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AOSFST 2021 — 12 Asia-Oceania Symposium on Fire Science and Technology
The University of Queensland, Brisbane, Australia, 7-9 December 2021

THE NEED FOR COMMON TERMINOLOGY FOR FIRE SAFE DESIGN OF
TIMBER STRUCTURES

Joachim Schmid', David Barber2, Daniel Brandon?, Norman Werther*

ABSTRACT

Timber buildings are becoming more prevalent globally and engineers and approval authorities look for
suitable guidance to assist with construction. Researchers publish valuable papers on the fire safety of timber
and its use for the built environment, that are being used by the engineering community at a fast pace. It has
become clear to the authors that terminology specifically related to the fire safety of timber buildings is not
always consistent between published research, available guidance and engineering application. This can lead
to misinterpretation of published results and the applicability, potentially resulting in errors in engineering
design and approval. To assist the research, engineering and approvals community this paper identifies a
number of relatively commonly used terms and recommends definitions and guidance for use. The motivation
is that these definitions can be adopted and be improved for clarity when they are used for education purposes
or applied to the fire safety design of timber structures. Consistency in terminology use between researchers,
engineers and officials can only positively assist with the continued growth of timber construction.

Keywords: fire dynamics, structural timber, terminology, fire safety engineering, cross-laminated timber

1 INTRODUCTION

The fire safe design of timber structures has become of global interest. As new timber structures are planned,
research is published and innovative experimental testing is carried out, it gains global recognition. To enable
the desired future growth in mass timber construction, engineers and approval authorities are looking for
guidance on fire safe building design. Unfortunately, there are limited available resources, especially
addressing higher consequence class buildings such as high-rise or large occupancies and complex
construction. Researchers continue to publish valuable papers on the fire safety of mass timber and these are
being used by the engineering community at a very fast pace.

Through being directly involved with mass timber research, building design and constructed projects, it has
become clear to the authors that a number of missing links exist between published research, available
guidance, engineering application and fire safety requirements. This can lead to misinterpretation of published
results and the applicability of traditionally applied measures, potentially resulting in errors in engineering
design and approval. A relatively simple solution to assist the research, engineering and approvals community
1s to use common terminology, based on clear definitions. This paper identifies a number of relatively
commonly used terms in both research and engineering and proposes definitions for those.
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2  BACKGROUND

For traditional structural timber buildings comprising of a limited number of unprotected timber members, the
fire load introduced by the structure is considered negligible. However, where there is a larger area of exposed
timber surfaces and where the building may be highly occupied, has sleeping uses or is a mid or high rise
building, the traditional framework of fire resistance (60, 90, 120 min of load bearing resistance and
compartmentation, assuming a standard fire) may require re-evaluation. When large areas of structural timber
are exposed to fire it contributes to the fire dynamics. Consequently, the duration of the fully developed fire
and of the decay may change significantly while the maximum temperature may also exceed that of a non-
combustible enclosure. Depending on the construction products, the available movable fire load and the design
of the compartment, the compartment fire may go into decay or burnout. Alternatively, the fire may continue
until the structural timber elements are consumed and structural failure may occur if no firefighting
intervention is undertaken. Given this background and the interaction between structure and fire dynamics that
specifically occurs in buildings where structural timber is exposed, the methods of determining fire safety
objectives (performance goals) required by regulations, codes and standards is of utmost importance.

3 MOTIVATION FOR NEW DEFINITIONS

Understanding the fire dynamics within an exposed structural timber compartment and how that timber
influences the fire is a significant fire safety issue and is also complex. With a number of researchers globally
investigating timber fire dynamics and engineers, regulators and authorities taking up the most recent
outcomes, it has become clear that there is no common terminology in use, related to mass timber construction.
Examples of terms that are partly and inconsistently used include fire exposure, timber protection and
encapsulation, on-set of charring, fire (heat release) decay, fire burnout, self-extinguishment, delamination, to
list a few. With the lack of widely used definitions, these terms are applied to timber construction with variance
and of concern is that these terms are being used incorrectly within engineering application and approvals,
leading to potential safety issues or excessive requirements in construction. Without definition and the
inclusion of a corresponding pass-fail criteria, the performance goals can be confused and result in very
different fire design outcomes for these fire protection systems.

This paper aims to assist both the research and engineering communities by addressing a number of these
shortcomings in terminology definitions for application to structural timber. By providing suggested
definitions, this paper can aid those involved with timber building construction, including researchers,
regulators, authorities, engineers and suppliers. The authors encourage feedback and improvements with the
motivation being that these definitions would be adopted or improved for use globally and act as tool in a
global harmonization and education process, for the fire safe design of mass timber structures.

4 TERMINOLOGY AND DEFINITIONS

4.1 Thermal exposure and fire exposure

In fire safety engineering, thermal exposure, might be understood as the description of the heating scenario
[1] and is often used interchangeably with thermal loading, indicating the thermal conditions imposed to
surfaces or surroundings. In structural engineering, the correspondent term might be the variable wind load,
in that a demand is placed on the structure and an engineer needs to determine the structural response, or
capacity to resist the demand.

The origin of misunderstanding seems to be a problem of engineer’s perspective. From a building element
point of view, where a building element is any part of the physical building form, the thermal exposure might
be understood as the environmental conditions that lead to the heating of the building element produced from
a certain material, or assembly of materials. Thus, the problem could be based on the thermal properties of the
material only, which requires the consideration of the heat transfer within the solid (building element) due to
the heating of the surface. However, the problem could be further clarified to a typical problem of building
physics where the difference between an exterior and interior temperature would lead to a certain temperature
profile within a building element, including a certain transition resistance [2]. The simplified transition



resistance at the solid’s surface corresponds to the convective heat transfer and the radiative losses of the
building element surface, applicable in the normal and the fire situation.

From a fire dynamics point of view, the thermal exposure can be understood as the description of (1) the
environment including the imposed or external heat flux and the gas temperature and (2) the interaction of this
environment with the building element under consideration. The thermal exposure then comprises of the
convective heat transfer for the particular surface and a surface temperature in balance with the building
element (the solid) and the environment. The thermal exposure describes the applicable thermal boundary
condition. In nearly all fire safety engineering analysis the natural thermal boundary condition applies [3],
which is also referred to as mixed or third kind of thermal boundary condition.

Consequently, fire is not a thermal boundary condition. Based on the above discussion and in relation to timber
structures, thermal exposure alone is, however, not sufficient to allow full knowledge of the fire performance
of combustible building members. The similar but more general term, fire exposure, can also include non-
thermal aspects of a fire, such as the oxygen concentration. Schmid et al. describe the fire exposure as thermal
exposure and, additionally, the description of the gaseous environment near the combustible surface [5]. The
latter comprises the oxygen concentration and the gas movement considering its velocity and the degree of
turbulence. However, there is inconsistent use of both thermal exposure and fire exposure, and general
agreement on how these terms are expressed is lacking.

Recommendation

Therefore, a more general term, fire exposure, is proposed for use. The definition of the term fire exposure
needs to allow for replication of a fire exposure in different test setups, and also lead to the same consequences
for the structure. For that purpose, experimental simulations of compartment fires in a controlled setup [4]
indicate that (1) radiation temperature or incident radiant heat flux in combination with (2) oxygen
concentration, provide the most important parameters to describe fire exposure. Other parameters such as gas
temperature and convection conditions play a smaller role in a typical temperature range of a fire.

4.2 Timber protection (and / or encapsulation)

Applied fire protection to a building structure forms part of the measures to fulfil a fire safety concept
(see Figure 1) aiming to achieve one or multiple functions. Timber protection as defined in this paper is a
combination of boards, or wraps, or cladding or coverings that provide structural fire protection and work as
a system of components, together with their fixings for a particular substrate. Coatings such as intumescent
could also be a form of timber protection. Hence, timber protection may be reactive or passive, with typical
applied solutions being formed from mineral-based boarding or gypsum based boarding. For clarification, fire
retardant treatments to timber reduce or slow the ignition ability and flame spread at the surface, which is not
considered further here as a form of timber protection.

To enhance structural performance, the timber protection may delay the onset of charring (t.;) and reduce the

charring rate of the protected member. The goal of the timber protection may differ and can be installed to
protect the timber member for some initial period or prevent heating and / or charring during the entire duration
of the fire (growth and decay). Typically, timber protection that is fire rated achieves objectives described by
Phase 0 and Phase 2 (see Figure 2) and the timber protection is required to remain in place on the timber
member (stickability; tested according to EN 13381-7 [7]). On the contrary, non-fire rated timber protection
is assumed to fail through an increase in temperature behind the protection and eventually fall-off at the onset
of charring to the underlying member, followed by an increase in the rate of charring as described by Phase 3
and a return to nominal charring described by Phase 4. The benefit of both types of timber protection (fire
rated or non-fire rated) is a reduced charring depth for a certain fire duration.

A specific function that may be required by an engineer for the timber protection is described by the
encapsulation period (Phase 0). The aim is to separate the combustible structural elements from a potential
fire event through the full duration of the fire, therefore resulting in no change to the fire dynamics as a result
of the structural timber fuel. The encapsulation period may be required for the entire duration of the fire, and
this can be described by the K-classes [10]. The tested failure criteria are (1) discolouration of the substrate



(wood based board) behind the timber protection and its joints, (ii) discolouration at and near mechanical
fixings (screws, staples), (ii1) a temperature limit of the temperature rise (see Recommendation

The term timber protection refers to a system (or assembly) of boards / cladding / coverings / wraps that
includes the material type, fixings, joints and edge treatments. The performance of the timber protection needs
to be defined by the user, with pass or fail criteria, based on the type fire exposure and time. Encapsulation is
further defined with the inclusion of a pass or fail criteria, based on temperatures between the timber protection
and the timber substrate, on the basis of preventing of burnt or charred timber, determined when the timber
protection is exposed to a standard fire.

Table 1. Investigations have shown that discoloration around typical fasteners when fixed to solid timber or a
wood-based panel would not initiate a self-propagating smouldering reaction before reaching the critical
surface temperature, as measured by thermocouples [11]. Contrary to the European approach, the approach in
Canada focus is solely on the assessment of the mean and maximal increase of the temperature on the substrate
(AT <£250°C / 270°C), (see Recommendation

The term timber protection refers to a system (or assembly) of boards / cladding / coverings / wraps that
includes the material type, fixings, joints and edge treatments. The performance of the timber protection needs
to be defined by the user, with pass or fail criteria, based on the type fire exposure and time. Encapsulation is
further defined with the inclusion of a pass or fail criteria, based on temperatures between the timber protection
and the timber substrate, on the basis of preventing of burnt or charred timber, determined when the timber
protection is exposed to a standard fire.

Table 1. The afore mentioned fire tests follow the EN/ISO fire temperature-time curve [12,13] and the point
in time indicated in Figure 2 are valid for this assumption only. Phases 1 to 4 in Figure 2 are expected to occur
in other types of fires, but guidance is currently lacking.
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Figure 2: Charring (a) for initially unprotected timber and (b) for
applied timber protection. Modified from [9].

Figure 1: Elements of fire safety [8].

Stricter requirements for the temperature criterion encapsulation than in Europe have been recommended in
the UK through guidance published by the Structural Timber Association [12], with a temperature criteria
maximum of 200°C at the timber substrate. This lower limit is to ensure the prevention of any pyrolysis and
the release of combustible volatiles. The limit is not necessarily in line with material testing as shown in Figure
3 for a thermogravimetric (TG) analysis [15]. The derivative (DTG) shows the regions of the main
decomposition processes. For mass loss, a heating rate dependency occurs, whereby the faster the heating rate,
the more delayed is the pyrolysis. For 5°K/min (blue curve), the thermal decomposition mainly occurs between
250 and 390°C, whereas for 20°K/min this occurs until 420°C (red curve).
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Figure 3: TGA results for two heating rates.
Dehydration (dried samples), pyrolysis and oxidation
and char oxidation of pinewood. Curves taken from
[15].

Figure 4: Previously encapsulated cross-laminated timber (CLT)
surface after a parametric fire test in a compartment [16]

Recommendation

The term timber protection refers to a system (or assembly) of boards / cladding / coverings / wraps that
includes the material type, fixings, joints and edge treatments. The performance of the timber protection needs
to be defined by the user, with pass or fail criteria, based on the type fire exposure and time. Encapsulation is
further defined with the inclusion of a pass or fail criteria, based on temperatures between the timber protection
and the timber substrate, on the basis of preventing of burnt or charred timber, determined when the timber
protection is exposed to a standard fire.

Table 1: Encapsulation definition according to various standard documents

Criterion

Fire protection system according to
EN 1995-1-2 [17]

Encapsulation material,,K*
according to EN 13501-2 [10]

Encapsulation material
according to CAN / ULC S146 [18]

Limitation of
temperature
behind the timber
protection

End of encapsulation phase:
Temperature limit for t., (start time
of charring) 300°C

No exceedance of the initial
temperature by

- average temperature by more
than 250°C

- maximum temperature by more
than 270°C

No exceedance of the initial
temperature by

- average temperature by more
than 250 °C

- maximum temperature by more
than 270 °C

Exclusion of
burned or charred
material

Only at the surface (joints are
considered separately, fasteners are
not taken into account).

In the area of fasteners and joints

Not explicitly assessed

Fall-off / collapse
of the timber
protection (parts)

Time until the cladding falls off is
characterized by t¢

Fall-off or collapse (even of parts) is
not permitted.

Not explicitly assessed

4.3 Onset of charring

The onset of charring, also referred to as start of charring (e.g., in Eurocode, [9,17]), is often used as part of
the calculation of the fire resistance and used in combination with timber protection of a building member (
tcn). For example, the onset of charring can be used to determine the time of involvement of a structural timber
member that is encapsulated as a fuel in a compartment fire. In the majority of the cases, this is done for
standard fire exposure. The temperature criteria commonly used for the onset of charring is 300°C (CEN 2004)
It should be noted that the charring temperature in the US is rounded to 550 F (corresponding to 288°C). For
low heating rates, the charring temperature will decrease as the wood at surface undergoes a larger degree of
dehydration prior to exceeding 300°C.



For non-standard compartment fires, the use of the start time of charring (t.) is not straight forward, because

the exposure may differ significantly. The onset of charring with respect to compartment fire dynamics is
relevant for preventing or postponing the involvement of a member behind timber protection (initially) as it
transitions to a structural fuel. In addition, the onset of charring may be used for predictions of the structural
performance of timber in compartment fire conditions. Predictions of the onset of charring are commonly
performed using heat transfer calculations (e.g. [6]), based on the criteria of temperature and the ignition of
the timber behind the protection. As shown in Recommendation

The term timber protection refers to a system (or assembly) of boards / cladding / coverings / wraps that
includes the material type, fixings, joints and edge treatments. The performance of the timber protection needs
to be defined by the user, with pass or fail criteria, based on the type fire exposure and time. Encapsulation is
further defined with the inclusion of a pass or fail criteria, based on temperatures between the timber protection
and the timber substrate, on the basis of preventing of burnt or charred timber, determined when the timber
protection is exposed to a standard fire.

Table 1, discolouration (usually at the board joints) generally occurs before the temperature criteria of 300°C
is reached behind the timber protection.

Recommendation

The onset of charring (t.p) is the time a structural timber member becomes part of the fuel in a compartment
fire. The temperature criteria used for the onset of charring is 300°C.

4.4 Fire decay for timber compartments

Fire decay is relevant for non-standard fire exposure, i.e. where the assumption of the EN/ISO fire temperature-
time curve is not valid. The fire decay phase may be the longest stage of a fire event and is characterised
through an observable decrease in the available fuel to sustain the fire, or a change in available oxygen such
that no ventilation is provided. Traditionally for non-combustible structures, the fire decay can be determined
through comparison of the HRR when 70% of the movable fire load has been consumed, as suggested in [19]).

For a compartment that includes structural timber elements, the decay in the fire is of significance in the
determination of structural performance, given the timber structure is part of the available fuel (where the
timber is not encapsulated). For a compartment with significant areas of exposed structural timber, once the
moveable fuel is consumed, being the furnishings, fixtures and fittings, the timber structure may be the only
fuel available to contribute to on-going heat release and will significantly influence the fire decay. Hence, for
a compartment with exposed structural timber, fire decay may not occur directly after the consumption of the
majority of the movable fire load, compared with a non-combustible structure compartment. For simplicity, it
is recommended that the start of the decay phase is when the HRR reduces by a certain percentage, compared
with the peak; or reduces by an absolute value within a certain time, compared with the peak.

It should also be noted that after fire decay, there may be fire re-growth due to other causes such as changes
to ventilation (windows breaking to allow more), more fuel becomes available (failure of an internal partition
or door or timber protection) or potentially the CLT type (glue line integrity failure). The occurrence of fire
decay is not the same as fire burnout.

Recommendation

Fire decay is a characteristic of fire development where there is a decrease of the external and internal flaming
and a reduction in the compartment temperature and heat release rate after a previous peak or steady state
burning phase. Fire decay is a characteristic that may be useful to distinguish that part of the design from non-
cyclic burning or steady-state burning, thus, likely fire burnout should be used as a design goal rather than fire
decay. Fire decay can also assist in determining firefighting objectives, noting that successful outcomes may
be dependent on available equipment.

4.5 Fire burnout

Fire burnout may be required for some building designs to meet building regulations or codes, typically for
higher consequence class buildings such as high-rise structures. Burnout of a structure should not be
misunderstood as burn down (entire consumption of the structure). Fire burnout is not well defined for any
type of construction material. It can be described as the consumption of 90% of the movable fuel, or the decay



of the fire to an average compartment temperature of less than 200°C (where the 200°C is a “fire temperature”
which describes the thermal exposure comprising of the contribution by both the radiation and the gas
temperature). Fire burnout can also be defined through other criteria, such as moveable fuel (floor related)
maximum heat release rate density (e.g.5 kW/m?) or an acceptable heat release rate density (e.g. 25 kW/m?)
that may be considered applicable for firefighting attack. For these fire conditions, a likely burnout can be
stated but is dependent on the actual boundary conditions (ventilation, any smouldering and non-combustible
structure). It should be noted that smouldering and glowing combustion may still continue and will need to be
extinguished manually and corresponding measures should be developed and actioned as part of the fire
strategy. A pre-condition for enabling successful manual fire extinguishment of combustible components is
that the glowing or smouldering surfaces can be visually detected and reached by water (see below).

For timber structures, the burnout can also be defined based on the required structural performance of the
exposed (not encapsulated) timber. The fire burnout criteria can be based on determining when the temperature
in the timber members is below 100°C, taking into account thermal penetration and transient heating, given
elevated temperatures in the timber members will influence the load-carrying capacity. Fire burnout may also
not occur due to changes in the compartment and availability of fuel during the decay phase, such as increased
ventilation, failure of timber protection acting as encapsulation, CLT glue line integrity failure, as examples.
This type of change may result in regrowth of the heat release rate and potentially lead to another flashover
and a risk of cycling behaviour.

Recommendation

Where fire burnout is to be defined, this must be agreed between the design engineer and the approval
authorities, to meet the required structural performance, once the fire decay phase has occurred. Fire burnout
must be assessed with consideration given to the possible changes that could prevent or defer burnout
occurring, such as failure of timber encapsulation, changes to available fuel and the likely occurrence of
glowing and smouldering combustion. The criteria for burnout can be based on a minimum heat release rate,
minimum compartment temperature or maximum temperature being reached within a timber member.

4.6 Self-extinguishment

The term “self-extinguishment” (sometimes self-extinction or auto-extinction) has no generally accepted
definition. Despite this, it is often used as a performance goal by developers, regulators, building officials,
engineers and architects, where complete fire burnout is required to be shown for high consequence buildings.
Although not always clear, the definition of self-extinguishment in available literature differs significantly and
may address very different combustion modes (flaming combustion and / or smouldering combustion).

Self-extinguishment of smouldering combustion of wood was studied by Ohlemiller [20], Beyler et al. [21],
and Crielaard [22]. All of these authors expressed the identified extinction criterion in incident radiant heat
flux, varying between 5 kW/m? [22] and 10 kW/m? [20]. Both, Crieclaard and Ohlemiller, indicated the
extinguishment criterion changes with airflow.

Other researchers have focussed on extinction of flaming combustion or some moment in between flaming
extinction and smouldering extinction, which resulted in higher extinction criteria. Emberley [23] and Bartlett
[24] expressed the extinction criterion in mass loss rate (lumped for wood and char layer) per unit area and
found critical values in the same range (3.48 g/m?s to 3.93 g/m?s) and Bartlett found that this criterion was
insensitive to airflow. The external heat flux at extinction differed significantly in both studies, as a heat flux
limit of 30.1 kW/m? was in fire propagation apparatus tests by Bartlett and 44.6 kW/m? was found in the cone
calorimeter tests by Emberley. As the difference in heat flux was needed further research, it was recommended
by Bartlett to use the mass loss criterion for extinction of flames.

The compartment conditions when flaming self-extinguishment occurs, with temperatures in excess of 550°C
and radiant heat being received at the exposed timber walls or ceiling in the order of 40 kW/m?, which might
be used as an indicator of the start of fire decay. Reaching flaming self-extinguishment is not an indicator that
the fire will definitely decay, as fire development can have periods of limited decay and then regrow, due to
more fuel becoming available (see bond line integrity below).



Some engineers tend to use the term self-extinguishment to describe a room or compartment that has zero
combustion. However, the prevailing research definition for self-extinguishment of timber does not describe
a compartment where the fire has decayed so that it reaches ambient temperature, nor does it mean the exposed
char layer on structural timber has stopped all combustion. Unfortunately, the term self-extinguishment is
often used when the actual situation being described is fire decay or fire burnout. Hence, use of the term self-
extinguishment with mass timber compartments should be viewed with caution, unless it is clearly defined.

Recommendation

Self-extinguishment may be used as a performance goal for the fire design of compartments. The definition of
self-extinguishment, therefore, has an impact on the building’s safety and feasibility. As a performance goal,
requiring self-extinguishment of flaming combustion has limited practical meaning as the incident heat flux
of 40 kW/m? (corresponding to a fire temperature of roughly 550-700°C depending on the convection) is still
structurally damaging to exposed timber. This heat flux is also significantly higher than the heat flux of ignition
of timber, indicating that exposing protected timber surfaces by protection fall-off, bond line integrity failure
or other phenomena will re-ignite the fire. There are multiple examples of compartment fires that re-ignited
after the cessation of flames, see e.g. [25,26,27].

Self-extinguishment of smouldering combustion is significantly more challenging to achieve and may be
unrealistic, though is the prevailing use of the term self-extinguishment in engineering design. Although
smouldering may stop in large parts of the structure, it may continue in small gaps or enclosed locations, such
as behind timber protection made from gypsum boards [28] . Arguably, continued smouldering can be caused
by incidental factors, such as placement of thermally inert non-combustible material near an exposed surface.
Complete, guaranteed self-extinguishment of smouldering combustion is therefore considered to be an
unrealistic performance goal for building designs, given it requires firefighting intervention. The
recommendation is therefore not to use self-extinguishment as a performance goal for building design, but
where required to show the timber structure will retain stability through full fire development, achieve the
following (a) fire decay will occur in the compartment (cooling to be superior to heating), and (b) the design
of details such as joints, connections and penetrations minimises the likelihood of smouldering with manual
checking an element of firefighting activities.

4.7 Flaming combustion

Flaming combustion occurs in timber structures with the combustion of gaseous by-products of wood
pyrolysis, where the timber is exposed and not encapsulated. Flaming combustion will occur when there is an
appropriate mixture of gaseous fuel and oxygen (minimum concentration of about 15% [29]), with flames able
to be auto-ignited at high gas temperatures or ignited by an external heat source. Flaming typically occurs at
hot spots on wood or on the char surface [30]. A number of experiments have shown that flaming combustion
on timber surfaces will continue to occur when the external heat flux at ambient is above approximately
45kW/m? [31,32]. In the initial phase, surface flame spread impacts fire growth and where timber surfaces are
exposed, the flame spread across the combustible surface needs to be understood in the context of possible
compartment fire growth, with the impact on life safety. Flame spread is influenced by the orientation of the
timber (vertically vs horizontally) and the configuration of the exposed timber, whether it is exposed to the
compartment or within a concealed space where localised re-radiation can increase rate of spread. Building
codes and standards may limit the combustibility of exposed surfaces to reduce the fire growth. For structural
timber members the main source of member loss of strength is through a reduction in cross-section by the
consumption of the member mass with the resultant flaming combustion and hence, flaming combustion is
associated with timber structural degradation in fire. Some designers use flaming combustion extinction as a
performance goal, which may not be sufficient or practical, as combustion may continue through glowing and
smouldering (see section on self-extinguishment).

Recommendation

For timber structures the combustion of gaseous by-products of wood pyrolysis results in flaming, that can be
auto-ignited, or ignited by an external heat source. The orientation and location of the timber will influence
the spread of flaming, which may need to be further controlled to meet building codes and standards.



4.8 Glowing and smouldering combustion

The occurrence of glowing and / or smouldering combustion of timber can be very important for certain types
of high consequence structures, where fire burnout is required to be shown. Glowing and smouldering
combustion may still occur and impact structural capacity of timber members even after fire burnout has been
achieved.

Glowing combustion is the degradation in the solid phase without flames but with the emission of light from
the combustion zone [21]. Smouldering combustion is a reaction between the degradation products of solid
wood (mainly char) and gaseous oxygen and occurs without the emission of light. The porous structure of char
allows oxygen to diffuse through it and react with it [20]. Smouldering can occur only if enough oxygen can
diffuse through the char layer and for this reason, it occurs in a thin layer at the char surface. Smouldering can
be identified through the visible smoke and detected by infrared or heat imaging equipment.

Both, glowing and smouldering combustion can result in re-ignition of the fire in a timber member, well after
it is considered to have been extinguished. Both glowing and smouldering if allowed to occur will result in
mass loss and the subsequent reduction in cross-sectional area of a timber member, therefore reducing
structural capacity.

Smouldering and glowing is more prevalent at timber interfaces such as joints, connections and within small
voids. It can be minimised through extra care when detailing in design with voids and cavities filled with non-
combustible insulation. In various research projects, where compartment tests were performed with exposed
timber it has been shown that for the limited areas tested (up to about 50 m?), fire services can easily extinguish
glowing and smouldering combustion in timber structures. Firefighting can be slowed in the time taken to
expose the timber surfaces to directly apply water, where the timber is concealed.

Recommendation

Glowing and smouldering combustion need to be recognised as part of the fire decay phase for mass timber
structures. Glowing combustion occurs without flames and with the emission of light. Smouldering
combustion occurs without the emission of light. Glowing and smouldering combustion need to be planned
for in the design of mass timber buildings with appropriate detailing, with mitigation through firefighting.

e

i )

Figure 6: Glowing combustion within the char layer on a glulam

column (600 mm x 600 mm) after a standard fire test of 120 min
(prior extinguishment)

Figure 5: Initial phase of the European smouldering test
EN 16733

4.9 Bond line integrity

Bond or glue line integrity failure (also referred to as fire induced debonding or fire induced delamination) is
when the integrity of bond lines of glued laminated timber products is compromised in fire conditions.
Weakening of the bond line can result in the fall-off of charring layers, which influences the reduction of the
residual section and, thus, the load bearing capacity, but, furthermore, it can significantly influence the fire
dynamics of enclosure fires [27,32] . Whether glued timber products exhibit bond line integrity failure is
dependent on the exposure conditions (e.g. duration), product parameters such as the thickness of the exposed



layer, the adhesive used and the bonding quality [34,35]. Recently, test methods to identify CLT products that
do not show bond line integrity failure have been proposed [34,35,36,37].

The bond line temperature is generally agreed as being one of the important parameters affecting the bond line
performance of fire exposed mass timber. However, it should be noted that available standardised bench scale
elevated temperature or flame tests, such as described in DOC PS1 “Voluntary Product Standard PS 1-09 -
Structural Plywood”, and ASTM D7247-17 [38,39], do not have the purpose of identifying bond line integrity
failure in fire. Thus, these standards have not been successfully implemented to prevent bond line integrity
failure in fire conditions [28]. Considering the afore mentioned influencing parameters, it is possible that a
mass timber product exhibits bond line integrity failure in one fire but does not in another fire. If bond line
integrity failure occurs, its effects are dependent on several properties of the fire compartment, such as opening
factor (Su et al. 2018), interaction between exposed surfaces, and the surface area of mass timber that exhibits
bond line integrity failure. Bond line integrity has previously been identified, (a) visually, (b) using
measurements of the bond line temperature [35], (¢) using deviation of the charring rate with that of solid
wood [37], or (d) using deviation of the mass loss rates with that of solid timber [34].

Recommendation

Recent research suggests that an average charring rate criterion that is statistically equal to the charring rate of
solid timber, resulting from a standard fire exposure of 120 min, is sufficient to rule out glue line integrity
failure in the majority of flashover fires expected in real residential compartments [40].

4.10 Potential for manual extinguishment

For high consequence buildings constructed using mass timber the fire safety concept must address fire decay
and firefighting intervention. Firefighting to prevent damage to structural building elements is most efficiently
achieved in the decay phase. To enable fire extinguishment of all structural timber by manual means
(firefighting), the timber char layer (surface) needs to be accessible whereby different possibilities can be
considered:

Indirectly accessible surfaces: Comprises initially protected timber members where single or multiple layers
of timber protection have been applied and charring has occurred during the fire. These surfaces may smoulder
and heat generation may further reduce the timber protection system until fall-off. These surfaces may
contribute to fire re-growth and need to be checked and their extinguishment verified.

Indirectly accessible encapsulated surfaces: Comprises of timber protection that achieves encapsulation and
verification needs to be completed that no charring has occurred. Charring may still occur behind these
protective surfaces, particularly near joints, or corners.

Non accessible timber surfaces: Comprises timber surfaces adjacent to small voids, located within structural
connections, interfaces with structural steel or concrete members, fagade interfaces and other small
construction cavities and gaps. Charring may start during the fire and smouldering may continue post-fire. If
undetected this may result in fire spread [41,42,43]. Where these interfaces, cavities and voids are created,
encapsulation should be considered or sealing through proper detailing, see e.g. [9,44].

Recommendation

Where the timber is exposed, either through the fire or surfaces initially protected where the timber protection
has failed, can be readily extinguished. For other timber surfaces, other actions may be needed considering the
actual design and the firefighting strategy.

5 CONCLUSIONS

Timber structures continue to be prevalent with more architects, engineers and building officials being
introduced to the methods for multi-story construction. The push for codes and standards to embrace timber
construction has resulted in more research and publications. Fire safety terminology specifically addressing
timber structures has not been well established. To assist current and future researchers, designers and
regulators, the authors have been motivated to address some of the inconsistencies in terminology through this
paper. A number of terms also require definition but were beyond the limit of this paper - including char
oxidation, thermal penetration depth and transient heating, for example. Definition of timber properties at



elevated temperatures and effective timber properties that are dependent on the fire exposure would also
benefit from further clarification.
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