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Preface

To increase the gain from costly fire experiments and to facilitate engineering calculations of material
performance in case of fire, there is an essential need for careful experimental design and proper
characterization of material fire properties. In light of this necessity, the ASTM E1591 standard guide
[1] provides a compilation of key material fire properties and explains how they may be obtained in
consistence with modeling capabilities. Moreover, an engineering guide developed by the Worcester
Polytechnic Institute (WPI) [2] provides detailed description of different pyrolysis modeling techniques
and makes very useful recommendations on how to arrive at required material properties in
accordance with the underlying assumptions in the models.

The present document aims to supplement the aforementioned guides by providing simple guidelines
on practical aspects of the experimental procedures and preparations for reaction to fire tests in
particular, and how to extract useful data from fire tests in general. Essential requirements for
quantifying the fire characteristics of materials are identified, including recommendations on how to
select and characterize the sample materials, what testing techniques to adopt, and which
measurements to opt for. It is noteworthy that in some sections, focus is made on specific materials
such as wood or polymers because of their relevance and importance, but generally the provided
guidelines apply to other combustible materials as well, unless stated explicitly otherwise.
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1. Why test for reaction to fire?

The first step for identifying and quantifying the basic fire properties of construction materials or
products is testing their reaction to fire. This type of testing helps evaluating the contribution of a
product to the early stages of fire development, in terms of ease of ignition, energy release, production
of smoke and burning droplets, and flame spread. All these factors in turn determine how appropriate
it is to use different materials in new designs, for example in a high-rise building. This is particularly
vital for ensuring life safety, e.g. in terms of timely evacuation.

The tests relating to reaction to fire tend to be smaller in scale than fire resistance tests, described in
EN 13501-2 [3], which is mainly aimed at assessing the capacity of a structure or system to resist the
passage of fire from one distinct area to another.

One of the main drivers of reaction to fire testing is compliance with the building regulation
requirements, although insurance firms or other relevant authorities may request a better reaction to
fire performance to be achieved. Moreover, manufacturers carry out reaction to fire testing in order to
design superior products that can compete better on the market.

Assessment and validation of fire modeling codes is another main driver of reaction to fire testing, as
being able to make reliable predictions of fire performance through modeling reduces the number of
fire tests required to achieve a certain design goal. In this regard, a balanced assessment of the fire
modeling codes requires collection of data through extensive measurements via appropriate means
and techniques. These testing essentials are summarized in this guide.

2. How to choose the samples?

To the extent possible in a test method, it is essential that the samples reflect the end-use conditions.
Correspondingly, several factors need to be considered for preparation of the samples, including:

e Sample composition
e Sample size

e End-use function

e Material variations

These factors are reviewed briefly in the following sections.

2.1.Sample composition

In the case of composite or multilayer materials with substantial non-homogeneous components,
separate tests are needed for each component. For instance when determining the gross heat of
combustion, a powder sample of approximately 1 gram is required for each layer [4]. In case of more
uniform multilayer materials, such as plywood (see Fig. 1), the sample may include all the layers.
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Fig. 1: A plywood sample, as an example of a multilayer material

If the material is to be coated or have varnishing of any kind applied to it upon use, such as regular
paint, intumescent paint insulation or any fire retardants, the test sample is best to have the same
coating applied to it. This is because the surface properties are very influential on how the material
responds to different types of thermal attack (conduction, convection, or radiation).

2.2. Sample size

First and foremost, it is important for the sample to reflect the thickness of the material as in the end-
use conditions as closely as possible. This is essential because the thickness defines whether the sample
will behave more closely as a thermally thin or a thermally thick material. A thermally thin material is
assumed to develop a uniform temperature throughout its bulk, while a thermally thick material is
assumed to behave as a semi-infinite solid.

Depending on the type and scale of the desired test, the sample dimensions may be limited or take
different forms. In the case of standard testing, the sample size requirements are explained in the
related test guide. For instance, when using Thermogravimetry Analysis (TGA) [5, 6], the sample is
typically advised to be between 1 and 10 milligrams (see section 5.5.1), so it is most logical for the
sample to be in powder form to provide ample surface area. Powder samples, in particular, must always
be prepared carefully. If the material is a composite or a multilayer product, the different compositions
or layers may have to be considered proportionally or separately (see section 2.1).

2.3. End-use function

It is critical to identify which section of the material needs to be tested based on where the material is
used. In other words, it is necessary to consider the function of the material or product as a component
in relation to the larger system. For example, the component may be part of:

e Ceiling, floor or wall assembly
e Facade or cladding structure
e Joint systems
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Correspondingly, if the material to be tested forms part of a ceiling, floor or wall assembly, the sample
should contain a section of the material that is exposed and visible.

In the case of a facade or cladding, external surface flame spread must be considered, and if relevant,
cavity fires behind the assembly must also be considered. Moreover, the sample needs to include the
entire sandwich assembly, and most preferably be tested from both the surface and the back sides.

With the same logic, if a joint system is to be tested, the outer sections and those parts most vulnerable
to failure due to fire must be included in the samples to be tested.

2.4. Material variations

Intrinsically, materials or products to be tested for reaction to fire exhibit variations in their physical
and chemical composition and structure, depending on their production conditions, moisture and
organic content, etc. Even so, samples taken from a single source tend to show lower levels of such
variations. Hence, if repeatability of the fire tests is an issue, it is important that the samples are taken
from the same source.

In the case of commercial products, note that normally a certain amount of material is produced as
part of a single batch, i.e. a fixed material quantity processed simultaneously as part of one operation.
Therefore, samples taken from a single batch normally feature less material variation, whereas samples
taken from different batches may indicate more variations relative to one another. Hence, if
repeatability of the fire tests is a matter of concern, it is important that the samples are taken not only
from the same source but also from the same batch. The samples shall also be free of any contaminants,
especially in tests with small samples.

With the same logic, in order to analyze the influence of material variations on the results of a fire test,
several material sources and batches must be considered, with a few samples from each batch.

In case of fire retardant treated materials, the evenness of treatment distribution should be taken into
account as well. For instance, an impregnated wooden panel can have higher concentrations of fire
retardant at its edges, thus the edges should be sawn away and samples should be taken from the
middle of the panel when possible.

3. How to characterize the sample material?

Little can be learned from a fire experiment if the sample material is not characterized properly. In
particular, future analyses may be highly reliant on information such as sample geometry, density of
virgin and char, thermal inertia and so on. The following sections provide brief guidelines on how to
perform this characterization.
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3.1. Sample geometry

The exact dimension and shape of the sample must be characterized, including thickness, width, height,
whether the sample is square, round, multilayered, etc.

For better clarity and for future consideration, it is recommended that several pictures are taken from
the sample from different view angles.

3.2. Density

Density can be determined by measuring the mass and dividing by the volume of the sample. For
volume estimation, the following methods are used conventionally [7]:

e Method A—Direct Measurement
» When the sample is regular in shape with smooth surfaces and right-angle
corners, the volume can be determined by linear measurement.

e Method B—Water Immersion
» When the sample is irregular in shape or has rough surfaces, the volume can
be determined by measuring the volume (or mass) of the water displaced as
the sample is submerged in a container (on a balance).

e Method C—Flotation Tube
> For an elongated sample of uniform cross section, the volume can be
determined by measuring the volume of the water displaced as the specimen
is submerged in a graduated tube.

e Method D—Forstner Bit
» For elements such as logs from which it would be difficult to saw a flat sample,
a fixed volume can be extracted using a Forstner bit.

e Method E—Increment Core
» Atechnique used for standing trees, but also suitable for logs, poles or other
structural elements, which involves extraction of a fixed volume using an
increment borer.

e Method F—Water Immersion for Chips
» Specifically for chips of wood or similar materials, involving submerging 300-
350 grams of the chips for an hour, draining and centrifuge at 800 to 1200
rpm for 1 to 4 min, after which a water displacement measurement is made
using a water container on a balance and a free hanging chip holder.
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A more recently used nondestructive method for determining density of irregularly shaped samples is
3D scanning. This can be done using various techniques, such as industrial Computed Tomography (CT)
scanning with X-ray [8] or structured-light 3D scanning based on light projection [9].

The temperature dependence of density can be determined using Simultaneous Thermal Analysis (STA)
as in [10], with mass changes monitored using thermogravimetric analysis [5] and dimensional changes
monitored using Dilatometric Analysis [11].

3.3. Thermal inertia

Thermal inertia is a convenient measure of how fast a material heats up when exposed to heat. In
essence, the thermal inertia of a material is the product of its thermal conductivity (k), density (o), and
specific heat capacity (C,). Therefore, the thermal inertia can be determined by measuring each of these
three parameters separately, or, it can be determined effectively based on a time-to-ignition data
analysis.

The procedure for conducting a time-to-ignition data analysis is described in detail in the engineering
guide developed by WPI [2]. Most conventionally, the apparatus used for this purpose is a cone
calorimeter [12], or a Fire Propagation Apparatus (FPA) [13]. Alternatively, a LIFT apparatus [14] can be
used. As part of the analysis, it is required to obtain the critical heat flux for ignition (see section 3.4)
and times of ignition under a representative range of incident heat fluxes (typically between 15 to 75
kW/m?).

3.4. Critical heat flux

The lowest heat flux capable of heating the surface of a material to its ignition temperature is known
as the critical heat flux. The knowledge of this parameter is essential for engineering calculations and
ignition data analysis.

A bracketing technique can be used to determine the critical heat flux. This technique requires
conducting multiple ignition experiments at gradually decreasing heat flux levels until no ignition occurs
after a reasonably long period (of the order of 30 min [12]). Heat flux decrease level of 5 to 10 kW/m?
between each two experiments is recommended initially, while this needs to be refined to 1 to 2 kW/m?
when approaching the critical value of heat flux.

3.5. Surface temperature at ignition

The surface temperature at the time of ignition is commonly assumed to be characteristic of the
material and is considered vital for engineering calculations [15]. This parameter remains reasonably
constant at heat fluxes higher than 25 kW/m?, because the sample continues to behave as an inert solid
under such heat fluxes up until ignition [2].
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Fig. 2: Surface temperature measurement using a butt-welded thermocouple: the thickness of the
thermocouple wires (shown in green and yellow) is recommended to be on the order of 0.25 mm.

The surface temperature at ignition can be obtained directly using a fine thermocouple, recommended
to be 0.25 mm thick and butt-welded (commercially available), as shown in Fig. 2. Thicker
thermocouples, or those welded with a bead, are not recommended because of their noticeable
radiation absorption and response delay.

As an alternative to a direct thermocouple measurement, one can use time-to-ignition data analysis to
obtain an estimate of the surface temperature at ignition [2].

3.6. Pyrolysis temperature

Pyrolysis is the simultaneous chemical and physical change of a solid that provides the gaseous fuel
feeding the flame burning over a solid fuel [16]. This is considered to happen in a relatively narrow
temperature range for most construction materials, with the chemical reactions accelerating as the
temperature increases. Taking wood as an example, this increase is especially rapid between 200 and
400°C. This fact has led to the introduction of the concept of a pyrolysis temperature [17], i.e., a set
temperature at which pyrolysis is assumed to take place instantaneously. In the case of wood, the
pyrolysis temperature is commonly assumed to be about 300 °C.

Assuming a fixed pyrolysis temperature is a simplified modeling approach, implying that pyrolysis is
solely governed by heat and mass transfer, while in fact chemistry plays a significant role too [17].
Consequently, state-of-the-art modeling practices tend to consider the underlying chemistry instead,
namely in terms of one or several reactions with appropriate kinetic parameters [18].

There are several ways to estimate the pyrolysis temperature, somewhat comparable to kinetic models
[19]. This may be achieved using thermogravimetric analysis by employing various heating rate levels,
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as in [20]. Alternatively, it may be approximated to be slightly lower than the piloted ignition
temperature. In that case, the pyrolysis temperature can be estimated either via direct measurement
of surface temperature at ignition, or via inverse modeling (see section 7.1).

3.7. Thermal conductivity

An effective thermal conductivity can be obtained most conveniently based on the transient hot wire
approach using a Heat Flow Meter Apparatus according to I1SO 8301 [21], or using a Transient Plane
Source (TPS) Apparatus [22, 23]. The more time-consuming steady-state approach constitutes using a
Guarded Hot Plate Apparatus according to ISO 8302 [24].

Note that effective thermal conductivity is not an intrinsic material property. Rather it is a specimen
property that may depend significantly on the sample thickness and testing conditions. Therefore, it is
recommended to be determined at conditions applicable to the end use of the material.

3.8. Specific heat capacity

Differential Scanning Calorimetry (DSC) [25, 26] can be used to determine the specific heat capacity
over a large temperature range, typically from 20°C to 800°C [27]. The sample is generally
recommended to be heated at a constant rate of temperature change of 10°C/min.

3.9. Emissivity

For the normal direction of propagation or incidence to the surface, the emissivity can be determined
using spectrometers [28] or other inspection meter techniques [29, 30]. For a total hemispherical
emittance, a vacuum emittance test can be used [30, 31].

3.10. Moisture content

The properties of wood and wood-based materials vary significantly based on moisture content. In
particular, moisture contents higher than 10% (dry basis) are important to be quantified.

The most standard and accurate method for determining the moisture content is the oven drying
method [32]. This requires a forced-convection oven maintained at a temperature of 103 + 2°C with
venting for evaporated moisture, and a balance to weigh the sample before and after drying. In order
to determine the moisture content with a precision of 1%, the balance is recommended to be accurate
to a minimum of 0.1% of the nominal oven-dry mass of the specimen [32]. That is to say, a 100 gram
sample should be weighed using a balance with a precision of 0.1 gram.

The moisture content is commonly expressed on a dry basis:

. Minitial — Mdried
Moisture content % = x 100 (1)
Maried
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where Mg is the initial sample mass and Mgyieq is the dried sample mass (determined when no
considerable change is noted in mass readings made every 4 hours). Thus, note that the moisture
content expressed on a dry basis can exceed 100%. For other methods of determining moisture
content, refer to ISO 13061 [32] or ASTM D4442 [33].

For large specimens, at least one representative sample may be cut for the determination of the
moisture content. In case of solid wood, if no sample can be cut, a moisture meter can be used
according to EN 13238 [34] or ASTM D7438 [35]. However, note that meter readings are to be corrected
for temperature and species, and are considered to be only approximate values.

3.11. Heat of combustion

The energy content of a combustible material can be quantified through its heat of combustion, defined
as the heat produced when a unit mass of the material is oxidized.

The total energy content of a material can be determined using an oxygen bomb calorimeter [4], using
which a known mass of the material is burned completely in adiabatic condition containing pure
oxygen. This is expressed either in terms of the higher heating value or gross heat of combustion, or in
terms of the lower heating value or net heat of combustion. The latter can be obtained by subtracting
the latent heat of vaporization of water (2.26 kJ/g) from the gross heat of combustion.

An effective heat of combustion is recommended to be obtained as well. This is in addition to the total
heat of combustion explained above, and can be obtained using a cone calorimeter [12], or an FPA [13]
in normal atmospheric conditions.

3.12. Combustion efficiency

In real fires, the energy content of the fuel is seldom released completely, because the combustion of
fuel vapors is incomplete and any secondary products or residuals are often not given sufficient time
or initial energy to oxidize. This is often expressed in terms of the combustion efficiency, i.e., the
effective heat of combustion divided by the total heat of combustion (see section 3.11).

3.13. Heat of gasification versus heat of pyrolysis

The heat of gasification of a material is the energy required to heat up its surface such that a unit mass
of the material is converted to volatiles. In contrast, the heat of pyrolysis is the energy released or
gained after a unit mass of the virgin material undergoes the pyrolysis reaction [36, 37]. In other words,
the heat of pyrolysis is equal to the enthalpy difference between the virgin material and the pyrolysis
products. If the material vaporizes completely after pyrolysis, the heat of gasification and the heat of
pyrolysis are equal, but if there is any leftover char, the two are not equal [38].
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The burning rate is often estimated in engineering calculations using the heat of gasification. As
proposed by Tewarson and Pion [39], the effective value of heat of gasification is the slope of the best
line fitting to a plot of net heat flux exposure against the mass flux of the volatiles. This method has
been discussed in [2] along with useful examples.

The heat of pyrolysis is used in contemporary fire models such as FDS [40] and FireFOAM [41], capable
of computing the development of pyrolysis within a solid material at elevated temperatures. The heat
of pyrolysis can be determined using DSC [25], or using Differential Thermal Analysis (DTA) with TGA
[5], by comparing the heating of a small sample against a reference material. Alternatively, inverse
modeling can be used to arrive at the heat of pyrolysis based on experimentally obtained data of
temperature and mass loss [42] (see section 7.1).

3.14. Heat Release Rate (HRR) and Mass Loss Rate (MLR)

Arguably the most important parameter defining the effects of a fire is the Heat Release Rate (HRR)
[43]. This is the rate of energy release, i.e., the mass loss rate multiplied by the effective heat of
combustion of the material. Thus, the heat release rate is not a material property, as it depends on the
fire environment and the combustion efficiency of fuel volatiles, among other parameters.

For the purpose of determining the HRR for small material specimens, the cone calorimeter [12] or the
FPA [13] may be used. In such cases, it is recommended that the mass loss is monitored using a scale
with an accuracy of £0.1 g or better. Subsequently, the mass loss or burning rate is recommended to
be calculated using differentiation schemes using five points or higher [12]. For larger specimens, the
furniture calorimeter [44] can be used, with sample weighing accuracy of at least +150 g.

The oxygen depletion method [45] may be used to calculate the HRR, assuming that bio-based
materials produce a nearly constant amount of energy, Eoz, per unit mass of oxygen consumed for
complete consumption. Eo; is considered to be approximately 13.1 MJ/kg. However, the use of this
general value for Ep; results in an expected error band of +5%. If the material is homogeneous and
exhibits only a single dominant pyrolysis mechanism, this uncertainty can be reduced by determining
Eo2 using the total heat of combustion (section 3.11) and the stoichiometric oxygen/fuel mass ratio of
the material from ultimate elemental analysis [46].

3.15. Smoke data

Smoke density and toxicity are highly important in evacuation problems. This is also a matter of interest
for evacuation modeling, e.g. using CFD software. The smoke density evaluation technique described
in ISO 5659 [47] can be used for measuring a wide range of toxic species, based on Fourier Transform
Infrared (FTIR) spectroscopy [48].
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3.16. Surface properties

Roughness, fissures, color, resin, knots and other properties of all sides and surfaces of the sample
material must be characterized, because these define how the material heats up when exposed to
different modes of thermal attack. Accordingly, it is important to take ample pictures of the sample.

3.17. Char properties

The fire behavior of a bio-based material depends significantly on its char properties. Thus, it is
important to characterize the residual char, just as the virgin material, to determine its density, total
heat of combustion, thermal conductivity, specific heat capacity, and emissivity.

3.18. Miscellaneous

If the material has been treated with a fire retardant, it is vital to note the used retardant quantity and
processing type (physical or chemical). This helps understanding what pyrolysis mechanisms and
gaseous products can be expected upon thermal degradation of the material.

The temperature dependence of some material properties such as emissivity and thermal conductivity
is possible to be monitored experimentally and to be included in engineering calculations. Hence,
where possible, it is highly recommended that the material properties are measured at representative
elevated temperatures.

It is also important to note the source ingredients of the sample. For example, engineered wood
manufacturers tend to use certain specific wood species to manufacture their panels. Accordingly,
characterizing the type of wood species used and the quantity of resin or other additives applied, can
provide a rough estimate of the thermal properties of the panels (e.g. for thermal conductivity
determination).

4. Which test to pick?

The characterization of material properties is possible with standard small-scale tests such as TGA [5],
DSC [25], cone calorimetry [12] and other similar tests presented in section 3, allowing to obtain the
basic parameters required for engineering calculations and numerical models in particular.

After characterization of the material properties, medium- or large-scale tests are needed for
understanding the behavior of the material in a more practical scale, allowing to capture effects such
as flame spread, melting, etc. This phase of testing also allows to validate numerical models which make
predictions based on basic material properties discussed in section 3. The main standard reaction to
fire tests available for these evaluations are described in Table 1.
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Table 1. Main standard reaction to fire tests for evaluation of fire properties in medium or large scale

Test method

Description and objectives

Lateral flame spread test

e 1SO 5658-2 [49]
e Medium scale (15 x 80
cm? samples)

A long sample is fixed on a substrate wall with its longer dimension oriented
horizontally and is exposed to a gas-fired radiant panel fixed with an angle of
15° with respect to the sample, while a non-impinging pilot flame at the hot
end of the sample serves as the ignition source. Visual observation is made
of horizontal flame spread rate, and critical heat flux can be calculated based
on the extent of horizontal flame spread.

Vertical flame spread test

¢ |SO 5658-4 [50]
e Medium scale

A vertical sample is exposed to a radiant panel, fixed with an angle of 30°
near the bottom of the sample, and a pilot flame serves as the ignition source
at the bottom. Vertical flame spread rate is monitored.

Single burning item test

e EN 13823 [51]

e Medium scale (150 x
100 cm? and 150 x 50 cm?
samples)

A long and a short panel are mounted perpendicular to each other to create
a corner, and a propane gas burner located near the corner serves as the
ignition source. The total HRR (kW) and smoke production rate (m?/s) are
monitored, while visual observation is made of flame spread and burning of
any falling droplets or particles.

External fire exposure to
roofs

e CEN/TS 1187 [52]
e Medium scale (100 x 40
cm? samples)

The material, in combination with its substrate, is mounted as a sloping roof
and exposed to different air velocities and supplementary radiant heat, while
a wood crib on the roof serves as the ignition source. Visual observation is
made of flame spread along the roof, and recording is made of the specimen
ignition time, as well as the time at which the flames die out. The ability to
withstand flame spread is evaluated in terms of the length of damaged
material in both the roof covering and the substrate.

Radiant panel test for
floorings

* |1SO 9239-1 [53]
¢ Medium scale (105 x 23
cm? samples)

The material is fixed as a horizontal floor and exposed to a defined heat flux
under a gas-fired radiant panel which is inclined at 30°, with a pilot flame
serving as the ignition source at the hotter end of the specimen. Visual
observation is made of flame spread along the length of the material, and
the propagation rate of the flame front is recorded.

Room corner test

¢ |SO 9705-1 [54]
elarge scale (360 x 240
cm? and 240 x 240 cm?
samples)

A surface product is mounted on the inside of a room with a single doorway,
covering the ceiling and all the walls except for the doorway wall, and a
propane gas burner located in one corner serves as the ignition source. The
total HRR (kW) and smoke production rate (m?/s) are monitored, while visual
observation is made of flashover, flame spread along the walls and ceiling, as
well as burning of any falling droplets or particles. Toxic gases can also be
monitored using FTIR [48].

Guide for Obtaining Data from Reaction to Fire Tests 12



5. How to conduct modified tests for special cases?

If the experiments to be conducted do not fall within the framework of a standardized test, the study
objectives must be defined clearly and be considered in the design of the tests. Accordingly, several
main factors are recommended to be taken into account which are discussed in the next subsections.

5.1. Fire scenario

Itis vital to identify the main modes of thermal attack in every particular problem at hand. For instance,
the case of a wall material placed in a vacuum or near-vacuum environment requires evaluation of
radiation heat transfer. In this particular fire scenario, convection or conduction are not very relevant
modes of heat transfer to the material.

Itis likewise essential to identify relevant patterns of heat flux exposure to be considered. For instance,
some fire retardants or intumescent paints perform best under short periods of high heat fluxes but
exhibit poor performance under long periods of lower heat fluxes (similar to early stages of fire
development). Thus, it is vital to investigate and characterize material response to both high and low
levels of heat flux magnitude and exposure times, representing various fire scenarios possible. Similarly,
both constant and varying heat flux scenarios are recommended to be considered.

Any special aspect of the case under study, such as air gaps, cavities, grid structures, flammable
substrates, vicinity to liquid fuels, and so on, need to be considered as well in the medium- to large-
scale fire scenarios to be tested.

5.2. Orientation of the sample

The orientation of material in its end-use condition is one of the most important factors defining how
the sample should be tested. For example, if the material in its final application is part of a facade, tests
must be performed with a vertically oriented sample to evaluate the material propensity for upward
flame spread. In such cases, the effects from the scale of the set-up need to be studied too.

5.3. Direction of thermal attack

It is recommended to consider cases where the material is exposed from sides or edges, if applicable
in the end-use conditions. In other cases, it is advisable to fix and wrap the sides using aluminum foil
and to use supporting insulation to prevent unquantified heat sinks.

Some materials possess different front and back properties, such that different ignition times or fire
classifications are achieved if the sample is tested with front or back exposed. This is particularly the
case if the material is anisotropic in nature. In such cases, it is important to take the final use of the
material into account and make design considerations preferably based on the results of both tests
with front and back exposed.
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5.4. Number of tests and repeatability

The total number of tests depends on the following main factors:

e Range of thermal attack
» A representative set of heat fluxes and modes of thermal attack needs to be
considered. For instance, for ignition data analysis with a cone calorimeter
[12], heat flux increments of 5 to 10 kW/m? are recommended between 15
and 75 kW/m?, while this needs to be refined to 1 to 2 kW/m? when
approaching the critical value of heat flux.

e Repeatability of findings
> Itis best to repeat important tests for several times to confirm findings. For
instance, FPA tests [13] are best to be performed for 3 times at any given heat
flux exposure, and average values are advised to be considered.

e Uncertainty and statistical analysis
» Just as tests are performed to confirm repeatability, it is also important to
establish a range of certainty for the outputs by having a reasonable
population of samples and tests. As part of a statistical analysis, a 95%
confidence level can be considered to establish certainty, assuming either a
t-distribution (when the number of tests is small) or a normal distribution
(when the number of tests is large).

e |nitial and boundary conditions

» To reduce the number of tests required for repeatability studies, such that
tests yield reliable data and are reproducible by other researchers, it is
important to fix the initial and boundary conditions of the tests and quantify
them as much as possible. For instance, the samples must be conditioned
before every experiment. Likewise, it is important to quantify heat losses
from the back or sides of the samples via temperature measurements. For
CFD validation, measurements of boundary conditions in the gas phase are
important, such as air flow or velocity, gas temperatures, etc.

5.5. Specific test considerations

5.5.1. Thermogravimetry analysis (TGA)
When conducting TGA tests, the following main items are recommended to be considered carefully:

e Sample mass
» TGA relies on the assumption that the sample mass is small enough to have a
uniform temperature evolution upon heating. In other words, thermal inertia
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should not affect the decomposition of the sample. Therefore, the sample
mass is recommended to be between 1 and 10 mg. Small masses are needed
at high heating rates (e.g. 2 mg at 10°C/min), while larger masses are needed
at lower heating rates (e.g. 10 mg at 2°C/min) [55].

Rate of temperature change
» The heating rate can affect the type of decomposition reactions happening
[56]. Typically, the temperature is increased at a fixed rate, between 1 and 60
°C/min, to a predefined maximum temperature (1000°C or higher).

Gas flow over the sample
» For most analyses, the gas flow rate should range between 10 to 100 mL/min,
but higher flow rates may be used for high heating rates.

Degradation mechanisms
» A single mass loss step may not always correspond to a single-step
degradation mechanism [55]. In order to identify any overlapping
degradation steps, tests at different heating rates must be conducted.

5.5.2. Differential scanning calorimetry (DSC)

The following main items are recommended to be considered carefully for DSC tests:

Sample mass

» Much like TGA samples, DSC samples are required to be small (see section
5.5.1). As a rule of thumb, the sample mass times heating rate should not
exceed 100 mg °C/min [55]. For kinetic studies, sample masses as small as 1
mg can be sufficient. If the mass loss is very small, i.e. less than three times
the standard deviation of the noise in a blank signal (in a test with an empty
pan), the sample mass should be increased to at least 10 times larger than
the aforementioned standard deviation in order to allow for reliable
measurements. Furthermore, note must be taken that at high heating rates,
the heat flow increases proportionally to the heating rate. As a result, it is
required to choose an appropriate sample mass by analyzing a series of tests
with decreasing sample masses [55].

Heating rate
» For materials which could melt, the reaction kinetic parameters applicable for
the liquid state may be different than those applicable for the solid state. In
such cases, two different sets of kinetic parameters may be determined,
namely, one for the solid state based on experiments below the melting
temperature with very slow heating rates, and another for the liquid state
based on tests above the melting temperature with regular heating rates.
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5.5.3. Cone calorimeter

In addition to the general requirements of 1ISO 5660 [12], especially for the purpose of studying the
charring of timber [57-59], the following recommendations could be taken into account:

Irradiance levels within the range of 50 — 75 kW/m?, with an incident heat flux level of 50 kW/m?
during the first 20 minutes and any heat flux rising done afterwards, yields results comparable
to furnace test results during the first 30 minutes [60, 61].

Temperatures can be recorded using thermocouples to detect the start time of charring and to
determine in-depth temperatures throughout the test. Thermocouples should be inserted
horizontally to follow the isotherms, and be fixed at points along the center line of the specimen.
The charring rate can then be determined by examining the residual cross-section.

A better agreement with the temperature measurements recorded in furnace tests could be
achieved if the specimen is fixed at a height closer to the cone heater. Similarly, higher irradiance
levels match more closely with the fire exposure in fire resistance tests [62].

Despite the stated limitation of 0.05 m for the sample thickness in 1ISO 5660 [12], studies show
that it is feasible to use a cone heater to investigate the performance of materials with a
thickness of more than 0.05 m [57, 61].

Several limitations should be considered:

The small size of the specimen in cone calorimeter tests limits the examination of the material’s
physical and mechanical behavior, especially if the results are to be used for larger scale
predictions. In particular, it is not possible to directly determine the fall-off time of protection
material or self-extinction phenomenon [63].

The performance of a sample in the cone calorimeter depends on the test procedure and set-up,
including the ignition source, ventilation, irradiance level, temperature, and the geometry of the
specimen [64]. All aspects need to be considered when drawing conclusions. For instance, in case
of timber, the insertion of thermocouples, variability of timber sample density and the
orientation of its wood fibers may influence the test results considerably.

The small-scale tests cannot be a replacement for larger scale tests such as furnace or facade
tests, however a reasonable prediction is possible. For that purpose, it is important to consider
the differences between furnace and cone tests in terms of heat transfer and boundary
conditions, such that the cone test data is used appropriately.

5.5.4. H-TRIS

The Heat-Transfer Rate Inducing System (H-TRIS) [65] (shown in Fig. 3) is a novel medium-scale
apparatus developed as part of a collaboration between the University of Edinburgh and the University

of Queensland. This apparatus can control the time-history of radiant heat flux received at the surface
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of a sample in a highly repeatable way and at a cost lower than available with traditional furnace test
methods.

Not only can H-TRIS be used for controlling the time-history of incident radiant heat flux (e.g. constant,
varying linearly, etc.), but also it can be used for controlling the time-history of temperature
distributions within the tested sample as desired. This enables simulation of thermal boundary
conditions, such as those observed during a standard furnace test or those calculated using a fire model
(e.g. zone or computational fluid dynamics models).

!
/
Muotion Svstem I-II

Fig. 4: Pyrolysis machine: (1) Energy source carrier, (2) Propane connection, (3) CO; line, (4) Gas
burner, (5) Propane gas line, (6) Pick-up reel, (7) Slide rails, (8) Drive gear, (9) Conveyor belt frame,
(10) Conveyor belt tensioner, (11) Drive gear, (12) Nitrogen connection, (13) Base frame, (14)
Motor, (15) Control cabinet, (16) Rotary feet.
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5.5.5. Pyrolysis Machine

The pyrolysis machine [66] (Fig. 4), developed and built by Eberswalde University for Sustainable
Development, is a novel apparatus capable of producing targeted pyrolysis layers on wood surfaces in
a continuous process, partially automated and using different radiation sources. By varying the process
parameters on the machine (inert gas atmosphere, feed rate and treatment temperature), pyrolysis
layers with variable layer thicknesses and material properties can be reproducibly produced on
different deciduous and softwoods as well as on wood-based panels. In addition, the pyrolyzed test
specimens could be studied in terms of mechanical properties and the related hygric behavior.

5.5.6. Charring rate chamber

In the case of materials in the form of panels, a pre-heated charring chamber [67] can be used to
determine the charring rate with a radiant heat source of 2.4 kW power, diameter of 0.17 m. This
apparatus also allows determining the ignition temperature and weight loss of wood and wood-based
materials with partially limited air access. The tests can be conducted with panels in different distances
from the heater (from 0.05 to 0.25 m) and thermocouples can be used to monitor the temperature of
the sample. After the test, the charring layer can be collected from the central part of the sample to
estimate the char depth and the speed of charring (mm/min). Correlation with furnace tests (standard
and natural fire curves) needs to be investigated.

5.5.7. ASTM E69 and Mini Fire Tube (MFT) test methods

The ASTM E69 test method [68] (Fig. 5) is widely used for evaluating the effectiveness of fire retardant
treatment on the general combustible properties of wood and wood-based materials. This test method
is used to provide a relative measurement of flammability based on percentage of sample mass loss,
0,, CO and NO gas outputs, during a controlled fire exposure. In addition, other possible data include
rate of weight loss, time of flaming and after-glowing, increase in temperature, and maximum vertical
flame progress. The fire source is a gas burner with an outlet diameter of 9.5 mm and a flame height of
0.25 +£0.05 m. The sample dimensions are 0.01 x 0.02 x 1 m, exposed to the flame for a period of 4 min.
The test scale is not large enough to evaluate the suitability of a given treated product for building
construction, but it is a suitable method to use for purposes of development or as a quality-control test
during manufacture.

The Mini Fire Tube (MFT) test method [69] (Fig. 5) is an adopted and modified ASTM E69 method, with
sample dimensions of 0.01 x 0.05 x 0.10 m and a flame exposure period of 3 min. In this test, the
effectiveness of fire retardant treatment is evaluated based on the following formula:

W=10x (1-E/A) (2)

where W is the effectiveness of fire retardant treatment, E is the final weight loss after burning of the
treated wood sample (in %), and A is the final weight loss after burning of the source wood sample
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without treatment (in %). The fire retardant treatment is considered effective when W > 7.5 and the
sample must extinguish after 1 minute from the moment the fire source is taken away.

Fig. 5: Apparatuses of test methods of (a) ASTM E69 [68] and (b) MFT [69].

5.5.8. Limiting Oxygen Index (LOI)

The test method of Limiting Oxygen Index (LOI) [70] primarily was developed for plastics, but it has
been used to determine reaction to fire performance of wood and wood products as well, because
determining the oxygen index in this test requires a relatively small sample and yields a single numerical
value compared to other methods [71, 72]. This was also confirmed by White [73] that the test results
are a suitable indicator of the relative flammability of wood and wood products, and defined a related
flame spread index, FS/, as follows [73]:

FSI = —9.055 + 2687/LOI (3)

This test can be supplemented with TGA [5] and ASTM E69 [68] tests for more in-depth analysis [74,
75]. As shown in Fig. 6, the samples are oriented vertically on a sample holder in a glass chamber with
adjusted gas flow (oxygen and nitrogen mixture), based on the requirements of ISO 4589 [70] or ASTM
D-2863 [76]. Each sample is ignited with a flame and is left to burn downward. Subsequently, minimum
oxygen concentrations which would support combustion are recorded as LOl in percentage.
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Accordingly, a reaction to fire classification can be assigned to the material (see Table 2), although
correlation with European test methods and classifications needs to be investigated.

Table 2. Reaction to fire classification based on LOI [70]

LOI % Classification of Fire

<23 Combustible or Flammable Material

24-28 Limited Fire Retarded or Fire Resistant Material
29-35 Fire Retarded or Fire Resistant Material

impregnated non-impregnated
particleboard particleboard

Fig. 6: LOI testing of particleboard with and without fire retardant impregnation treatment [77].

6. What measurements to make?

As fire tests are often costly and time-consuming to perform, it is recommended to make
comprehensive measurements during every test. The following sections discuss the essential
measurements.

6.1. Initial and boundary conditions

For the possibility of future engineering calculations and modeling, it is vital to make measurements of
initial and boundary conditions during the test. Most essential measurements include:

e Ambient temperature, relative humidity and atmospheric pressure
e Time history of heat fluxes on the surface of the sample
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e Temperatures within and around the boundaries of the sample
e Flow conditions (temperature, flowrate, velocity, etc.) of incoming air and combustion gases
e I|nitial mass, geometry, temperature, and composition of the sample

6.2. Final conditions

It is often overlooked that final conditions provide very valuable insights about the fire properties of
the tested material. It is particularly important to note the final mass, volume, temperature, and
composition of the residual sample. Furthermore, any leftover char can be tested for its total energy
content (section 3.11) so that a more accurate prediction of HRR can be made for the raw material.

6.3. Visual measurements

Pictures of the sample, set-up and equipment, should be taken both before and after the experiment
from various angles. This is very helpful for future analysis and presentation of the test results.

Itis also essential to film the entire fire test, using a camera with high resolution and number of frames
per second, fixed properly on a tripod or a similar structure. This helps analyze the different parts of
the test, e.g. for ignition times, flame spread, and so on.

6.4. Other important measurements

Considering the limitations and scale of the specific apparatus at hand, the following measurements
are advisable:

e Changes in the mass of the sample
» It can be used to estimate the HRR based on the heat of combustion.

e Charring evolution through depth
» This helps determine the mechanical strength of load-bearing structural
elements, and can be used to calculate mass loss and HRR.

e Time to flashover
» Itis important for compartment fire scenarios.

e Delamination times and patterns
» When exposed to fire, some materials tend to delaminate [78]. This involves
mechanisms which play a significant role in material flammability and
structural integrity [79]. For instance, self-extinction of cross-laminated
timber in a compartment fire could relate to its initial delamination [63].
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e Oxygen calorimetry
» This allows determination of the HRR.

e Velocity of gases
» Flowrate calculations can be made based on gas velocities, and comparisons
can be made with CFD modeling results to assess simulation quality.

e Gas temperatures
» Temperatures in the smoke layer, or near important boundaries are useful.

e Pyrolysis and flame spread (front, height and length)
» This is an indication of material flammability that is important for prediction
of fire development both inside a compartment (on the walls, furniture, etc.)
and outside it (on the facade).

e Surface and in-depth temperatures
> This can be used for tracking of charring, ignition data analysis, and for fire
model evaluations.

e Heat flux distributions
» This constitutes an important boundary condition for engineering
calculations and assessment of modeling capability.

e Production of soot and composition of smoke
» Monitoring and predicting the toxicity level of smoke layer is essential for
assessment of time available for safe evacuations.

e Phase change behavior
» Melting or other material behaviors that significantly affect fire spread need
to be assessed and characterized to be able to make adequate engineering
predictions [80].

6.5. Timber considerations

Timber products (such as cross laminated timber and laminated veneer lumber) to be used as exposed
construction material for high-rise buildings has recently been a great area of interest with challenges
of its own. In this regard, the following characteristics are important to be quantified:

e Char fall-off
» Char fall-off is known to be linked with adhesive type. A temperature criterion
of 200°C has been regularly used [31, 81], but more data is required to
understand adhesive failure and the conditions required for char fall-off, for
both horizontal and vertical walls, to develop reliable correlations and
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guantify its impact on compartment fires. The most conclusive testing of char
fall-off has been the medium-scale furnace testing by ETH [11], showing the
impact of adhesive types with char fall-off using an 1ISO 834 standard fire [62].

e Debonding resistance of adhesives
» With the impact of char fall-off becoming more relevant to compartment
fires, there have been efforts to change the CLT manufacturing standards to
require use of adhesives that do not allow char fall-off when panels are
exposed to fire. Therefore, there is a need for quantification of the reaction
to fire of CLT adhesives in terms of their debonding behavior, preferably
through a repeatable small-scale test which could be standardized.

e Scaling effects
» A conclusive link is needed between small-scale and large-scale testing (e.g.
cone calorimeter versus furnace testing), such that important findings such
as conditions for char fall-off are repeatable and predictable (see [82, 83]).

e Charring rate variance with heat flux
» Researchers have been working in this area for decades [84-88], developing
correlations of how char rates will vary with applied external heat flux, but
there is a need for a uniformly adopted correlation.

e HRRversus location and area of exposed timber
» The fire growth in compartment fire tests depends on the location and
amount of fuel available, which needs to be quantified carefully.

e Fire protection materials
» Quantified data is needed on the effects of non-combustible coverings.

7. How to estimate unknown material properties?

Most of the material properties may be determined through direct or indirect measurements (see
section 3), but this may not be possible for all the properties, thus some unknown parameters need to
be estimated. This is particularly needed for some engineering calculations and fire modeling
evaluations.

7.1. Inverse modeling methodology

With sufficient experimental data, unknown material properties can be estimated based on inverse
modeling using a fire model, with the objective to obtain an optimized set of input parameters yielding
model results that closely fit experimental data (mass loss, temperatures, and so on).
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Figure 7 shows a schematic view of the conventional methodology that is used for estimation of
parameters based on experiments. Firstly, one should carry out tests to collect data. The main
experimental methods recommendable for this purpose are described in the next section. After the
initial experiments, a computational model is selected and then maximum and minimum ranges must
be identified and fixed for the input parameters to be estimated. Next, a simulation is performed using
a set of input parameters with values in the fixed range, and the error of simulation is determined by
comparing against the experimental results. As long as the error is larger than the expected error, the
values of the input parameters are modified by an optimization method (section 7.2). Thus, this process
will be repeated until an optimal set of parameters is obtained which meets the expected error margin
desired. Different experimental methods and conditions may vyield different optimization results
nevertheless.

Note that material properties estimated based on inverse modeling are in fact “model-effective
parameters” [89], meaning that they are likely model dependent. Hence, modelers should note the
techniques and model assumptions used for certain estimated parameter values, especially if they are
to be used in a different modeling software. For more information on this topic, the reader is referred
to [89].

Bibliography and experimental Computational Error analysis Numerical
analysis simulation optimization

Experimental tests. Data analysis I
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o : Comparison of Variationof the
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o
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computational Optimal setof
model parameters

Fig. 7: Schematic of methodology for estimation of parameters based on experiments
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7.2. Experiments for inverse modeling

One of the important decisions before estimation of parameters is to select a suitable experiment, i.e.,
where to apply the methodology described in the previous section (Fig. 7). Each test may provide
different features, so this selection should be considered carefully.

The literature features numerous fire experiments that are similar in nature but not suitable for
engineering calculations or modeling, as they often lack characteristic data such as temperature or
mass loss rate histories, i.e. the two most common quantities to validate models [90]. In this regard, it
must be noted that new measurements should always be guided by the need for models [91], and all
experiments should be reported with uncertainties and repeats [92].

7.2.1. Thermal Analysis

Thermal analysis is a branch of materials science where the properties of materials are studied as they
change with temperature, performed via several methods which are distinguished from one another
by the property measured. Regarding estimation of unknown material fire properties, the most
commonly used equipment may be TGA [5] and DSC [25]. Note that the samples in these tests are in
the order of milligrams.

The results of TGA tests can be used to estimate the kinetic parameters (activation energy, pre-
exponential factor and reaction order) by applying different methodologies like Ozawa [93], Vyazovkin
[94, 95], and Kissinger [96]. TGA and DSC analyses can also be performed simultaneously by the STA
equipment [10]. The design of each STA test should take into account the different boundary conditions
that are desired. STA allows to perform tests with different heating rates, oxygen concentrations,
sample holders (with or without pans), and mass of samples or gas flows. The influence of these
boundary conditions on the thermal decomposition of several polymers are analyzed in [10] and [97].

7.2.2. Bench-scale experiments

For the estimation of unknown material properties, performing bench-scale tests is common in fire
science. Commonly used equipment are FPA [13] and cone calorimeter [12].

In both FPA and cone calorimeter, the specimens can be tested in a horizontal (face-up) orientation or,
for material which do not melt, in a vertical orientation. An irradiance of 0 to over 100 kW/m? can be
imposed, although it can be argued that boundary conditions might be different at very high heat fluxes
due to heating up of the testing environment and atmosphere, thus it is more common to test at heat
fluxes lower than 75 kW/m?, especially in the case of cone calorimeter where the expansion of the
heating element can become irreversible after vigorous testing cycles. The HRR is determined by
measuring the flow of combustion product gases and performing oxygen depletion analysis [12], while
the mass loss is recorded simultaneously using a load cell.
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There are several differences in the set-up of FPA and cone calorimeter that could lead to observing a
different fire behavior for the same material, as discussed in [98]. Cone calorimeter has an electrical
cone heater, while the FPA uses halogen radiant heaters and surrounds the test sample in a quartz tube
so that the atmosphere around the sample can be varied. Moreover, the sample holder is square
(stainless steel) for the cone calorimeter, whereas it is square or circular (aluminum) for the FPA.
Additionally, the pilot used for ignition in the case of cone calorimeter is a spark, while for the FPA, that
is an air/ethylene flame. Furthermore, the heating source position is directly above the sample for the
cone calorimeter, while for the FPA it is on the side. Regarding the ventilation conditions during the
experiments, the main difference can be linked to the presence of air supply under the sample in the
case of FPA (200 liter/min recommended in the standard).

7.3. Model complexity, certainty and validation

For the results to be reliable, it is important to incorporate the appropriate level of model complexity.
A good rule of thumb [89, 90]: model initially with the simplest approach, and apply extra complexity
only when results differ from experimental benchmarks significantly. Therefore, the complexity of the
model should directly be related to the experiments [90, 92, 99-101]. In other words, a more
sophisticated model is justifiable only in presence of an increased number of experimental
measurements. The problems of adding complexity through inverse modeling are explained in [101],
and a well-defined methodology for model development has been recently proposed in [102].

Computer fire models such as Fire Dynamics Simulator (FDS) [40, 103] and FireFOAM [41] incorporate
complex kinetic models for computation of material behavior at elevated temperatures by considering
representative reactions that take place upon thermal degradation of the material. The uncertainty
presented by these kinetic models has to be taken into account during inverse modeling, e.g. via
sensitivity analysis of the results [104]. In addition to the model uncertainties, there are several other
factors that have a quantifiable influence on the inverse modeling results, such as the heating rate or
the number of data points considered in the tests [105].

After model-effective material properties have been estimated through inverse modeling, a validation
against a test with a different scale or with a different fire scenario should be performed [106, 107].
This extra validation evaluates the extrapolation capability of the optimal set of parameters obtained
with the methodology. If the predictions are made before the conduction of the experiments, the
practice is known as a priori [108], which is the more compelling validation approach. If the predictions
are made after the conduction of the experiments, the practice is known as a posteriori [92], which is
acceptable as validation only if the experiments have not been included in the model development
process [99]. That is to say, prediction of results of experiments already used in the model development
is not considered to be a proper validation.
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7.4. Optimization methods

7.4.1. Genetic algorithms

This optimization method has been widely used in the fire community to estimate input parameters
for fire modeling based on cone calorimeter test results [109, 110], TGA test results [111, 112] or TGA
and DSC test results [113, 114]. The genetic algorithm (GA) methodology solves both constrained and
unconstrained optimization problems based on a natural selection process that mimics biological
evolution.

7.4.2. Shuffled Complex Evolution (SCE)

The method of Shuffled Complex Evolution (SCE) has also been used widely in the fire community to
estimate unknown modeling parameters, e.g. using STA test results [115], TGA [116] or FPA results
[117] [33-34]. This method is based on a synthesis of four concepts that have proved successful for
global optimization: competitive evolution; clustering; combination of probabilistic and deterministic
approaches; and systematic evolution of a complex of points spanning the space in the direction of
global improvement.

8. Concluding remarks

A broad range of reaction to fire testing methodologies has been developed worldwide, aiming to
investigate the underlying physical and chemical phenomena that characterize the fire behavior of
construction materials. Reaction to fire tests provide a means to quantify the potential contribution of
the investigated material to fire initiation and fire spreading. The obtained test results are commonly
used either for material classification purposes, in the context of demonstrating compliance with
relevant national regulations, or to determine certain important physical properties. The latter
properties are necessary for the successful development and application of fire simulation models.
Depending on the desired measurements, reaction to fire tests may employ a wide range of scales (e.g.
sample sizes varying from a few mg to entire walls), temperatures (ambient to over 1000°C), heat
fluxes, heating rates, etc. As a result, special attention should be paid to the choice of equipment to be
used, because each device has specific features and requirements that need to be addressed. In this
context, the present work provides a set of guidelines, aiming to assist researchers in answering a series
of important questions related to reaction to fire testing, such as “how to choose and characterize the
sample” or “which reaction to fire test to select” and “what measurements to make”. In this regard, it
is noteworthy that the presented guidelines correspond to the current state of the art in the open
literature, thus certain pieces of information and guidance may have to be updated in the future to
match with the findings of prospective research efforts.
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