
the behaviour of the structural element as a part of an assembly in the building. It is further essential to have
in mind that the standard fire duration, applied in a test, does not represent the real fire duration. What the test
or the corresponding calculations do is to grade structural elements. The building codes and regulations then
require different grading levels of elements depending on the circumstances.

Model H2 describes a thermal exposure, based on a simulated real fire and either computed by solving the
energy and mass balance equations of the compartment fire or determined from some systematized design
basis, for instance, the parametric fire as specified in Eurocode 1[3], or the set of gas temperature-time curves,
illustrated and explained later in connection with Figure 13.

The two examples of design bases for the fully developed compartment fire exposure are both derived under
the assumptions that

— combustion of the fire load takes place entirely within the fire compartment,
— the fire process is ventilation-controlled, and

— gas temperature is uniform within the fire compartment at any time,

giving a conservative solution. The specified fire exposure considers the influence of the opening factor of the
compartment A\/Z/At and the thermal properties of the surrounding structures of the compartment,
expressed by the thermal inertia \//1,07 A is the total area of the window and door openings, in m?; 7 is the
mean value of the heights of the openings, weighted with respect to each individual opening area, in m; 4;is
the total area of the surfaces bounding the compartment, opening areas included, in m2; 1is the thermal
conductivity, in W-m=1.°C-1; o is the density, in kg-m=3; and ¢ is the specific heat, in J-kg=1-°C-!, of the
compartment boundaries.

The parametric fire specifies the temperature-time curves of the heating phase of the compartment fire as the
standard gas temperature-time curve according to Equation (2) with the real time ¢ replaced by a modified time

*

t =t (5)

A 16N AN A
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where
\/_ 2
= A h/At y 1160 [J.m—2_871/2,°Cf1] (6)
0.04  Jipe

The duration of the heating phase is given by the modified duration time

q¢l’

AJh /4

where ¢, is the design value of the fire load density per unit area of the total surfaces, bounding the fire
compartment, in MJ-m=2.

tg=13x10"* [h] @)

For the decay period, the parametric fire exposure is specified by the following formulae:

Ty =Ty max —625 (¢ —1q) for 14 <0,5h
T, =T, max — 250 (3—1q) (t" —1g) for 0,5<ty<2h
Ty =Ty max —250 (¢ —14) for tqg>2h (8)

where T, max is the maximum temperature in the heating phase, i.e. for "= t;, in °C.

When applying a Model H2 description of the thermal exposure, the design normally consists of an analytical
or numerical procedure. Exceptionally, the design can refer to a full-scale test.

As a means to connect the thermal exposure according to the standard temperature-time curve, Equation (1)
or (2), and the thermal exposure, based on a simulated real fire (Model H2), the concept of the equivalent
time of fire exposure has been introduced. In practice, the concept can be used, for instance, for giving an
improved classification for fire ranking or grading of structural elements.

In principle, the equivalent time of fire exposure is defined as that length of the heating period of the standard
fire resistance test that gives the same decisive effect on a structural element with respect to a limit state as
the complete process of a simulated real fire exposure. The concept is further explained by Figure 2, in which
the full-line curves show the time variation of the gas temperature 7, and the load-bearing capacity R(7) of a
structural element for a simulated real compartment fire exposure and the dash-line curves the standard
temperature-time curve according to ISO 834 T, 55 and the corresponding time curve of the load-bearing
capacity R(¢),ISO. The minimum load-bearing capacity of the structural element during the simulated real fire
exposure, transferred to the same value of the load-bearing capacity at the standard thermal exposure,
determines the equivalent time of fire exposure ¢,.

For steel structures, the minimum load-bearing capacity during a simulated real fire exposure normally
corresponds to the maximum steel temperature 7 ,,,, provided that the temperature can be dealt with as
uniformly distributed over the cross-section of the structure. This simplifies the definition of the equivalent time

of fire exposure as shown in Figure 3.

A .
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Key

t time

T  temperature

R load-bearing capacity

simulated real compartment fire exposure.
———— thermal exposure according to the standard fire resistance test, ISO 834.

Figure 2 — Definition of equivalent time of fire exposure 7,

Key

t time
T, gas temperature at time ¢
Ts steel temperature

Figure 3 — Equivalent time of fire exposure 7, as defined by the maximum steel temperature Ts max
during a simulated real compartment fire exposure, exemplified for a protected structural steel
element

When determined according to Figures 2 and 3, the equivalent time of fire exposure depends on parameters
influencing the simulated real fire exposure as well as on structural parameters (for protected steel structures:
the thermal material properties and the geometry of the protection and the steel profile). For fire-exposed steel
structures, references [18], [23], [50] and [51] include a design basis for a direct practical determination of this
differentiated form of the equivalent time of fire exposure.

A 16N AN A
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For more rough estimations of the equivalent time of fire exposure ¢, the following formula has been derived,
taking into account only the factors affecting the simulated real fire exposurel50l. [52], [53]:

_ qif .
te=0,067 ————— [min] (9)
° (A1 4)0°
where

gy is the fire load density per unit area of the total surfaces, bounding the fire compartment; in MJ-m~2;
A s the total area of window and door openings; in m2;

h is the mean value of the heights of the openings, weighted with respect to each individual opening
area, inm;

A4, is the total interior area of the surfaces, bounding the compartment, opening areas included, in m2.

By using fictitious values of the fire load density g and the opening factor (A\/Z/At)f , the influence of varying
thermal properties of the surrounding structures of the fire compartment can be considered('8l.

Summing up, the formula given by Equation (9) connects in a simplified way the thermal exposure according
to the standard fire resistance test, ISO 834, and the thermal exposure of simulated, fully developed
compartment fires. The formula has been verified for application mainly to steel structures and those
reinforced concrete structures, where the critical concern is yielding of the reinforcement under bending
conditions. At very low opening factors, the formula may give a considerable overestimation of the fire
severity. There is also a limitation of the validity of the formula to compartments of moderate size, i.e.
compartments with a size representative of dwellings, ordinary offices, schools, hospitals, hotels, and libraries.
The technical basis for the formula is for small compartments. A study of the applicability of available
relationships for the equivalent time of fire exposure to buildings with large compartments is reported in
reference [54]. In reference [55], formulae for the equivalent time of fire exposure, from Ingberg to Eurocode 1,
are systematically reviewed and compared with experimental data for compartment fires.

2.2 Models for structural behaviour

Model S1 comprises single structural elements, e.g. beams, columns, walls, floors, and roofs. The model may
simulate either a structural element or a single element isolated from the complete structure and described by
simplified end conditions in the fire analysis.

Model S2 means a substructure, which approximately describes the mechanical behaviour of a part of the
complete load-bearing system of the building. Compared to the real structure, a substructure is analysed with
simplified boundary conditions at its outer ends or edges.

Model S3 describes the mechanical behaviour of the complete load-bearing structure of the building, acting
as, for instance, a two- or three-dimensional frame, a beam-slab system or a column-beam-slab system.

In the matrix given in Figure 1, the thermal exposure models and the structural models are combined in the
sequence of improved idealization. In principle, each element in the matrix then represents a particular design
procedure. The matrix therefore can be considered as a type of classification system for methods of structural
fire engineering design. It is, however, evident that not all models can be used in all combinations and the aim
should be to provide a sensible pairing at each level of advancement. In the matrix, reference is made to
these aspects. In principle, a structural fire engineering design offers a problem-oriented choice for the
combination of the thermal exposure model and the structural behaviour model. The final choice may also
depend on national preferences, the complexity of application, and the particular design situation.

© ISO 2004 - All rights reserved
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3 Characteristics of a reliability-based structural fire engineering design (5]
Essential components of a rational design methodology include, in the ideal casel57]. [58I:

— analytical modelling of relevant processes; verification of validation and accuracy; determination of critical
design parameters;

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

— determination of design parameter values; and

— verification by reliability analysis that the choice of safety factors leads to safety levels that are consistent
with the expressed functional requirements.

For the probabilistic model to be integrated with the analytical model(s) of the relevant processes, the
following levels can be distinguished:

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

— an approximate evaluation of the failure probability, based on first order reliability methods (FORM); and

— a practical design format calculation, based on partial safety factors and taking into account characteristic
values for action effects and response capacities.

For practical purposes, an exact evaluation of the failure probability is not feasible. Also, the FORM
approximations are too cumbersome for everyday design, but may be applied in special cases. For normal
design, the practical design formats have to be used.

The procedure for a reliability-based structural fire engineering design, related to a FORM approximation and
a practical design format calculation, is illustrated by flow diagrams in Figures 4 and 6, respectively. For
generality, the procedure is demonstrated for a load-bearing structure of charring material, for instance,
a timber structurel39]. [59],

3.1 Structural fire engineering design based on FORM approximation

Following the flow diagram in Figure 4 for a structural fire engineering design, based on a FORM
approximation, the characteristics of the fire load and fire compartment constitute the basis for determining the
fire exposure, expressed by the gas temperature or the heat flow to the structure as a function of time and
either computed by solving the energy and mass balance equations of the compartment fire or chosen from
some systematized design basis.

Together with construction data of the structure and information on the thermal, moisture mechanics and
combustion properties of the structural material at elevated temperatures, the fire exposure gives the reduced
cross-section of the structure and the associated transient temperature and moisture conditions. With the
mechanical properties of the structural material as further input data, the transient temperature and moisture
states for the uncharred part of the cross-section then has to be transferred to the time variation of the load-
bearing capacity of the structure during the fire exposure, expressed, for instance, as the bending moment
MRg(?) in a decisive section. The load, statistically representative for the fire situation, gives a maximum load
effect with a bending moment Mg(¢) in the section for the load-bearing capacity Mg(¢).
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Surface heat transfer
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Mg (t)
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Z ()= Mg (t) - Ms (1)
Risk of failure P (t)
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Minimum value of safety
index i,

Bm=PBr

Required value of safety

index f3;

Figure 4 — Structural fire engineering design, based on first order reliability method (FORM)
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The quantities Mg(r) and Mg(?) define the safety margin Z(7), as

Z(t)=MR(t)—Ms(7) (10)

The related failure probability P(z) and the safety index S(t), defined as the quotient between the average
safety margin and the standard deviation, can then be calculated by the formulae:

P@)=1°, f,1z(t)dz (11)
Br(t)=¢ " [1- P(t)] (12)
where

f71Z(1)] s the probability density function of the safety margin Z(¢);

o is the inverse of the standardized normal distribution.

The design criterion implies that the minimum value of the safety index for the structure during the relevant fire
exposure Sy, = [B:(1)]min Shall meet the required value of the safety index £, i.e.

Bim—Br =0 (13)

At the determination of the safety margin Z(¢), the failure probability P(z), and the safety index fr), the
following uncertainties have to be taken into account:

— the uncertainty in specifying the loading and of the model for calculating the load effect on the structure;
— the uncertainty in specifying the fire load and the characteristics of the fire compartment;

— the uncertainty in specifying the design data of the structure and the thermal, moisture mechanics,
combustion, and mechanical properties of the structural material; and

— the uncertainty of the analytical models for calculating the compartment fire and the related heat transfer
to the structure, the size of reduced cross-section and the associated temperature and moisture states,
and the load-bearing capacity of the structure.

The required value of the safety index S, depends on the probability of occurrence of a fully developed
compartment fire p,; the reduction of this probability due to fire-fighting by the fire brigade p, and to the effect
of an installed fire extinguishment system ps, if any; and the consequences of a structural failure. For the
detailed technique of deriving required values of the safety index £, see for instance references [1], [2] and
[60] to [62]. Example values of p4, p, and p5 are given in references [1], [2] and [63].

In Figure 5, example values of g, are for industrial buildings and a safety class, representative of the main
load-bearing structure and separating structures bounding the fire compartment. The g, values are given as a
function of the floor area of the fire compartment 4; and the probability of occurrence of a fully developed
compartment fire per year and unit area p = p4p,ps.
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Key
A4;  compartment floor area, 103 m2
B required value of the safety index

Figure 5 — Example values of £, as function of fire compartment floor area 4; and probability p of
occurrence of a fully developed compartment fire

3.2 Structural fire engineering design based on practical design format

As mentioned, for normal applications of a reliability-based structural fire engineering design, the practical
design format has to be used and the flow diagram in Figure 6 illustrates the procedure for such a design.

For a load-bearing structure, the design format condition implies that the design minimum value of the
load-bearing capacity Ry(¢) during the fire exposure shall meet the design load effect on the structure Sy, i.e.

Rd= [Rd()]min = S (14)

The condition must be fulfilled for all relevant types of failure. For a separating structure, the design format
condition comprises requirements with respect to insulation and integrity. The insulation condition then implies
that the design maximum value of the temperature on the unexposed side of the structure T4(z) during the fire
exposure shall meet the temperature T, acceptable with respect to the requirement to prevent a fire spread
from the fire compartment to an adjacent compartment, i.e.

Tsd= [Tsd(t)lmax <Ter (15)

For the integrity requirement, there is no analytically expressed design format condition available.
Consequently, this condition has to be proved experimentally, when decisive.

In the practical design format, the probabilistic influences are considered by specifying characteristic values,
expressed as a specified fractile, and related partial safety factors for the fire load, such structural design data
as imperfections, the thermal material properties, the mechanical material properties and the loading. In
deriving the partial safety factors, all uncertainties listed above in connection with the presentation of the
design based on FORM approximations have to be included.

The functional requirements specified for the design should be differentiated with respect to type of
occupancy, type and size of building, number of floors, size and location of fire compartment, and the
importance of the structure or structural element to the overall stability of the building. This may be considered
by a system of safety classes associated with different failure probabilities, the probability of the occurrence of
a fully developed compartment fire included. In design verification, this safety differentiation is accounted for
by applying different partial safety factors for different safety classes or by applying corresponding safety
differentiation factors ;.
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Figure 6 — Structural fire engineering design, based on partial safety factors (practical design format)
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For a certain occupancy, provisions employed for reducing the frequency of a fully developed fire for a
particular project, i.e.

— available fo

— approved a

rce of fire brigades, and

larm and sprinkler systems

should be considered. In design verification, this frequency differentiation is accounted for by applying

different partial

safety factors, depending on employed provisions and fire compartment size, or by applying

corresponding frequency differentiation factors y,,,.

Summing up, the design format condition to be verified for a load-bearing structure reads:

1
Rdn = o Rd (Rdt Rd2: )= Sd(Ga Qg )
n
or
1
y_Rd(Rk1/7r11Rk2/7r27 )= Sd(Giow » Ok, » Ok, ind) (16)
n
where
Ry is the design value of the ultimate load-bearing capacity, determined by its lowest value during
the relevant fire exposure;
Ry Ry;» %; are design values, characteristic values and partial safety factors, respectively, related to the
ultimate load-bearing capacity and accounting for the uncertainties in heat exposure and
thermal and mechanical response, see Figure 6;
Sq is the design load effect subject to fire, determined by considering an accidental load
combination of the form
Gk"'ZV/[Qk,["'Qk,ind (17)
i
where all actions, permanent loads (actions) G, variable loads (actions) Oy ; and indirect
actions due to fire exposure Oy ind» @re given by their characteristic values; y; are combination
coefficients, generally different for i = 1 and i > 1, and all other load factors are set to
unity[z], [3];
n (= 7,172) is a safety and frequency differentiation factor, accounting for different safety

classes (y,4) and active fire protection measures (y,,).

In Equation (16), the safety and frequency differentiation factor y, has been allocated to the design

load-bearing ca
design fire expo

Methods for th

pacity Ry. Alternatively, y, may be applied to affect the design fire load, thus modifying the
sure, as shown in Figure 6.

e determination of values of the partial safety factors y; and the safety and frequency

differentiation factor y, are presented in references [1], [2] and [62], in which example values of the factors are

also given. Fact

or values for practical design are also specified in the Eurocodesl3© [¥] and in reference [44].
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4 Predictive model capabilities: uncertainties of design components [56]

The rapid progress in analytical and computer modelling of phenomena and processes of importance for a fire
engineering design underscores the need for internationally standardized procedures for evaluating the
predictive capabilities of the models and for documenting the computer software. Two ASTM Standard
Guidesl64]. [65] contribute to this task.

An evaluation of the model capabilities is critical in establishing both the applicability and limitations of the
models for a specific use. The process recommended in the Standard Guidel64l:

— includes a brief description of the model and the scenario for which evaluation is sought;

— presents methodologies for conducting an analysis to quantify the sensitivity of model predictions to
various uncertainty factors;

— provides several alternatives for evaluating the accuracy of the predictions of the model; and
— gives guidance on the relevant documentation required to summarize the evaluation process.

A documentation of the computer software is necessary to ensure that users can judge the adequacy of the
scientific and technical basis for the models, select the appropriate computer operating environment, and use
the software effectively within the specified limitations. Adequate documentation also will help to prevent
unintentional misuse of the computer software. The guidelines in reference [65] are presented in terms of
three types of documentation:

a) technical document,
b) user's manual, and
¢) installation, maintenance, and programming manual.

Systematic 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, are still rare
in the literature. A few such studies, carried out and reported during the last few years, however, seem to
indicate that the situation is now going to improve. Compartment fire modelling is dealt with in references
[66] to [68] and modelling of the thermal and mechanical behaviour of structures subject to fire in references
[69] and [70]. In references [66] and [68], general categories are 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

— unreality of the theoretical and numerical assumptions in the model,
— errors in the numerical solution techniques,

— software errors,

— hardware faults, and

— application errors.

The reportl®7l specifies for ten zone models and three field models for the compartment fire degree of
validation, limitations, restrictions on compartment size, number of vents and number of fuels that can be
accommodated, and number of organizations using the model. Useful conclusions are drawn with respect to
input/output data, experience of using the models, model validation, and potential limitations. The survey,
presented in reference [69], discusses the theoretical background of seven thermal and 14 structural
behaviour, fire-dedicated, computer programs, together with their strengths and weaknesses. The differences
between the programs were found to lie mainly in the material models adopted, the material data input, the
user-friendliness and documentation of the software. The majority of available fire-dedicated structural
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programs still require significant development, and as most of them are not user-friendly or properly
documented, using them effectively and universally would be very difficult.

Applied to fire-exposed steel columns, reference [70] reports comparative calculations of the structural
behaviour by five computer programs. In terms of the ultimate resistance of the columns, the calculated
results are very similar, with a maximum difference between two programs of 6 %. Greater differences are
observed for the displacements of the columns, probably due to different ways of considering the residual
stresses at increasing temperature in the programs. When evaluating the results, it is important to note that
the same mechanical behaviour model for steel at transient elevated temperatures, the model described in
reference [5], was used in all computer programs.

Very few sensitivity and uncertainty studies relevant to structural fire design are reported in the literature.
The most comprehensive study is probably still the one presented by Magnusson twenty years
agol32], [58], [71]. The methodology developed for this study is quite general and applicable to a wide class of
structures and structural elements. To get 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
of a floor or roof assembly. The chosen statistics of dead and live load and fire load are representative for
office buildings.

With the basic data variables selected, the different uncertainty sources in the design procedure were
identified and dissembled in such a way that available information from laboratory tests could be utilized as
profitably 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(7T,,,,,) in maximal steel temperature 7,,,,, for a given type of structure and a given design
fire compartment, and

— variability in strength theory and material properties for known value of 7}, ...

The results obtained are illustrated in Figure 7, giving the decomposition of the total variance in maximum

steel temperature 7,,,,, into the component variances as a function of the insulation parameter x:

K, = Akl(Vsd;)

where
A; is the interior surface area of the insulation per unit length;
d; is the thickness of the insulation;
k; is the thermal conductivity of the insulating material, corresponding to an average value for the
whole process to fire exposure;
Vs s the volume of the steel structure per unit length.

Increasing x, expresses a decreased insulation capacity.

The component variances refer to the stochastic character of the fire load density ¢, the uncertainty in the
insulation properties «, the uncertainty reflecting the prediction error in the theory of compartment fires and
heat transfer from the fire process to the structural member AT, and a correction term reflecting the difference
between a natural fire in a laboratory and under real life service conditions AT;. Analogously, Figure 8
exemplifies the decomposition of the total variance in the load-bearing capacity R into component variances
as a function of the insulation parameter x,. The component variances refer to the variability in the maximum
steel temperature T,,,,, variability in material strength A, the uncertainty reflecting the prediction error in the
strength theory A®@,, and the uncertainty due to the difference between laboratory tests and in situ fire
exposure Ad;.
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Figure 7 — Separation of total variance in maximum steel temperature 7,,,,, into component variancesf
as function of insulation parameter x,
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Figure 8 — Separation of total variance in load-bearing capacity R into component variances
as function of insulation parameter «,

Uncertainty studies of fire-exposed concrete structures are scarce. Results from one of the few studies are
shown in Figure 9 [72], which illustrates the breakdown of the total variance in fire resistance or load-bearing
capacity into component variances as a function of the slenderness ratio 4 for an eccentrically compressed,
reinforced concrete column. The component variances are related to the following stochastic variables: £, =
compressive strength of concrete at ordinary room temperature, f; = strength of reinforcement at ordinary
room temperature, b = width of the cross-section, # = height of the cross-section, x; = position of tensile
reinforcement, x, = position of compressive reinforcement, f5 = vyield stress of steel as a function of
temperature T, and k; = thermal conductivity of concrete.
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Figure 9 — Separation of total variance in resistance or load-bearing capacity R into component variances
as a function of slenderness ratio 2 for an eccentrically compressed, reinforced concrete column

A supplementary illustration of results of sensitivity studies regarding a fire engineering design of timber
structures is shown in Figure 10 [73]. The study deals with the sensitivity of the charcoal layer penetration for a
fire-exposed timber structure as a function of certain material input data in a defined simulation model.
Figure 10 gives the influence of varying the thermal conductivity of the charcoal and the rate of surface

reaction.
Y Y
50 § 2k, 50 5 28,
40 _ / 4(/22/(2 40 _ %/ﬂ
2 3 1123,
30 / 30 %
S Ny
: // - //
10 10
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Figure 10 — Depth of charring as function of time for variable thermal conductivity %, of charcoal and
variable rate of surface reaction 5,
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A first order reliability analysis (FORM) of fire-exposed wood joist assemblies is presented in reference [74].
By using non-linear least-square regression analysis on 42 full scale tests, a time-to-failure model is
developed, predicting the deterministic value of the resistance of the assembly. The exposure parameter is
defined in the paper as the duration of the ventilation-controlled compartment fire predicted by the fire load,
and the window area and height, assuming constant rate of burning. Equations describing the total system
and component variances are developed which, when quantified, lead to a determination of the safety index .

With expanding knowledge on parameter and component uncertainties, the qualifications increase for a
structural fire engineering design based on the principles of cost-benefit optimization['l. Minimizing the total
cost for a fully developed or post flashover compartment fire and its expected consequences, then determines
the optimum failure probability or target probability.

The total cost Cy; can be written as
Ctot= Cp +[Cto T AC x Pisailffo) 1Pfo) (18)

where C, is the cost of the passive fire protection measures, Cy, the direct losses due to flashover without
failure oF the load-bearing structure, AC the additional expected cost due to failure, Pito) the probability of
flashover, and Pty 1) the failure probability on the condition of flashover.

Assume that x is some passive fire protection parameter (for instance, the thickness of an insulation of a steel
structure), which affects the failure probability but not the flashover probability. Minimizing the total cost C;
then gives the equation

ICiot _ 9Cp FAC P taillfo)
o0x

Piyy=0 19
o = (fo) (19)

from which the optimum failure probability Ptij/s0)0pt caN be determined.

A condition for the described optimization approach is that people can evacuate safely from the burning
building. This requires a design evacuation time that is less than the expected time of the building’s failure.

5 Main components of structural fire engineering design

The flow diagrams in Figures 4 and 6 for a rational fire engineering design of load-bearing structures identify
three main components, namely

— design fire exposure,
— thermal material properties and transient temperature state, and

— mechanical material properties and structural behaviour.

These components will be addressed briefly with regard to the present state of knowledge, focusing on the
material properties to be used as basic input data.

5.1 Design fire exposure

The fully developed compartment fire, which is the decisive part of a fire for the thermal and mechanical
behaviour of load-bearing and separating structures in buildings, has been subjected to comprehensive
studies for a very long time. During the past 30 years, several analytical models, simulating real fires, have
been presented. In a review paperl’3], published 12 years ago, 14 such models were classified on the basis of
14 principal modelling aspects. The models included either represent important steps in the evolution of
knowledge or offer unique concepts.
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The fundamental characteristics for a complete description of the fully developed compartment fire are the
time variations of the

a) gas temperature,
b) geometrical and thermal data for external flames,
c) smoke and its optical properties, and
d) composition of the combustion products, particularly toxic and corrosive gases.
The simulation models, developed for structural fire purposes, concentrate on the characteristics a) and b).
Most models are partly theoretically- and partly empirically-based, with the empirical part focusing on data on
the rate at which the fuel is consumed.
For known combustion characteristics of the fire load, the time curve of the gas temperature in the fire
compartment or the heat flux to an exposed structure can be calculated in the individual practical application
from the energy and mass balance equations of the compartment firel76] to [89],
The energy balance equation shown in Figure 11 is:

he=he T hethwthg (20)
where

he IS the rate of heat release due to the combustion of the fuel (fire load);

he IS the energy removed per unit time by change of hot gases against cold air;

hy is the energy removed per unit time by radiation through the openings;

hyw IS the energy removed per unit time by heat transfer to the enclosing structures;

;‘lg is the energy stored per unit time within the fire compartment; usually negligible.

Figure 11 — Energy balance of a compartment fire

The corresponding mass balance is described by the equation

mf = mair ¥ ip (21)
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where

mf is the mass outflow of hot gases;
mair IS the mass inflow of air;
Hip is the rate of fuel pyrolysis.

To simplify, fully developed compartment fires can be described by two types of behaviour, either ventilation-
controlled or fuel bed-controlled®0. For the first type, the combustion during the active stage of the fire is
controlled by the ventilation of the compartment with the burning rate approximately proportional to the air
supply through the openings and does not depend on the amount, porosity and particle shape of the fuel in
any decisive way. For the second type, the combustion is mainly controlled by the properties of the fuel and is
fairly independent of the air supply through the openings. The boundary between the two types of fire
behaviour is not clearly defined.

Figure 12 illustrates the two types of compartment fires in a diagram, giving the rate of enthalpy release during
the fire process versus time for two types of fuell89l. In the figure, ;',p denotes the potential rate of change of

enthalpy of the gas, pyrolyzed from the fuel, i.e. the maximum enthalpy release rate that would occur under
ideal burning conditions, given by the relationship

Jip = gl [Us™] (22)
where

mp is the rate of fuel pyrolysis, in kg-s1;

H is the net calorific value of fuel, in J-kg~1.

The term ;. denotes the rate of heat release for stoichiometric combustion of the air inflow, determined by
the formula

hs = rair(H Ir) [J-s7] (23)
where

mair IS the mass inflow of air, in kg-s~7;

r is the air/fuel mass ratio, i.e. the amount of air needed to perfectly burn a unit mass of fuel.

For a given compartment, ;¢ is primarily a function of the ventilation factor ANk , where 4 is the area and &
the height of the opening of the compartment, and the gas temperature and only slightly dependent on the fuel
properties. The combustion enthalpy, developed per unit mass of air, H/r is approximately independent of the
type of fuel. Consequently, ;,, does not vary greatly for different fuels burned in the same compartment.

The actual enthalpy release rate ;. will be the lesser of ;;p and j, reduced by a factor of maximum
combustion efficiency by, which corrects for incomplete mixing, i.e.

hpb
jio=lesserof | ° " (24)

hsbp

Figure 12 shows two compartment fires with ;',p>/,s at flashover, which means that the fires start as
ventilation-controlled. At a decreasing rate of pyrolysis during the fire, the j, curve may cross the j curve
after some time. At this point, the fire changes to be fuel controlled from then on. For ;',p> hs» more fuel is
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pyrolyzed within the fire compartment than can be burnt inside it. The difference, ;;p—;',s, shown hatched in
the fire for the wood fuel fire, represents the excess pyrolyzates, released from the compartment. For fuels
with a high rate of pyrolysis, which is typical for flammable liquids and many plastic fuels, these excess
pyrolyzates can give rise to a considerable fire hazard outside the fire compartment, for instance, in corridors
or at facades.

The practical use of the energy and mass balance equations of the fully developed compartment fire for
design purposes requires access to well-documented computer programs. There are basically three such
computer codes available that are adapted for engineering applications, namely SFIRE[78I. [86] COMPF-2(82]
and BRANDI83]. A closed-form approximation, arranged to suit hand calculations, is presented in reference

[84].

Key

X time

Y enthalgy release rate
1 ventilation control

2 fuel control

3  flashover

a8  Plastic fuel.

b Wood fuel.

Figure 12 — Possible rates of enthalpy release in a fully developed compartment fire versus time for
two types of fuel

If reasonably correct input data are used, the computer programs quoted have the ability to simulate real fires
with practically acceptable accuracy in compartments of moderate size, i.e. compartments with a size
representative of dwellings, ordinary offices, schools, hospitals, hotels and libraries. For these types of
applications, systematized design bases are available, derived by the computer programs and essentially
facilitating a fire engineering design of load-bearing and separating structures. The internationally most
frequently referred design basis is the set of gas temperature-time curves as a function of the fire load,
opening factor of the compartment and the thermal properties of the structures enclosing the compartment,
which originates from early contributions by Magnusson-Thelandersson [78l (see Figure 13). The design basis
was computed under the assumptions that:

— the combustion of the fire load takes place entirely within the fire compartment,
— the fire process is ventilation-controlled, and
— the gas temperature is uniform within the fire compartment at any time,

giving a conservative solution. The design basis has been officially approved by the Swedish authorities for
practical application since 1976 911,
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Principally, the same design basis is included, as information, in Eurocode 1[3l. As further described in 2.1, the
design basis is given more concisely in a parametric form according to reference [87].

A comparative study of the design bases according to Figure 13 and the parametric fire, as defined in
Eurocode 1, and by Equations (5) to (8), is presented in reference [92]. For the heating phase of the
compartment fire, the study verifies that the difference between the temperature-time curves of the two design
bases increases with an increasing opening factor and decreasing time, but is not decisive for ordinary
practical applications. For the decay phase of the compartment fire, the difference between the two
approaches is substantial, as shown in Figure 14. The parametric fire underestimates the thermal exposure
compared with the design basis according to Figure 13. Figure 14 also includes an alternative description of
the decay phase, defined by the expression [44]

d7,/dt*=—800 e O [°C-h~"] (25)

in combination with Equation (7) for t;, which gives a better agreement with the design basis, illustrated in
Figure 13.
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Figure 13 — Example of gas temperature versus time curves (7, versus ¢) of fully developed
compartment fires as function of fire load density g; per unit area of surfaces bounding the
compartment and opening factor A\/E/At
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Figure 14 — The decay phase of the compartment fire

Above specifying the compartment fire, Eurocode 1 also includes, as informative, a simplified method for the
calculation of the thermal exposure on external structural members from flames emerging from window
openings, based on references [93] and [94].

A main problem in applying these computer programs more accurately in the design is the incomplete
information available on the rate of heat release due to the combustion of the fire load. Such information is,
however, continuously being improved. During the last ten years, relevant data have been determined on such
fire load components as upholstered furniture, solid furniture with flat extended surfaces, mattresses and
beds, combustible lining materials, and paper stored in desks, filing cabinets or on shelves. Surveys of such
data are given in references [86] and [95].

The importance of correct input data is illustrated in Figure 15, which shows calculated gas temperature
versus time curves [Figure 15 b) for a specified fire load and compartment(8l. Curve (1) gives the gas
temperature, computed with the assumption that only part of the energy content of the fire load is released
inside the compartment during the fire. Curve (2) shows the corresponding curve based on the conservative
assumption that all the energy content of the fire load is released inside the compartment.
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Figure 15 — Curves showing gas temperature and heat release versus time for a fully developed
compartment fire in an office space

The fire behaviour of windows is significant for the ventilation of the fire compartment, and hence for the fire
development. Fire engineering calculations are normally based on the assumption that given a fire, the
window glass instantaneously disintegrates, providing the maximum ventilation area and opening factor of the
enclosure. To improve the accuracy of the calculation, it is, however, important to have access to simulation
models and criteria that can predict the behaviour of the window glass for different fire scenarios.

Windows break in fires due to thermal stress from the differential heating of the central portion and the shaded
edge. Theories and experiments presented have given a critical temperature difference of 60 °C to 90 °C for
edge-protected panes of ordinary glass qualities [96] 10 [98]_ The critical values quoted cannot be generalized
for application to other types of glasses and other ways of mounting the panes. A review of the current level of
knowledge in literature on this phenomenon up to 1994 is presented in reference [99]. A glass heat
transfer/fracture model, intended for direct implementation into zone-type computer fire codes, is developed in
reference [100]. The analysis described is similar to the one presented in reference [101], but provides a more
complete assessment of the radiation heat transfer.

For large compartments, as in industrial buildings and sports halls, the computer programs and related
simplified design basis referred to do not give a satisfactory simulation of real fire exposure. As confirmed by
experience, fires in such compartments will not frequently lead to flashover. The decisive fire exposure of the
load-bearing and separating structures is caused by a fire, not fully comprising the whole compartment. The
fire may locally expose a structural element, e.g. a beam, a column or a frame, more or less severely than
would be the case, if the design is based on gas-temperature-versus-time curves of the fully developed
compartment fire according to Figure 13 or on computer programs as SFIRE, COMPF-2 and BRAND. For
large compartments, there are no simple simulation models of zone type available. The structural fire
engineering design, therefore, has to be based on either more complex zone modelsl102]. [103] or field models
for the prediction of the fire exposure [104]to [107]
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5.2 Thermal material properties and transient temperature state

The transient heat flow within a fire-exposed structure is governed by the heat balance equilibrium equation,
based on Fourier's law

viVT)-é+Q =0 (26)
e=p,pe, AT+ 1 (27)
i
_i_
ox
v=| 2 (28)
oy
9
L 6z |
where
\% is the gradient operator;
vT is the transpose of V;
T is the temperature;
A is the symmetric positive definite thermal conductivity matrix;

(= delot) is the rate of specific volumetric enthalpy change;

Q.

0 is the rate of internally generated heat per volume;

P is the density;

< is the specific heat;

[ is the latent volumetric heat due to phase changes at various temperature levels;

x,y,z are the Cartesian coordinates;

t is the time.
Thus, the thermal material properties required for the transient thermal analysis are identified.

The solution of the heat-balance equilibrium equation, Equation (26), is complicated by the fact that the
thermal conductivity matrix 4 and the rate of specific volumetric enthalpy change ¢ depend on the
temperature T to an extent that cannot be disregarded. Further complications arise when the material
undergoes phase changes during the heating and when the material has initial moisture content.

In ordinary design, the influence of moisture is considered in a simplified way in calculating the transient
temperature state of fire-exposed structures. It is assumed that all moisture evaporates, without any moisture
transfer, at the temperature 100 °C or within a narrow temperature range, with the heat of evaporation giving a
corresponding change in the enthalpy-temperature curve. The influence of phase changes is included in a
similar way.

In reality, the moisture distribution changes continuously in the structure during fire exposure. Hence, in
principle, it is not correct to include the effect of moisture content in the thermal properties. In a structure of
moist material, the heat transfer is combined with a mass transfer and, from a strict thermodynamical point of
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view, these two transport mechanisms should be analysed simultaneously by a system of inter-related partial
differential equations.

In references [15] and [108], an accurate model and a related computer program are presented for the inter-
related heat and mass transfer in fire-exposed timber structures. The model simulates the transient
temperature and moisture states in both uncharred and charred parts of the cross-sections of the structure, as
well as the growth of the charred layer in combination with its oxidation at the surface due to variable thermal
exposure. Output data from the calculations are the cross-section profiles of temperature, moisture, pressure
and density, and the penetration of the charcoal layer and mass loss as a function of time, as shown in
Figure 16[15]. Material properties required are: the thermal conductivity of original wood and charcoal; the
specific heat capacity of original wood, charcoal, volatile pyrolysis products and water vapour; the dynamic
viscosity of volatile pyrolysis products and water vapour; the reaction rate and heat of reaction in the process
of wood pyrolysis; and the heat of reaction at the oxidation of charcoal at the surface of the material. All
properties must be specified as functions of temperature, and the density and permeability of original wood
and charcoal.

Y, Y,
100 1000
90 ——— 900
80 /&: 800 Values in minutes
70 /, 700 Y3
60 /,' 600
50 ¢ — T(t 500 L __
40 / I T— 5 ) 400 )
30 |ff ( 300 t=12
20 | 200 t=18
10 100 t=24 |
0 |
0 10 20 30 40 50 60 '
X X2
Key Key
X4 time, ¢, min X, distance x from the cross-section centre
Y, incident radiation /(¢), kW-m-2 Y3 distance y from the cross-section centre
Y, temperature, T}, °C ———— outer surface of wood cross-section
a) Incident radiation /(¢) and the corresponding gas b) Depth of charring curves with respect to
temperature-time curve 7; time, ¢

Values in degrees Celsius

Ys
______ S .
600 | 600
| |
400 100 | 400
100 200
5 | o 200
| I
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Key
X, distance x from the cross-section centre
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————outer surface of wood cross-section (located 50 mm from centre)

c) Temperature profile curves, expressed in degrees Celsius
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Values in percent

Ys
______ o - T T -0
5 5
17 17
o !
18 I 18 |
t =12 min t =18 min

Key
X, distance x from the cross-section centre
Y3 distance y from the cross-section centre

————outer surface of wood cross-section (located 50 mm from centre)

d) Moisture content curves, expressed in percent

Values in kilopascals

300
200
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100 |

100

=12 min t =18 min t =24 min
X2
Key
X, distance x from the cross-section centre
Y3 distance y from the cross-section centre
————outer surface of wood cross-section (located 50 mm from centre)
e) Pressure profile curves, expressed in kilopascals
NOTE Data obtained for a quadrant (50 mm x 50 mm) taken from a cross-section, 100 mm x 100 mm, of a column of

spruce with 14,5 % initial moisture ratio, thermally exposed on four sides.

Figure 16 — Data obtained from a model and a related computer program are presented
for the inter-related heat and mass transfer in fire-exposed timber structures

A corresponding model for the inter-related heat and mass transfer in fire-exposed concrete structures, taking
into account the desorption of physically adsorbed water, the thermal decomposition of water of crystallization,
and the subsequent vapour transfer in the pores, is presented in reference [109]; see also reference [110].
The input material properties used in the model, as shown in Figure 17 [109] are the thermal conductivity of
concrete A as a function of temperature 7, the permeability of concrete xp as a function of adsorbed and
crystalline water content w + w, the equilibrium water content w,, as a function of water vapour pressure p,,,
the diffusion coefficient of vapour D,, as a function of temperature 7, the diffusion coefficient of adsorbed water
D,, as a function of temperature T, the crystalline water content w.; as a function of temperature T, the void
fraction &, the density p, and product of the density and the specific heat capacity p of concrete as a function
of adsorbed and crystalline water content w + w,, and the heat of phase change of concrete L as function of
temperature T.
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Figure 17 — Input material properties used in the model, developed by Harada and Terai [10], for the
inter-related heat and mass transfer in a fire-exposed concrete wall

For materials used for fire protection of steel structures, for instance, there are test methods developed to
determine derived values characterizing the thermal material behaviour of a product subject to fire exposure in
an integrated way. These values include indirectly the influence of initial moisture content, crack formations,
disintegration of materials, and partial failure of the product and its fastening devices, if any. The derived
values then are normally obtained from test results by the use of some simplified analytical simulation model.
Consequently, such values do not represent any well-defined material or product properties, but are
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influenced also by the characteristics of the analytical model, adopted for the evaluation. This leads to
limitations with respect to a generalized application of the derived values.

For the practical determination of the transient temperature states of fire-exposed structures, numerical
methods have been developed and arranged for computer calculations. The methods are based either on
finite difference or finite element approximations. For the first group of methods, refer to references [28]
and [45] and [111] to [114], and for the group using finite element methods, refer to references [28], [45]
and [115] to [122].

The computer programs can be used directly in a rational structural fire engineering design or as a tool to
calculate diagrams and tables, facilitating a practical determination of the design temperature state for varying
fire exposure and structural characteristics. For a simulated real fire exposure according to Eurocode 1 [3] and
Swedish Building Code [91], such a design basis is given in references [18], [19], [23], [30] and [32] for steel
structures and in references [19], [23] and [44] for concrete structures. Formulae and diagrams for a direct
determination of the charring depth in timber structures for the same fire exposure are presented in references
[14] and [42].

The design basis available is exemplified by Figure 18 [44] which shows the decisive temperature distribution
in the square cross-section, corresponding to the minimum load-bearing capacity, for an axially compressed
concrete column, exposed on four sides to a specified simulated real fire exposure. For fire-exposed
structures with such a high thermal inertia as reinforced concrete structures, the minimum load-bearing
capacity is not reached until a significant time after the gas temperature in the fire compartment has passed its
maximum value. This is clearly illustrated in Figure 18 by the isotherms for the fire load density

¢ = 400 MJ-m 2.

200
100 200 300
200 300 400

400
300 500
400
500 500 & 600
300
200 MJ/m? 300 MJ/m? 400 MJ/m?

NOTE 1 The isotherms, shown for a quarter of the cross-section, correspond to the minimum load-bearing capacity of
the column, when axially compressed, for three different values of the fire load density g;.

NOTE2  The opening factor of the fire compartment 44 /4; = 0,04 m'2,

NOTE 3 A column, 300 mm?2 x 300 mm?2, exposed on four sides to a simulated real fire exposure, according to
Figure 13.

Figure 18 — Calculated temperature distribution in a cross-section of a concrete column

5.3 Mechanical material properties and structural behaviour

A reliable calculation of the mechanical behaviour of a fire-exposed structure on the basis of the transient
temperature state requires access to validated models for the mechanical behaviour of the materials involved
within the temperature range associated with fires [123],

In computer programs for a structural fire analysis, it is not unusual to find that the material model for the
mechanical behaviour is specified by temperature-dependent stress-strain curves that either neglect or
indirectly include the creep strains and transient strains. Figure 19 exemplifies such a model for normal
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concrete with siliceous aggregates, which indirectly includes these strains [4]: [6l. [124] The stress-strain curves,
then, are determined either from small-scale material tests or from full-scale tests on that type of load-bearing
structure, for which the computational procedure is developed.

Such a technique may be acceptable as an intermediate solution. From a long-term perspective, however, it is
important that the material behaviour models be formulated so that they are independent of the type of load-
bearing structure and are based on input information received from functionally well-defined material tests.

Y
12

20°C

1,0

600 °C
700 °C

| | |
0 0,005 0,010 0,015 0,020 0,025 0,030

X

Key

X strain, ¢

Y relative stress, olf;

fo' compressive strength at 20 °C

Curves indicate values for temperature.

Figure 19 — Stress-strain curves at elevated temperatures for concrete with siliceous aggregates

Fundamental parameters in available tests for determining the mechanical material properties at elevated
temperatures are the heating process, application and control of load, and control of strain. Practically, the

tests can be referred to different testing regimes as follows (Figure 20) [123]. [125]:

a) steady state tests, giving information on
— stress-strain relationship (stress rate control, ¢ = const),
— stress-strain relationship (strain rate control, ¢ = const),
— creep (stress control, o = const),

— relaxation (strain control, £ = const),

b) transient state tests, giving information on
— failure temperature, total deformation (stress control, o = const),

— restraint forces, total forces (strain control, ¢ = const).
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As the material properties measured depend on the test method used, it is necessary that test results always
be accompanied by an accurate specification of the test conditions applied.

For steel, there is an analytical modelling technique available that enables a transfer of results from steady
state tests to transient state tests, and vice versal126l,

TRANSIENT STATE TESTS

RESTRAINT FORCES FAILURE TEMPERATURE
total deformation

RELAXATION CREEP

STEADY STATE TESTS

STEADY STATE TESTS

STRESS STRAIN RELATIONSHIPS

STRESS STRAIN RELATIONSHIPS
strain rate controlled

stress rate controlled

Figure 20 — Different testing regimes for determining mechanical properties of materials at elevated
temperatures

A 16N AN A

Copyright International Organization for Standardization ghtS reserved 31
Reproduced by IHS under license with ISO

No reproduction or networking permitted without license from IHS Not for Resale



ISO/TR 12471:2004(E)

As already stressed, a calculation of the mechanical behaviour and load-bearing capacity of a fire-exposed
structure on the basis of the transient temperature state requires access to validated models for the
mechanical behaviour of the structural materials involved within the relevant temperature range.

For steel, such models have been available for many years [125] ©0[133] |n these models, the total strain is
divided into thermal strain, instantaneous stress-related strain, and creep strain. Some of the models operate
with temperature-compensated time according to Dorn [127],

Analytical models to determine the mechanical behaviour and load-bearing capacity of fire-exposed steel
beams, columns and frames are presented in references [28], [70], [128] to [144], see also reference [45], in
which further references are given. The most generally applicable models are those described in references
[130] to [133] and [135] to [143], and examples of their ability to deal with multi-story and high rise building
frames are included in references [132], [133] and [140] to [143]. The computer program, put forward in
reference [142], integrates the fire exposure simulation, comprising field modelling of open and enclosed pool
and jet fires, the heat transfer simulation, and the simulation of the mechanical response of complex offshore
structures. Simplified design bases, giving directly the load-bearing capacity for a design temperature state or
the critical temperature state for a design load effect, are presented in references [18], [22], [23], [25], [27],
[30], [32], [34], [36], [38] and [128].

Figure 21[140] demonstrates a structural fire analysis of a hyperstatic load-bearing structure by using a
substructure technique—dividing the total structure into the fire-exposed local substructure, the adjacent
substructure, and the surrounding substructure. Thermal stresses and deflections are important for the local
and adjacent substructures, but practically negligible for the surrounding substructure. The fire-exposed local
structure must be analysed by an elasto-plastic-creep theory, while the adjacent and surrounding
substructures normally behave in the elastic range.
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Figure 21 — Division of a high-rise building frame into local substructure, adjacent substructure,
and surrounding substructure for rationalization of the structural fire analysis
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A sole illustration of the capabilities of available methods for a structural fire analysis is given in Figure 22[141],
Figure 22 relates to a steel frame, under combined dead and live load conditions, in seven stories and three
bays. It shows the deformation history for a part of the frame, including the fourth and fifth floors of an end-
bay, at a specified simulated real compartment fire on the fourth floor. The deflections and expansions of the
frame members were calculated by using a nonlinear finite element method, simulating the elasto-plastic-
creep thermal behaviour. The upper deformation history in Figure 22 applies to the heating period and the
lower deformation history to the subsequent cooling-down period of the fire exposure.

300 °C
400 °C
200 °C
500°C
100 °C
20 °C
600°C

rﬁ_ 20 °C to 600 °C

600°C
500 °C
400 °C
300 °C
200°C

100 °C
20 °C

600 °C to 20 °C

Key

1 fire

2  3-bay frame

3 linear response part

4 nonlinear response part
5 linear response part

Figure 22 — Deformation history for a part of a multi-story steel frame, exposed on the fourth floor
to a simulated, simplified real compartment fire

For concrete, the mechanical behaviour at elevated temperatures is more complex than for steel. For
stressed concrete under transient conditions, considerable deformations develop during the first heating that
do not occur at steady state temperature conditions.

For practical design, the total strain for fire-exposed concrete, stressed in compression, can be assumed to
follow the formulal1l:

e=etn(T) tex(6,0.T) Y egr (0.7,8) ey (0,7) (29)
where

&y, is the thermal strain, including shrinkage, measured on unstressed specimens under variable
temperature;

¢, Isthe instantaneous, stress-related strain, based on stress-strain relations, obtained at a rapid rate
of loading under constant, stabilized temperature;
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is the creep strain or time dependent strain, measured under constant stress at constant,
stabilized temperature;

is the transient strain accounting for the effect of temperature increase under stress, derived from
tests under constant stress and variable temperature;

are the stress and stress history, respectively;

is the temperature;

is the time.

Parameter formulations for each of the strain components are given in reference [11], as well as practical
guidance on the application of the material behaviour model at a transient stress and temperature state.
Alternative model formulations of the mechanical behaviour of concrete at transient elevated temperatures are
derived in references [12], [13] and [145]. Normally, the transient strain &, is the predominant component; see

Figure 23[11],
Y /
10 /
Eir
Eyr
: /
f-
/ Ecr
/
0 ..........................................
"""""""""""""""""" 250 / 400 600+ | & 800 X
1 )
-5
Key

X  temperature, °C
Y strain, %
1 measured total deformation

Rate of heating 5 °C-min-1

Figure 23 — Total deformation and relation between different strain components for a heat-exposed
concrete specimen, axially loaded in compression to a stress level equal to 35 % of the ambient

temperature strength
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A multi-axial constitutive model for concrete in the temperature range up to 800 °C is formulated in
reference [146]. The deformation behaviour is isotropic, elastic-viscoplastic-plastic in the compression region
and brittle failure is assumed in the tensile region. A comprehensive experimental study is reported in
reference [147].

A comprehensive survey on the mechanical properties of concrete under high temperature exposure is given
in reference [148].

Access to structure independent, functionally well-defined material behaviour models of the kind exemplified is
a condition for prediction by simulation models and related computer programs for the mechanical behaviour
and load-bearing capacity of fire-exposed reinforced concrete structures and composite steel-concrete
structures. Models and computer programs, more or less accurately fulfilling this condition, are presented in
references [28], [35], [113], [124], [138], [143] and [149] to [155], dealing with beams, columns and frames.
Models and computer programs for evaluating the fire response of reinforced concrete slabs are published in
references [156] and [157]. Simplified methods, facilitating the practical determination of primarily the load-
bearing capacity, can be found in references [4], [6], [20] to [24], [26], [31], [41], [43], [44], [111], [112], [139],
[158] and [159].

A sole illustration of the capabilities of the computer programs, fulfilling the requirements of functionally
well-defined, validated material behaviour models, is shown in Figure 24[160]_ |t presents the time curves of the
axial restraint force, calculated by the use of the computer program CONFIREI35], for a simply supported
concrete slab at different permissible axial expansions AL = 0 mm, 2 mm, 4 mm and 6 mm, followed by a
complete restraint against further expansion. The slab is thermally exposed from below according to the
standard fire resistance test. The second-order effects are included in the full-line curves, but neglected in the
dash-line curves. The great difference between the two sets of curves emphasizes the necessity of including
these effects in analysing a structural fire behaviour of this kind.

© ISO 2004 - All rights reserved

2:’n
Copyright International Organization for Standardization
Reproduced by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TR 12471:2004(E)

Y
600 T
/, \
P \
/
! \
! \
] - \
! /’ \\ '
] Vs LS
' / \\ \\
500 ; . al
, J ‘\l\ AlL=2 mm
) ! vV
I ,' ' v 0
) 1 \
: ,' - '
4 \ \
400 » \
II ! ! \\
" ! \
! ) h > L mm
: ] I/ \\ r
! ! I \
! " /I N "\ 6 mm
: ! / / N L e -1~
300 : : I’ -
275 : | /’
Al —r—AL=0
| ] [
) !
1 !
|
(. 861 kN/m?
1
200 T 778 KN/m? ———\
+ [} 2
1 | 861 kN/m
_\ (I AL
f1 e te| tl s
A AL
2 mm | )
2
100 2 500 kN/m
& L mm
Key .
X  time, min | |
Y  restraint force, kN 90 120 15:60 180 X
F  restraint force, kN 170
P load, KN/m2 | |
AL axial expansion, mm '

second order theory neglected
second order theory included

ISO 834 fire resistance test furnace heating conditions.

a
Thermal exposure is from below according to the standard fire resistance test.
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Figure 24 — Calculated restraint force F for a simply supported, concrete plate strip at different
permissible, axial expansion AL, followed by a complete restraint
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The methods referred to, simplified as well as the more accurate, for determining the mechanical behaviour
and load-bearing capacity of fire-exposed concrete structures do not include failures with respect to shear,
bond and anchorage, and spalling.

The risk of spalling occurring can be roughly estimated by design diagrams, based on comprehensive
experimental studies [161] or on theoretically derived failure criteria. Input data would include the compressive
stresses from the temperature gradient and the external loading, the tensile stress due to the vaporization and
migration of moisture, and the tensile concrete strengthl162]. There are also early theoretical approaches for a
principal description of the physical processes causing the spalling[163l. [164]. [165] A recent world-wide review
of the current level of knowledge regarding spalling of high strength concrete at elevated temperatures is
reported in reference [166].

Figure 25, from an early Russian contribution by Zhukov[62] illustrates the stress distribution around a
propagating crack, initiating an explosive spalling of a fire-exposed concrete wall. The state of stress is
composed of the compresswe stress from the temperature gradient 5&, the compressive stress from the

external loading o¢, and the tensile stress due to vaporization and migration of moisture o,. The following
failure criterion is formulated

or |:1+_(0' "‘ac)} >fr (30)

or
where
Ji is the tensile strength of concrete in the surface of failure;
v is Poisson's ratio.

For g;, the following formula then is given:

_32mAT  Niwg (31)
Lpn (1_77:3)77,'3

where
n is the dynamic vapour viscosity;
AT is the temperature difference between the heated surface and the failure surface;
N is the quantity of pores in which vapour transfer occurs;
A is the thermal conductivity of concrete;

is the initial moisture content;

L s the latent heat of evaporation of water;

Pn is the vapour density;

s is the total porosity.

S

The important progress during the last years in modelling the heat and mass transfer in fire-exposed
structuresl!5], [108] to [110] has considerably increased the possibilities of developing a more complete and
accurate theory of spalling and an improved related design basis. An experimental program, described
summarily in reference [167], illustrates the difficulties in deriving a deterministic model for explosive spalling,
however, and highlights the need to consider spalling in a stochastic manner.
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Figure 25 — Stress distribution around a propagating crack, initiating explosive spalling
of a fire-exposed concrete wall

For shear, bond and anchorage, there are no validated calculation methods available for a structural fire
design (see reference [168]) presenting the state of the art and the need of further research. In a practical
design, it is therefore necessary to detail the structure in such a way that these types of failure will have a
lower probability of occurrence than the failures being dealt with properly in the designl169]. A first method of
design of steel and concrete composite beams with regard to the fire behaviour of shear connectors is
reported in reference [170], based on a comprehensive theoretical and experimental research program.

For fire-exposed load-bearing timber structures, the potential for an analytical modelling of the mechanical
behaviour and load-bearing capacity is more limited than for steel and concrete structures. Available
information on the strength and deformation properties is mainly based on results of tests with small
specimens, conditioned to different combinations of temperature and moisture content [39. [171]. Examples of
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the few studies performed on “full-size” specimens are presented in references [172] and [173]. Furthermore,
there are a few studies presented on the mechanical behaviour of wood subject to fire exposure with a more
general approach [174L1173]. However, at present, there is no analytical model developed for the mechanical
behaviour of wood describing the deformation process at simultaneous transient states of stress, temperature
and moisture. This limits the structural fire design normally to a determination of the ultimate load-bearing
capacity on the basis of simplified reduction factorsl7l: [23], [39], [42], [47], [59] A design method with respect to
lateral buckling of fire-exposed laminated wood beams is presented in reference [176].

6 Need for further development of calculation models and related computer
programs for structural fire design: Examples

In the preceding clauses, a general survey has been given of the state of the art regarding the different
internationally applied methods for a structural fire engineering design, of the characteristics of a
reliability-based approach to such a design and its inherent component uncertainties, and of the related
deterministic models for the fire exposure and the thermal and mechanical behaviour of the structures subject
to fire.

In this clause, some conclusions from this survey are drawn regarding the need for further development of
calculation models and related computer programs for a theoretical structural fire design. The need is
illustrated below by examples of fire research fields needing further work. Some examples refer to the
complete process of structural fire design, while others refer to individual components of the design process.
The examples do not pretend to cover completely the need for further developing calculation models and
related computer programs.

Of the fire research subjects compiled, the two on safety principles and levels of requirement and on
reliability-based structural fire design have the highest priority. Within 6.1, 6.2.1, and 6.2.2, respectively,
subjects are listed in order of priority.

6.1 Complete process of structural fire design

Examples for further development of the complete process of structural fire design include the following.

a) Safety principles and levels of requirement. to define requirements for fire-exposed load-bearing and
separating structures that are relevant to total fire risk scenario in buildings and to derive principles to
verify structural fire behaviour according to the modern safety approach used in qualified static design.
The principles shall be the following:

1) neutral with respect to structural material,

2) neutral with respect to method of verification (tests versus calculation, standard and other nominal
fire exposure versus simulated natural fire exposure);

3) formulated so that inherent uncertainties of input data and method of verification can be considered;
4) reasonably calibrated against existing practice.

b) Reliability-based structural fire design: to derive required values of the safety index, when using a FORM
approximation, and of the partial safety factors and the safety and frequency differentiation factors, when
applying the practical design format. In the present version of the Structural Fire Eurocodes, all partial
safety factors are put equal to unity, which is not satisfactory. An example of a temporary improvement is
given in the Swedish National Application Documents for the Eurocodes!!’7]l. In these documents, the
partial safety factor in the fire design for the mechanical material properties yy 5 is differentiated with

respect to the type of structural material according to the formula

M= XXM (32)
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where
r=08

ym 1s the value of the partial safety factor for the respective structural material in normal design.

The task includes sensitivity and uncertainty studies of the complete design process as well as of its
components.

To draft standard guides and develop means for evaluating the predictive capability of calculation models
dealing with the fire exposure and the thermal and mechanical behaviour of load-bearing and separating
structures subject to fire, and for documenting related computer software.

To develop computer programs for the complete fire design process, integrating fire exposure simulation,
heat transfer simulation, and simulation of the mechanical response for different types of structural
applications[142],

6.2 Main components of structural fire design

6.2.1 Fire exposure

Examples for further development of the main components of structural fire design with respect to fire
exposure include the following. f

a)

b)

c)

f)

h)

To improve the information available and to build up an international data base on the rate of heat release
of different fire load components in compartment fires.

To critically review the design fires available and evaluate their applicability and limitations for structural
fire design.

To improve the knowledge on flames and hot gases emerging from the openings of the compartment and
the related fire exposure on external load-bearing structures.

To develop a simplified design basis for local fires.

To further develop CFD-modelling of the fire process and the related exposure on the load-bearing and
separating structures with special priority to large compartments and compartments of complicated
geometry, including decisive preflashover fire exposure.

To improve the understanding of the influence of fire-generated pressures on the ability of a separating
element to contain a fire (maintain integrity), which, in turn, will allow the heat flow through permeable
elements to be modelled, e.g. roller shutters, lift doors and dry wall construction.

To improve the design basis with respect to the role of glazings for the development of preflashover and
postflashover compartment fires and related fire exposure on the structures.

To improve the information and design basis with respect to different types of integrated or subsequent
exposures, for instance:

1) interaction of fire development and fire extinguishment{178], and interaction of fire development and
structural failure, which are combinations occurring simultaneously, and

2) combination of explosion and fire exposurel'79 and combination of earthquake and fire
exposurel180] which are events occurring in sequence.

6.2.2 Thermal and mechanical behaviour

Examples for further development of the main components of structural fire design with respect to thermal and
mechanical behaviour include the following.
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a) To further develop calculation models for the inter-related heat and mass transfer under fire exposure,
including the pyrolysis and charring of combustible structural materials; to make the connected computer
programs more user-friendly; to improve the information available; and to build an international database
on the input material properties required.

b) To improve the theory and criteria of spalling of concrete and other cementitious materials subject to fire
exposure.

c) To develop calculation models for predicting the residual state after fire and the post-fire structural
behaviourl1411.[1511,[181] to [184]

d) To improve the calculation models for instability failure and connected second-order phenomena for
fire-exposed slender and/or thin-walled structures with respect to torsional buckling, torsional-lateral
buckling, local buckling, and overall, integrated buckling.

e) To improve the material models for the mechanical behaviour at elevated transient temperatures,
formulated so that they are independent of a type of load-bearing structure and based on input
information received from functionally well-defined material tests. The present state of knowledge is
unsatisfactory regarding validated models for aluminium and concrete, especially for multi-axial stress-
strain conditions. There is no calculation model available for the mechanical behaviour of wood under fire
exposure, describing the deformation process at simultaneous transient states of stress, temperature and
moisture.

f) To develop more practically adapted fire design methods for large and/or complex, two- and three-
dimensional frames, having internal and/or external restraints to axial elongation and/or rotation of
individual members due to heating.

Further research work is required to develop calculation models and related computer programs to assess the
following conditions:

— fire behaviour of structural members under transversally and longitudinally non-uniform heating;
— failure of fire-exposed concrete and composite structures with respect to shear, bond and anchoragel168l;

— fire behaviour of joints and connections for different types of fire-exposed structures and structural
membersl185] to [187]

7 Need for fire tests to determine input material data for structural fire design

In presenting the state of the art of internationally applied methods for a structural fire engineering design and
related models for fire exposure, and thermal and mechanical behaviour of structures subject to fire, the
importance of having access to input material data has been stressed. These data, required for the design,
are received from functionally well-defined material tests. As the material properties that are measured
frequently depend on the test method used, it is necessary that the test results always be accompanied by an
accurate specification of the test conditions applied.

In this clause, the material properties, required as input data for a computational structural fire design, are
identified and commented on with respect to available test methods for their determination. Conclusions are
drawn regarding the need for internationally standardized fire tests to obtain these input material data,
focusing on thermal and mechanical material properties. When evaluating the quality of relevant tests and
prescribing the accuracy required of the test results, it is important to have the uncertainties of the design
process, illustrated in Clause 5, as background.

7.1 Properties related to fire load density and fire exposure
The definition of fire load density introduces these properties:

a) net calorific value of the combustible materials H, and
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b) degree of combustion of the combustible components of the fire load z.

The solving of the energy and mass balance equations of the compartment fire requires information on these
properties:

— net calorific value of the combustible materials H,
— combustion enthalpy, developed per unit mass of air, for the combustible materials H/r;

— rate of heat release, RHR, versus radiation or heat flux exposure level, for the combustible items in a fire
compartment (the term j. );

— specific heat capacity of the combustion gases < (the term 5,);
— emissivity of flames and combustion gases (the term ) ;
— thermal properties of the structures bounding the fire compartment (the term 5, ), as dealt with in 7.2;

— the fraction of enthalpy release outside the fire compartment.

Means available to determine the properties listed above are bench-scale reaction to fire tests, such as the
ISO cone calorimeter, ignitability and surface spread of flame tests; simplified full scale tests, such as the ISO
room/corner fire test for combustible linings and the corresponding test for furniture; and analytical and
numerical models for transferring data from bench-scale tests to the full-scale compartment fire[188]to [191],
The net calorific value H can be determined by the bomb calorimeter test, according to DIN 18230 at specific
combustion conditions.

7.2 Thermal material properties

The solving of the equations of transient heat flow to and within a fire-exposed structure, Equations (26) to
(28), requires information on these properties:

a) emissivity ¢ of the fire-exposed surfaces of the structure;
b) thermal conductivity £ of the structural materials;

c) specific heat [ of the structural materials;
d) latent volumetric heat due to phase changes at various temperature levels /; of the structural materials;

e) rate of internally generated heat per volume Q in the structure.
For structures of combustible material, additional information on the rate of charring is required.

It is necessary that the properties be known as a function of temperature for the heating, as well as the
subsequent cooling-down phase, of the compartment fire.

Examples of available tests to determine thermal conductivity, specific heat and thermal diffusivity are the
variable state curve-fitting method, the heat pulse methods, the periodic temperature method, the radiation
method, the constant rate of temperature rise method, the furnace method, the transient plane source method,
and the differential scanning calorimetryl1911t0 [193]. For determining the rate of charring, refer to the methods
presented in references [14] to [16].

The different tests mentioned to determine thermal conductivity, specific heat and thermal diffusivity have
been compared in the projects described in references [192] and [193]. As a result of this study, the transient
plane source method (TPS), combined with an electrical furnace for heating the samples to prescribed
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temperatures, is recommended for further development towards automatization and future adoption as a
standard test. The method has the advantage of producing information on thermal conductivity and thermal
diffusivity, and hence also on specific heat, in one single measurement.

A more advanced approach, consisting of a solution of the inter-related heat and mass transfer equations, as
illustrated in references [15], [108] to [110], requires access to information on a considerable number of
additional properties:

— permeability of the structural materials;

— diffusion coefficient of adsorbed water and vapour in the structure;

— void fraction of the structure;

— equilibrium water content in the structure;

— crystalline water content in the structure;

— reaction rate and heat of reaction in the process of pyrolysis for structures of combustible materials;

— heat of reaction of oxidation at the surface of structures of combustible material; and

— specific heat and dynamic viscosity of water vapour and volatile pyrolysis products.

As concerns the more immediate need for internationally standardized tests for getting the thermal material
input data required for structural fire design, it is reasonable to limit the development of such tests to the
properties of thermal conductivity, specific heat, thermal diffusivity, and rate of charring for combustible
structural materials. The next step would be to include tests to determine additional material input data
necessary for a more advanced structural fire design. These data would be based on the inter-related heat
and mass transfer equations and would require very extensive pre-standardization work. It should be noted
that many of these properties may depend upon other effects, such as mechanical degradation, e.g. cracking,
spalling, etc. Therefore, the development and standardization of suitable methods should aim at measuring
the effective (gross) values under fire conditions.

7.3 Mechanical material properties

A transfer of the transient temperate and moisture states for fire-exposed structures and structural members
to the ultimate load-bearing capacity of a structure requires information on one or several of the following
mechanical material properties:

a) compressive strength;

b) tensile strength;

c) shear strength, including strength of shear connectors;

d) torsional strength;

e) for reinforced structures, strength with respect to bond and anchorage, as a function of temperature and,
when relevant, stress history.

For a determination of the deformation behaviour and the ultimate load with respect to instability failure of
fire-exposed structures and structural members, additional information is required for these properties:

— modulus of elasticity;

— stress-strain relationship;
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— steady state and transient creep;

— steady state and transient shrinkage;

— thermal expansion;

— relaxation,

as a function of temperature, and, when relevant, time and stress history. See Equation (29).

As described in 6.3, the fundamental parameters in available test methods for determining mechanical
material properties at elevated temperatures are: the heating process, the application and control of the load,
and the control of the strain. Depending on how these parameters are specified, different testing regimes are
defined according to Figure 200123]. [125] As the material properties measured depend on the test method
used, it is necessary, as has already been stressed, that the test results always be accompanied by an
accurate specification of the test conditions applied.

In the RILEM reports[125]. [148] comprehensive surveys are presented on mechanical properties of steel and
concrete under high temperature exposure (see also reference [44]). These surveys cover practically all
mechanical material properties, listed above. There is a strong need for a similar survey on the mechanical
properties of wood. For concrete, a corresponding survey on testing at high temperatures is given in the
RILEM reportl193]. In this report, existing test procedures are evaluated and test equipment is illustrated. Also
included are guidelines for sample preparation, test conditions, and test procedures with reference to different
mechanical material properties.

The most pronounced need for internationally standardized tests for mechanical material properties at
elevated temperatures concerns compressive and tensile strength. Preference should be given to transient
state tests, as this type of test is more representative of real fire exposure on structures and structural
members than steady state tests. The next priority is to develop an internationally standardized package of
tests to determine the strain components according to Equation (29), thermal strain, instantaneous
stress-related strain, creep strain and transient strain. These tests would produce the input data on the
mechanical fire behaviour of structural materials that is required for the models.
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