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Preface 
This publication is the result of work carried out within the pre-ǇǊƻƧŜŎǘ ά¢ƛƳCƛȄέ ōȅ ǎŜǾŜǊŀƭ ǊŜǎŜŀǊŎƘ 

performers, universities and external experts. The research partners conducting this gap analysis were 

(alphabetical order) Arup, CSTB, ETH Zürich (chair of timber structures), London Imperial Collage, 

TalTech, Technical University of Munich (chair of timber structures), RISE. International experts from 

Australia, New Zealand, Finland and France blindly reviewed the document. The project was funded by 

several funding partners representing member associations of CEI-Bois. 

This document was created from all participants of all working groups dealing with the Work Packages 

(WPs) and can be considered as summary document of the state of the art and state of practice. The 

information presented in this part of the report was carefully selected by experts from various sources. 

Sources were among others, engineering knowledge, fire safety science knowledge, standards, recently 

published research results and building practice. The participants of the working groups, the authors, 

the editors and the publisher disclaim any liability in connection with the use of this information.  

Neither the research partners nor the funding partners nor any person acting on its behalf is responsible 

for the use of the information contained in this publication.  

No permission to reproduce or utilise the contents of this publication by any means is necessary, other 

than in case of images, diagrams or other material from the copyright holders. In such cases, written 

permission of the copyright holder(s) is required. 
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1 Introduction 

1.1 General 
Currently, the widely available standard design guides for structural fire design of timber structures are 

predominantly based on standard fire, i.e. a defined time-temperature ratio typically used in fire 

resistance tests (e.g. EN 1363-1, ISO 843-1, ASTM E119). The availability of tools for non-standard fire 

design is limited. 

Overall aim of TimFix will be to develop guidance to reduce this limitation especially when focusing on 

complex and/or tall timber buildings where a performance based design (PBD) approach is requested. 

Doing so, the project will aim for creation of the basis for prescriptive design rules whenever possible. 

The pre-project of TimFix aims for the identification of knowledge and research gaps and is relating 

these to an action plan to overcome the obstacles identified. Furthermore, suggestions for research 

topics are given. These topics are given in the beginning of the document while the motivation can be 

found throughout the document text.  

Various gap analysis documents are available with respect to the fire design of structural timber (e.g. 

Gerard et al., 2014; Brandon and Östman, 2016, Winberg et al. 2019, Petterson 2020). In the following, a 

gap analysis is presented based on knowledge, which has been gathered in the WPs of this pre-project. 

In contrast to previous gap analysis documents (1) the gaps are related to building categories, 

distinguished by certain building properties, such as degree of complexity, consequence class, or the 

building height. As important element of an action plan (2) required steps to address the gaps are 

suggested. Initially various characteristics and tools are listed with respect to fire dynamics and 

structural timber design.  

The aim of document is the identification of influencing factors that are (a) essentially needed to be 

considered or (b) potentially needed to be considered for either (1) the prediction of the fire dynamics if 

structural timber elements are involved or (2) the development of tools to allow for the prediction. For 

the reason of completion, besides relevant factors, factors believed to be irrelevant are included in the 

listing to allow future works to re-evaluate taken decisions. 

2 Limitations 
Several project limitations were encountered which comprise the organisation of an international 

research project without a common legal framework, budget limitations but furthermore, technical 

limitations that can be found in the particular sections. 

It should be stated that the statements and conclusions in this report may be still under discussion and 

neither a common understanding within the participants of this pre-project or agreement with the 

reviewers could be achieved in the limited duration of the drafting. 

General challenges were encountered arising from different national perspectives on fire safety. E.g., it 

is not clear if buildings are required to survive a full design fire (examples of exceptions exist in Denmark 

and Norway where certain types of buildings are not required to survive an accidental fire event 

considering standard fire). Furthermore, there is no common understanding if the framework of fire 

resistance can be applied to combustible building products such as timber structures  
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Due to the risk of uncontrolled fires, already COST Action FP1404 (www.costfp1404.com) recommended 

the design of certain buildings to withstand burnout in uncontrolled fires. Furthermore, the United 

Kingdom (UK) based Structural Timber Association (STA) suggest similar design actions. By trend, it is 

recommended designing to withstand burnout when the fire brigade cannot reach all (internal and 

external) areas of the building from the outside, if collapse of a building cannot be ethically accepted or 

when the sprinkler reliability (if installed) is not sufficient.  

Some definitions are used in this document. They are intended as proposals for definitions and a 

common terminology is suggested. Currently, these terms are not yet well established but the terms are 

frequently used with various meanings. Consequently, in addition, the motivation for the definition is 

given. The definitions should be considered as an attempt for a common terminology for the structural 

fire design of timber buildings. 

3 Research project suggestions (project action plan) 
Based on this report, the following projects were proposed to perform research on. The projects may 

comprise or exceed the research items identified in later sections but represent potential projects 

where well-coordinated activities should be performed. 

1. Fire Dynamics: Large compartments with exposed timber (hor. surface fire spread within a 

compartment) in continuation of Arup compartment tests 2021; including quantification of counter 

measures (conventional sprinkler, mist sprinkler, surface fire retardant treatment). 

2. Fire Dynamics: Survival of lightweight construction (Modular elements not platform building); 

resilient construction technique needed. 

3. Fire Dynamics: Façade fire spread (vertical fire spread); 

4. Fire Dynamics: Development of a common guidance (e.g. Eurocode) is not available on Fire 

dynamics; 

5. Fire resistance testing: Variability of fire test results  better testing needed; focus on fire 

exposure (focus: gas composition and gas movement); OBS: better test methods may not lead to 

favourable results; 

6. General material properties (mechanical- and thermal-) to allow for wide application (for 

general fire exposure) including variability to give plus/minus ranges of characteristics and consider 

them in calculations/simulations; dependency on thermal- and fire exposure including its history; 

7. Smart detailing; to avoid smouldering/glowing and allow for the application of the design 

models; Charring in penetrations (horizontal and vertical); 

8. Model for charring phases in non-standard fire situations; protection and encapsulation (model) 

ŀƴŘ ŀƭǎƻ ƛƳǇǊƻǾŜŘ ƳŀǘŜǊƛŀƭǎ όм ƭŀȅŜǊ ǇǊƻŘǳŎǘΤ ƛƳǇǊƻǾŜŘ ƧƻƛƴǘǎΣ ǘƘƛŎƪƴŜǎǎŜǎΧΦύΤ 

9. Education: especially digitalization, linking tools and digital application and knowledge transfer; 

ETH Zürich and Lignum will soon start project and are looking for partners. 

10. Comparison of standard buildings in various countries to allow for guidance and education; it is 

further suggested that a board will update these building designs and provide educational material 
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based for these building types (e.g. school, office, residential) considering building regulations in 

different countries. 

11. Development of a web-based database that is publicly accessible; the database should contain 

research projects (running and concluded), fire accidents and fire test and experiments as currently 

implemented.  

12. Fire from above: protective function of typical layups (encapsulation, protection from 

contributing to the compartment fire load) should be studied. Currently, a very limited product number 

is covered. Especially concrete based floating systems can not be assessed. 

4 Factors influencing the fire design of structural timber 

4.1 General 
This part of the final report was drafted by WP2 under the lead of ETH Zürich (J. Schmid) and has been 

revised by external experts. 

4.2 Introduction 
In the following sub-sections, various factors are listed alphabetically and the motivation for their 

inclusion is given together with the references when available. They are divided in factors that are (i) 

mainly related to the building material wood and (ii) mainly related to the compartment characteristics. 

If both relations are applicable, they are listed under (i). As many characteristics may be influenced by 

several factors, they are listed as sub-points and ςif considered important ς referenced to other points.   

The influence on the fire dynamics is intuitively given using a range from ++ (very high), high, o (not 

relevant/existing or neutral) to insignificant and -- (very insignificant). 

4.3 Factors related to the building material 
The following items list factors that are mainly related to the building material. As these factors are 

partly linked and could be assigned to various groups, they are listed alphabetically to allow for locating 

the items when studying various topics.  

4.3.1 Arrhenius equation 
Material related model to describe chemical- and physical changes comprising the change of density, 

local vaporisation (NOTE: moisture movement cannot covered directly, compare Pecenko et al. 2015), 

decomposition and heat release. For advanced calculations, the Arrhenius equations can be used (e.g. 

Mindeguia et al. 2018, Wade et al. 2020). Some proposals for the kinetic factors used are available and 

describe the activation energy and the frequency (NOTE: different Arrhenius equations exist which may 

use a significant number of parameters, compare e.g. Di Blasi 1998). Depending on the type and 

parameters used, a feedback to the heating source still needs to be considered. If available, the models 

based on this type of equations could be used to describe the combustion behaviour of the material in 

complex simulation software, e.g. field models (NOTE: This is not really a factor related to the material 

but more a numerical tool aiming at simulating a thermally activated chemical reaction). 



  

14(189) 

Influence on the fire dynamics (o): 

It can be assumed that the use of Arrhenius equations, when used as a model for the reaction of the 

wood material (component) can provide a quantification about the reaction of structural timber (virgin 

wet wood, virgin dry wood and the char layer), and, thus, their contribution to the fire dynamics. 

4.3.2 Adhesive 
Adhesives used in glue lines creating bonds between layers (face gluing) have been used for more than 

100 years to create linear, multi-element members. Adhesives are used in finger joints (understood in 

ǘƘƛǎ ŘƻŎǳƳŜƴǘ ŀǎ ƭƛƴŜŀǊ ŜȄǘŜƴǎƛƻƴύ ŀƴŘ ƻƴ ƭŀƳŜƭƭŀΩǎ ǎǳǊŦŀŎŜǎ ǘƻ ŎǊŜŀǘŜ ōond lines between lamella 

surfaces (understood in this document as layup extension). Both types are used to create linear 

members such as glulam elements used as beams and columns. More recently, plane members (cross 

laminated timber, CLT; solid timber panels, STP) have been introduced to the market utilizing bonding 

by adhesives. A large number of adhesive products is available which may be grouped based on their 

major components (e.g. phenol-resorcinol-formaldehyde or polyurethane adhesive) or whether they are 

applied as one or two component adhesive. For further information on adhesives, comprehensive 

literature exists, e.g. Dunky 2003. Different adhesive types are typically provided with varying assembly 

ǘƛƳŜ όǎƻƳŜǘƛƳŜǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƻǇŜƴ ǘƛƳŜέύΣ ƛΦŜΦ the duration until the adhesive starts to cure 

significantly and any mechanical change (e.g. by the movement of a surface in contact with the 

adhesive) may risk to influence the bonding behaviour. Using the adhesive (sometimes referred to as 

glue), a joint between two wood surfaces is created whereby the penetration depth of the adhesive is 

limited, compare e.g. Sterley 2016. In general, for softwood, a penetration depth of about six wood cells 

can be assumed. Consequently, the bond line may be described by various zones, which are (1) the 

wood material, (2) the wood material with adhesive, (3) the actual adhesive joint (glue line) and the 

corresponding sequence in the second member. The bond line (3) shows thicknesses typically between 

0.1 and 0.3 mm (e.g. previous EN 386 (2001) replaced by EN 14080 (2013)) Apparently, the quality of the 

surface prior to bonding and the pressing technique (especially vacuum vs. hydraulic presses) may have 

an influence on the bond line integrity and consequently the bonding. All adhesives have to pass various 

tests temperatures before they can be used in structural timer. These tests focus in general at normal 

temperature use. Thus, only temperatures considered useful to describe their behaviour under normal 

use apart from fire design is done. For normal temperature use, the maximum temperature reached in 

tests are lap shear tests and creep rupture tests according to EN 302-1 and -8, respectively also known 

ŀǎ άŘŜƭŀƳƛƴŀǘƛƻƴ ǘŜǎǘέΣ ǎŜŜ YŜƳƳǎƛŜǎ ŀƴŘ [ƛƴŘ нллнΦ Lƴ ǘƘŜ ǘŜǎǘǎΣ ōŜǘǿŜen two temperature levels can 

be chosen from, i.e. 70°C or 90°C). However, limited knowledge is available about the mechanism in the 

bond line when exposed to high temperatures, understood as range between 100°C and 1200°C. 

Typically, studies relate to tests with constant temperatures below 300°C, e.g. Frangi et al. 2012, 

Wiesner et al. 2021. For cross-laminated timber, where in the case of fire, large shares of the bond lines 

are exhibited to similar temperatures, debonding was observed in fire resistance tests and ad-hoc 

testing, e.g. Frangi et al. 2009, Crielaard 2015, Bartlet et al. 2015, Su et al. 2018. It was observed that the 

charring layers (exhibiting temperatures between 20°C and 300°C) or charred layers (exhibiting 

temperatures exceeding 300°C) may fail when a certain temperature was reached in the bond line. The 

failure temperature is largely scattered, depending on the measurement technique (incorrectly placed 

or installed TCs), the actual adhesive product and its chemical mixture may vary between 80°C (non-

structural adhesives e.g. PVAC) and temperatures above 300°C (some structural adhesives), see Klippel 

and Just (2018) and may even exceed 500°C, see Figure 1.  
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Figure 1: Critical bond line temperature and time of delamination of the first and second layer in 

PU1specimens and compartment tests (from Brandon et al. 2018); Measurement wires were installed 

inserted from the back side (perp.) and parallel with the isotherms (par.). 

 

For the face bonding of load bearing timber members, three requirement standards are existing. These 

are EN 15425 for one-component PUR adhesives, EN 301 for MUF, MF and PRF adhesives and EN 16254 

for EPI adhesives. Within one adhesive group, there are large differences regarding there product 

formulation and it is therefore very unlikely that it would be possible to generally assume that one 

adhesive group may maintain the bond line integrity during a fire in general. The change of the mixture 

(e.g. thermoplastic parts and cured parts) in the adhesive product to improve certain characteristics (e.g. 

curing times) may counteract the performance of glued products in fire. For simplicity reasons, if non-

heat resistant adhesives are used, the charring temperature (300°C) is typically understood as the failure 

temperature of the bond line. This failure of the integrity of the bond line results in debonding and 

consequently fall-off of the charring or charred lamella. Currently, a test methodology (Bond line 

integrity in fire, GLIF) is under development, which allows comparing any engineered wood product 

made from layers (e.g. CLT) to solid timber. The methodology is intended for panel type members but 

might be used also for the linear type members (glulam) where no such method is available. The GLIF 

methodology (unloaded, eventually loaded tests in model- or large scale) under development is linked 

to a severe design fire used for the PRG 320 method according to ANSI/APA PRG 320:2019 (loaded full 

scale test). In a previous version of the GLIF test, it was intended to compare the performance of the 

bond line with a maximum possible mass loss of solid timber where no bond line is observed. This is 

done for a reference density of 450 kg/m3 at 12% equilibrium moisture content (spruce wood). As a 

basis, for a char layer mass of zero, Eq. (5.1) would give the maximum allowed mass loss per square 

meter: 

 
ɝά πȢφχ άάȾάὭὲ

ϽφπÍÉÎ
τυπ ὯὫȾά

ρπππ
ρψȢρ ὯὫȾὬ 

(5.1)  
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It should be noted, that the charring rate typically decreases with time, thus, for fire resistance tests 

exceeding 60 min, instead of 0.67 mm/min a charring rate of 0.55 to 0.72 mm/min may be applicable, 

see Figure 2. 

 

(a) (b) 

Figure 2: (a) Charring rates measured by König and the corresponding simplification as linear trend 

(regression curve) derived by König (1999) and (b) simulation by Klippel (2014). 

 

The charring depth and its distribution over the exposed area should be verified in the test. Further, it 

should be noted that the calculation in Eq. (5.1) assumes zero density for the char layer, which is not 

valid. Typically, the values between 30 kg/m3 and 90 kg/m3 are more reasonable. Consequently, the limit 

is in the order of magnitude of 14.5 kg/(m2ϊh). For other wood species than spruce similar values should 

be derived. 

If the mass loss is higher, this indicates that pieces of the char have been released in the test. 

Consequently, in a fire compartment, the material would be fire exposed to a different environment at 

the floor (see fire exposure, i.e. thermal exposure and gas environment) exposed on multiple sides. 

Experiments with lamellae in the same direction show that the failure of charring layers is apparently 

not linked to differential dilation of lamellae (see Frangi et al.) The following decomposition (i.e. 

combustion) of the material at this location is currently unknown. Besides face gluing, side gluing exists. 

Some CLT products are made using side gluing (structural edge bonding). In this process the lamellas of 

each layer are first glued to each other, so that the side of lamellas are glued the sides of adjacent 

lamellas (laminations). Side gluing is the bonding of the lamellas short sides in the same layer of CLT. It 

provides a tight structure while gaps between lamellas may allow fire spread through the CLT. 

Consequently, non-face gluing may risk non-air tight construction elements, which enables fire spread, 
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smouldering and glowing combustion. Thus, conditions for firefighting and assumptions for burnout 

calculations may be challenged. Currently, the Austrian timber association is documenting the limited 

likelihood of overlaying gaps in CLT (see Klippel et al. 2018). The determination of the mass loss 

appeared to be too complex for testing labs. Reasons may be found in the delayed extinguishment 

process that lead to unreasonably high mass losses exceeding the theoretical maximum as estimated in 

Eq. (5.1) but also the undefined fire exposure (thermal exposure comprising of the radiation and gas 

temperature and the gas composition and its movement, see 4.4.16) in the furnaces. 

The strength of bonded timber members was analysed by Källander and Lind (2001, 2005). 

Influence on the fire dynamics (++): 

This characteristic is able to significantly influence the charring behaviour and further the fire dynamics 

ƻŦ ǘƘŜ ŎƻƳǇŀǊǘƳŜƴǘ ŦƛǊŜΦ /ǳǊǊŜƴǘƭȅΣ ƭƛƳƛǘŜŘ ǘŜǎǘ ƳŜǘƘƻŘǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ǘƻ ǇǊŜŘƛŎǘ ǘƘŜ ŀŘƘŜǎƛǾŜΩǎ 

influence on the product performance and, thus, the compartment fire dynamics (Brandon and 

Dagenais, 2018; Klippel et al., 2018, Klippel and Schmid et al. 2018, Craft et al. 2018). 

4.3.3 Charring behaviour 
The charring behaviour, which is responsible for the loss of parts of the cross-section is the most 

apparent characteristic of structural timber when exposed to fire. Charring depths and charring rates 

have been documented since the beginning of the development of design rules for structural fire design 

of timber structures. In general, it is described that charring is the reaction of timber to fire exposure; 

i.e. due to the applied temperatures in a furnace or compartment, a char layer is formed. For solid 

timber under the standard fire exposure, this characteristic is considered well researched. In simple 

engineering models, the charring behaviour is normally considered as a function of time, thus, a charring 

rate is defined; linearization is applicable depending on the time of interest. In fire tests, the charring 

depth is assessed using geometrical, temperature measurement based or other methods (see e.g. 

Schmid, J., Klippel, M., Presl, et al. 2020). The charring behaviour is considered to be depending on the 

fire exposure, the availability of active or passive fire protection system applied to the member, the 

species, the initial density, the moisture content. Traditionally, the rate of charring has been used only 

for the assessment of the structural capacity of timber members describing the reduction of the cross-

section. Measureable characteristics describing the charring behaviour are the charring rate (NOTE: the 

installation of the TCs should be done considering the highly conductive material of the TCs, compare 

Fahrni et al. 2018), the char layer surface regression (leading to the volume of the char layer) and the 

char layer density (a measure for the combustion), see Figure 3. 
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Figure 3: Measurements and definitions related to the residual virgin cross-section of a previously fire 

exposed timber member (Schmid et al. 2021). 

 

Influence on the fire dynamics (o):  

It appears that there is a strong correlation between charring rate, the structural fuel and the heat 

release rate (Schmid and Brandon et al. 2016, Schmid et al. 2019) and also between charring rate and 

mass loss rate (Klippel et al. 2018). Therefore, the rate of charring gives a strong indication of the 

ǘƛƳōŜǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ ŦǳŜƭ ƭƻŀŘ ƻŦ ǘƘŜ ŦƛǊŜΣ ǊŜƎŀǊŘƭŜǎǎ ƛŦ ǘƘŜ ŦƛǊŜ ŘȅƴŀƳƛŎǎ ƻŦ ŀ ŎƻƳǇŀǊǘƳŜƴǘ ƻǊ ƛƴ ŀ 

fire resistance-testing furnace are evaluated, compare Schmid et al. 2018. 

4.3.4 Char layer formation 
The char layer formation is a significant characteristic of structural timber when exposed to fire. 

Recently, it became evident that the consideration of the char layer as separate material from timber is 

needed to answer important questions when it comes to the fire dynamics in compartments where 

timber is fire exposed (Schmid et al. 2020, Schmid and Frangi 2021). Normally, the char layer material 

deforms due to drying of wood beneath, volume reduction due to consumption of the char layer by 

oxidation and the thermally modified materials limited tensile strength. The char layer cracking follows 

apparently a certain pattern, which might be relevant for the protection ability for the virgin wood 

section below the char layer. (Winter et al. 2009, Li 2016). Besides the increase of the char layer volume 

by the progression of the char line, i.e. the charring rate, it appears that mainly in oxygen rich 

environments, a char layer surface regression can be observed (Schmid et al. 2016 and Schmid et al. 

2021). It should be noted, that the definitions in Figure 3 differ slightly from the common definitions 

(e.g. given in Eurocode 5, CEN 2004) when it comes to the residual cross section, which fails describing 

the effects observed in connection to compartment fires (char layer surface regression). 
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Influence on fire dynamics (++):   

The decomposition of the char layer may be described by the loss of volume and density (Schmid et al. 

2021) which is clearly related to the energy released from this material (Schmid et al. 2020). 

Consequently, the char layer formation and its behaviour influences the enclosure fire dynamics. 

4.3.5 Charring temperature 
¢Ƙƛǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƛǎ ŀƭǎƻ ƪƴƻǿƴ ŀǎ άŎǊƛǘƛŎŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ ŎƘŀǊǊƛƴƎέ Lƴ ŜƴƎƛƴŜŜǊƛƴƎ ǎǘŀƴŘŀǊŘǎΣ ǘƘŜ 

charring temperature is specified as the isotherm of 300°C or 550°F. Previous studies indicate that for 

slower heating rates, the charring temperature might be lower. Pecenko and Hozjan (Holzforschung 

2021) numerically show that for slow parametrical fires, charring can occur at temperatures lower than 

300°C, and that the charring temperature decreases for deeper locations into timber. This kind of results 

clearly underlines the fact that under particular configurations, using the 300°C isotherm can be non-

conservative. Simulating the charring behaviour by a more general way under consideration of the 

kinetics of the material, the char line is typically defined as the zone where the highest rates of 

decomposition can be observed. Differences in charring temperatures are apparently linked to the 

decomposition of one, or more, wood components. For instance, it can be assumed that cellulose 

decomposition (pyrolysis) is mainly responsible for the combustible volatiles production (and then 

possibly for flaming combustion) whereas lignin decomposition is mainly responsible for char formation. 

This point is important to take into account when using a pyrolysis model. While for high exposure 

levels, the difference of the charring temperature of plus/minus 50 K is considered as very limited and, 

thus, insignificant, for slow heating curves and the cooling phase of a fire it might be relevant to find a 

correct definition independent of the reference scenario (currently EN/ISO fire exposure).  

According to standardisation, temperature in a low conductive material shall be measured with wires 

parallel to the isotherm (50 mm). Otherwise temperature measurements risk to be significantly 

incorrect (lower; thus, often non-conservative) due to the cooling of the tip by the highly condictive 

material. Often CLT charring and temperature measurements are taken disregarding this limitation and 

TC channels are drilled from the back side, wires or tube TCs (sheathed TCs) are installed perpendicular 

to the isotherms. In more recent studies, advanced installation using drilling cores have been developed, 

compare Figure 4 below. 
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Figure 4: Drilling core to be inserted in a CLT floor slab (copyright by IGNIS ς Fire Design Consulting). 

 

Other studies (e.g. Su, Brandon and Dagenais) use a drilling method after the fire test to detect the 

sudden change of the material density. 

Influence on fire dynamics (o):   

Although different charring temperatures can be found in literature, the charring temperature of timber 

is generally the same, independent of wood species (Buchanan, 2017). Only for long heating durations, 

an influence may be expected. Therefore, no meaningful statement can be made about the impact of 

varying charring temperatures on the fire dynamics. 

4.3.6 Char layer contraction 
¢ƘŜ ŎƘŀǊ ƭŀȅŜǊ ŎƻƴǘǊŀŎǘƛƻƴ όǎƻƳŜǘƛƳŜǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎƘŀǊ ƭŀȅŜǊ ǊŜŎŜǎǎƛƻƴέΣ άŎƘŀǊ ƭŀȅŜǊ ƻȄƛŘŀǘƛƻƴέ ƻǊ 

άŎƘŀǊ ƭŀȅŜǊ ǎǳǊŦŀŎŜ ǊŜƎǊŜǎǎƛƻƴέύ ŘŜǎŎǊƛōŜǎ ǘƘŜ ŎƘŀƴƎŜ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ǎǳǊŦace location and is a measure of 

the reduction of the total cross-section thickness, i.e. virgin wood and char layer thickness. Traditionally, 

the char layer is considered as an insulation layer, which protects the virgin wood section. Thus, any 

thickness reduction of the char layer would counteract this function. This characteristic appears to be a 

result from the oxidative process consuming the char layer. 

Influence on fire dynamics (o):   

No meaningful statement can be made. 

4.3.7 Char layer oxidation 
The term of char layer oxidation is not uniformly defined. Commonly it can be understood as the 

characterization of an exothermic reaction. Thus, in general, it comprises the smouldering (emission of 

heat) and glowing (emission of heat and light) combustion but also flaming combustion of the char layer 

as fuel can be understood as char layer oxidation. The char layer oxidation is a measure of the released 

heat. It should be noted that smouldering might occur at very low oxygen concentrations, Lange et al. 

(2020) detected smouldering of a solid timber slab in a furnace where the oxygen concentration was 



  

21(189) 

significantly below 10%. All oxidative reactions go along with the mass-loss of the char layer. 

Exemplarily, the contribution to the fire of the char layer decomposition in a furnace was estimated to 

between 45 and 90 kW/m2 based on the remaining mass of the char layer (Schmid et al. 2020, Schmid 

and Frangi 2021). In a real fire, this may be exceeded depending on the compartment environment (fire 

exposure) in contact with the (structural) timber and the char layer surface, respectively. 

Influence on fire dynamics (++):  

The released energy contributes to the heating of the compartment (released heat) and the pyrolysis of 

the virgin wood (Schmid et al. 2020). In some studies, it is understood as the char layer surface reaction, 

i.e. the char layer contraction while this study suggests to declare the oxidation in view of the 

decomposition of the char layer (indicated by its mass loss). 

4.3.8 Combustibility 
Wood is a combustible material and, therefore, has a potential to contribute to fires as a fuel load. In 

Europe, standardised test methods exist to determine reaction-to-fire classes which are linked to the 

combustibility of a final product. Most softwood products would have reaction-to-fire class D (min. 

thickness and min. density applies). This class indicates that exposed wood surfaces contribute to 

flashover. After flashover, exposed wood will continue to contribute to the fire until the fire completely 

(all flaming and smouldering combustion of the timber) stops.  

Influence on fire dynamics (+): 

The combustibility of the structure may have a significant influence on the fire dynamics in a 

compartment. With respect to fire resistance testing, the combustibility reduces the external fuel 

required to follow the defined time-temperature curve (Schmid et al. 2018, Lange et al. 2020). However, 

ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǘŜǊƳƛƴƻƭƻƎȅ ƻŦ άŦƛǊŜ ŜȄǇƻǎǳǊŜέ ŦƛǊŜ ǊŜǎƛǎǘŀƴŎŜ ǘŜǎǘ ǊŜǇǊŜǎŜƴǘ ǾŜƴǘƛƭŀǘƛƻƴ ŎƻƴǘǊƻƭƭŜŘΣ Ŧǳƭƭȅ-

developed, post-flashover fires where the compartment shows a very limited oxygen concentration. 

4.3.9 Connectors  
In timber structures, connectors (also referred to as fasteners) are generally used to connect multiple 

structural members. In many cases, connectors can be a part of the structural member as well. This is 

the case for example for nailed laminated timber or timber frame assemblies. Fasteners are often made 

of steel, which has a significantly higher thermal conductivity than timber, which can influence the fire 

performance of the structural timber. Steel grades may have different thermal conductivity. In fire 

design, connectors may be protected individually by plugs made from a low conductive material or by 

fire boarding or inserted with a surface offset to exploit shading effects (compare e.g. Palma 2017). 

Influence on enclosure fire dynamics (+):   

Heat penetrating deep into wood members through steel/aluminium fasteners can potentially result in 

smouldering combustion in well-insulated locations. This may increase the risk for re-growth of a fire 

that was considered extinguished. See 4.4.22. 

4.3.10 Density 
While some models for the prediction use the density of the material timber to predict its charring rate, 

other models omit this characteristics mainly due to the large variation of the density in cross-sections 

and for simplicity reasons. However, the local density of timber does affect its charring rate, and the 
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extent of this dependency depends on the range of density that is considered (Bartlett et al, 2019). The 

ŘŜƴǎƛǘȅ Ƙŀǎ ŀ ǎǘǊƻƴƎ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜǊƳŀƭ ŘƛŦŦǳǎƛǾƛǘȅ ƻŦ ƳŀǘŜǊƛŀƭ ˂ѷόˊϊcp), and then can accelerate (low 

density woods) or delay (high density woods) the start of charring/burning. However, it seems obvious 

that under high heating rates (as during a fire), unexposed wood starts charring very rapidly, indicating 

ǘƘŀǘ ǘƘŜ άǇǊŜ-ƘŜŀǘƛƴƎέ ǇƘŀǎŜ ƛǎ ǘƻƻ ǎƘƻǊǘ ŦƻǊ ŘŜƴǎƛǘȅ ǘƻ ƘŀǾŜ ŀ ǊŜŀƭ ƛƴŦƭǳŜƴŎŜ 

Influence on fire dynamics (-): 

The heat of combustion (per mass) of timber is approximately constant for most cellulosic materials, 

such as timber (Beyler et al. 2017). Wood with a higher density therefore can lead to higher combustion 

energy. However, it is known that wood with higher densities char slower, when exposed to fire. There 

are no known experimental studies that study the influence of wood density on fire dynamics of 

compartment fires. However, a parametric modelling study (Brandon 2020) indicated that the impact of 

varying density on the mass loss rate of timber members exposed to standard fire resistance test 

conditions is minimal, because the increased combustion energy per volume is to an extend 

compensated by the slower charring behaviour. Su suggests to set the heat of combustion L to 

21.0 MJ/kg. 

4.3.11 Extinction 
In general, extinction is reached when one of the four elements from the fire-tetrahedron (oxygen, fuel, 

heat, chain reaction) are removed. Further information is given below in this and the following sections. 

The combustion process of a burning timber specimen, a burning timber member or a burning timber 

structure can automatically stop before all combustible material is combusted. The combustion 

behaviour of structural timber is strongly linked with the creation of the char layer, which is considered 

as a thermal insulator, is the location of smouldering and glowing combustion and governs the heat 

supply to the charring front. With respect to extinction, various combustion modes can be addressed: 

(A) flaming combustion extinction ς with the emission of flames, light and heat, (B) glowing combustion 

extinction ς with the emission of light and heat, and (C) smouldering combustion extinction ς with the 

emission of heat. The extinction process can be reached with or without manual intervention. From 

recently conducted experiments, it appears important to highlight that this is not only a material 

property but should be seen in the context of the fire exposure. With respect to the actual research 

activities, it should be highlighted that currently ongoing research addresses multiple or isolated modes 

of combustion. Often, in the studies only the flaming extinction has been addressed. It is of increased 

ƛƴǘŜǊŜǎǘ ŀǎ ŦƭŀƳŜǎ ƳƛƎƘǘ ŀǇǇŜŀǊ ƴŜŀǊ ŀ ƳŜƳōŜǊΩǎ ǎǳǊŦŀŎŜ όǎƻ ŎŀƭƭŜŘ ǎǳǊŦŀŎŜ ŦƭŀƳƛƴƎύ ǊŜ-radiating to the 

member and influencing the fire exposure of other members. Points, which are strongly related to the 

extinction of structural timber (compartments): 

ω Failure in bond line integrity (GLIF, sometimes referred to as debonding or delamination in the 

fire situation) has occurred for layered wooden material (eg. CLT), exposing virgin wood to heat flux , 

which led to a second flashover in some cases preventing the self-extinguishment (McGregor 2013, 

Medina Hevia 2015, Brandon and Östman 2016, Hadden 2017, Su et al. 2018 and Terrei, 2020). 

ω Encapsulation failure: The fall-off of the fire protection systems, i.e. linings (e.g. gypsum 

plasterboards) has occurred, exposing (virgin) wood surfaces to a compartment fire, e.g. described by a 

suddenly increased external heat flux (Brandon 2018b) 
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ω Other phenomenon may lead to sudden exposure of previously unheated (structural) fuel to 

high compartment temperatures or incident radiant heat flux (Brandon 2018b), e.g. failure of (non-) 

structural elements protecting other structural elements, furniture fixed to structural elements. 

Influence on fire dynamics (+):   

Flames at the wood surface impose a high heat flux to the surface. Extinction of flaming combustion 

therefore, leads to a reduced heat flux onto the wood surface. Extinction of flaming combustion, 

however, does not indicate that combustion completely stops. Several compartment fire experiments 

have experienced a regrowth of the fire, after flaming combustion extinguished (Medina Hevia 2015, Su 

et al 2018, Brandon et al. 2018c). 

4.3.12 Extinction of smouldering and glowing combustion 
Extinction of all smouldering and glowing combustion indicates that the fire has completely stopped. 

This appears to be different from extinction of flaming combustion. The extinction of smouldering and 

glowing combustion can be described as the end of the mass loss of the member indicating the end of 

exothermic reactions. In that case, no manual extinguishment is needed. No distinct setup is available to 

test the end of mass loss. Previously, some authors used various techniques to estimate the end of the 

mass loss at certain exposure conditions, e.g. about 3.5 kW/m2 in cone calorimeter tests at ambient 

temperature (Crielaard 2015). Recently, a significant scatter of such tests results were observed, among 

others on the orientation (vertical or horizontal), see Arnosson 2020, and the gas velocity at its surface. 

This is in accordance to Schmid et al. 2020. Typically, standard cone-calorimeter tests (CEN 2015, ISO 

5660-1) are stopped too early (e.g. after 1200 sec) or do not represent fire exposures in fire 

compartments. The question is if the classic fire resistance ratings do account for the self-extinction in 

non-combustible enclosures (Choe et al. 2020). Lacking is the application of knowledge derived from 

small- and medium scale tests and experiments in larger scale. While cone-calorimeter tests show a 

specimen size of 0.1 m x 0.1 m and roughly defined fire exposure conditions (gas flow at the surface), 

FANCI tests (Schmid et al. 2020) provide with 0.25 m x 0.25 m still a limited area. 

Influence on fire dynamics (+):   

Although the complete extinction of smouldering and glowing combustion completely stops the fire and, 

therefore does not require any fire service intervention, it can be questioned whether a complete stop 

of smouldering and glowing combustion can ever be guaranteed under a reasonable time (e.g. 6 h after 

accessibility of the compartment by specialists). Consequently, it is recognised that firefighting 

intervention and water application is needed to get to a zero fire. This is not only related to the 

combustibility of building materials but because objects with a low thermal inertia, or very slow burning 

objects in the compartment near a protected or exposed combustible element may compromise the 

ability of adjacent (building) elements to withstand a full fire duration. Furthermore, limited changes of 

the building design (e.g. refurbishments) during the lifetime of buildings would likely to compromise a 

ōǳƛƭŘƛƴƎΩǎ ŀōƛƭƛǘȅ ǘƻ ǇǊŜǾŜƴǘ ŎƻƴǘƛƴǳŜŘ ǎƳƻǳƭŘŜǊƛƴƎ ƛƴ ŀƭƭ ƭƻŎŀǘƛƻƴǎΦ ¢ƘŜ ǎƛǘǳŀǘƛƻƴǎ discussed above can 

be considered reasonably likely and, therefore, a fire in such a building would require a check for 

smouldering combustion and extinguishment of this combustion by the fire service when required. 

4.3.13 Flaming combustion 
In the fire design for timber structures, flames are associated with the combustion of gaseous by-

products of wood pyrolysis. Flames can set on when an appropriate mixture of gaseous fuel and oxygen 



  

24(189) 

is present. For small-scale fires, gases can be auto-ignited at high gas temperatures, or be ignited by an 

external heat supply, especially hot spots on wood or char surface (Terrei 2019). 

Influence on enclosure fire dynamics (++):   

The flaming combustion appears to affect the conditions in a compartment more than the smouldering 

and glowing combustion as it may counteract the accessibility for manual suppression work and 

influences fast fire spread on surfaces. The difference between compartment heat loss and the flaming 

combustion contribution is expected to be decisive for the fire development. 

4.3.14 Gap sizes 
Gaps may exist between components, members or within a component. Engineered timber such as CLT 

can have gaps between lamellas of the same layers. The size of this gap has an influence on the charring 

rate (Fornather et al 2001). Typically, it is assumed that a gap of max. 2 mm has insignificant effect on 

the charring. For CLT products, 6 mm gaps are accepted in the corresponding European product 

standard. In case of gaps larger than 2 mm, it should be evaluated to what extent (influence area) the 

charring may affected, e.g. by an increase of the notional charring depth or the consideration of multi-

sided heat exposure of the element. Side-gluing of adjacent elements with heat resistant glues may 

address this issue sufficiently. No study is currently available with respect to the heating effects of the 

virgin wood beyond the char line. The likelihood of overlapping gaps in multi-layered CLT has been 

assessed in a recent study and found to be very limited (Klippel and Just, 2018).  

Influence on enclosure fire dynamics (+):   

Research indicated that an increased gap size in a timber panel leads to increased charring rates in 

standard fire resistance testing when the gap is exceeding 2 mm width. It can reasonably be assumed 

that this also leads to increased combustion in enclosure fires and gaps counteract extinguishing of 

smouldering and glowing combustion. 

4.3.15 Glue line integrity failure 
This characteristic may be referred to as  Bond line integrity failure, (fire induced) debonding or fire 

(induced) delamination The integrity of bond lines of glued timber products can be compromised in fire 

conditions. Weakening of the bond line can result in the fall-off of lamellas and layers, which can 

significantly increase the combustion of the wood, thus the charring rate within the timber element and 

influence the fire dynamics of enclosure fires (Brandon and Östman 2016, Su et al. 2018). Whether glued 

products exhibit bond line integrity failure is dependent on the fire exposure conditions as well as the 

material parameters, such as the thickness of the exposed layer and the adhesive product. The failure 

modes of the bond lines during a fire are not currently well understood. The impact of important 

parameters such as the loading need to be documented. Tests methods to identify CLT products that do 

not show bond line integrity failure have been proposed by Janssens (2017), Brandon and Dagenais 

(2018), Craft et al (2018). 

Influence on enclosure fire dynamics (++) 

Due to sudden exposure of (uncharred) timber surfaces to high heat fluxes (or radiation temperature), 

the heating rate of timber suddenly increases, which leads to an increased mass loss and potential high 

heat release (Brandon 2018b). Experimental studies have indicated that the effects can significantly 

impact the dynamics of enclosure fires (McGregor 2013, Medina Hevia 2015, Hadden et al. 2017, Su et 
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al. 2018). In one test by Su et al. 2018 and one test by Brandon et al. 2018 the increase of temperature 

and heat release /mass loss was temporary and the fire showed a decaying trend, despite the 

occurrence of bond line integrity failure at a later stage of the compartment fire while in another test by 

Su et al. 2018 with a different fire severity, a second flashover and no self-extinguishment were 

observed. 

4.3.16 Grain direction 
Limited knowledge is available about the charring behaviour along the fibre direction, as it has been 

considered limitedly applicable in practice. Similarities at ambient behaviour (increased moisture 

transport) lead to the conclusion that the typically increased charring rates along the fibres is caused by 

the increased diffusivity of the material. The thermal conductivity parallel to the grain is about twice 

that perpendicular to the grain. Volatiles generated just below the surface of the unaffected wood can 

escape more easily along the grain than at right angles towards the surface. Both are important for the 

ignition/burning of the wood, compare Roberts (1971). For glued assemblies, it is not known if the grain 

direction may affect the fall-off of layers of layered products such as CLT. Indicative studies showed that 

there is no such influence (Frangi et al.) but further researchers are currently investigating this issue. 

Influence on enclosure fire dynamics (+/-):  

Dependent on the construction type, the increased charring along a grain direction might be of concern. 

When the fire gets through a CLT joint plane, charring along fibre direction may be a very important 

factor. This can occur for several reasons (poor precision when machining assembly plane, large 

displacement of timber structures during fire opening assembly plane, etc.). Surface flame spread may 

be influenced by the outer grain direction. 

4.3.17 Gypsum board fall-off 
Fire protection systems of gypsum boards can be used to protect structural timber and to ensure a level 

of fire resistance. Gypsum boards can also be used to avoid or limit the contribution of a timber 

structure to the fire load (Brandon and Östman 2016). Predictions of the fall-off of gypsum boards in fire 

resistance tests is generally done using empirical fall-off times (Östman et al. 2010). For parametric and 

natural fire exposure, a failure criterion considering the temperature on the unexposed side of gypsum 

boards was proposed by Brandon (2018).  

Influence on enclosure fire dynamics (++): 

Due to the sudden exposure of previously unexposed but eventually pre-heated timber surfaces to high 

temperatures (gas and radiation temperature and convection), the heating rate of timber suddenly 

increases, which leads to ignition with an increased mass loss and potential high heat release (Brandon 

2018b). The effect of the fall-off of gypsum boards on enclosure fire dynamics was first observed in 

experiments by Hakkarainen (2002), where a single layer of type A gypsum boards failed in protected 

plane timber elements already after about 13 minutes (ventilation controlled fire). The test series 

carried out for NFPA in 2018 (Su et al.) showed that different configurations of gypsum boards 

protection installed on the same compartment lead to a different behaviour during fire (heat release, 

temperature, charring, duration of fire). See particularly the difference between the test 1-5 and the test 

1-6. We propose them to be less conclusive here. The fire dynamics showed a resemblance with those of 

a similar compartment with all mass timber surfaces were initially exposed, which was presented in the 



  

26(189) 

same publication. It should be noted that the performance of passive protections (time of protection, 

time of fall-off) is also dependant on the severity of the fire within a compartment (Jones, 2001). 

4.3.18 Ignition temperature 
Ignition temperature is a threshold temperature above which wood is most likely to burn with flaming 

combustion. A commonly used value is 350°C although literature and some standards and building 

regulations suggests to rather use values of incident heat flux (e.g. 12 kW/m2) at ambient gas 

temperature. The temperature limit seems to be difficult to link with physical phenomena (Babrauskas, 

2002) and a significant scatter has been observed (see e.g. Bartlet et al. 2018). In some publications (e.g. 

White & Dietenberger, 2001) ignition is not only linked to flaming combustion but also to smouldering 

and glowing combustion. Typically, the ignition temperature has been studied at ambient temperatures 

with radiation emitting test setups with and without pilot ignition source. Consequently, testing 

conditions limit the relevance for higher gas temperature environments. However, for untreated timber 

products, the time of ignition in a compartment fire compared to the flashover temperature is short in 

the view of the entire fire duration, see e.g. Studhalter (2013). However, Studhalter based his studies on 

the ISO-compartment with very limited dimensions (< 10m2 room). The ignition temperature should not 

be mixed up with an extinction criterion. 

Influence on enclosure fire dynamics (+):   

Recent work shows a very large range of surface temperature at ignition, which questions the relevance 

ƻŦ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ άƛƎƴƛǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜέ ό¢ŜǊǊŜƛΣ нлмфύΦ As the ignition criteria are expected to 

significantly influence the flame spread, the influence on the fire dynamics is apparent. 

4.3.19 Mass loss 
The mass loss is a measure to locate (chemical) reaction associated with exothermic reactions within a 

fire exposed sample or specimen. For example, it is used to verify the self-extinguishment. 

Consequently, the mass loss (rate) can be used to assess the extinguishment. In standard fire resistance 

furnaces, it is recently proposed to be used to verify that CLT performs as solid timber without the 

influence of the bond line integrity and without considering the loading (see Klippel et al. 2018). 

However, in general, it is not a reliable measure for other properties such as the charring rate. Recent 

research highlighted that mass loss of the structural timber might be related to either material 

conversion or material loss (see e.g. Schmid and Richter et al. 2021). Thus, traditional mass-loss 

measurements in compartment fires fail to cover the accurate description of the fire dynamics (the 

measured loss of one unit mass may describe the combustion of one mass equivalent timber or the 

conversion of about two mass units to one mass unit char layer which exhibits about half of the density 

but increased heat content). Thus, no appropriate measurement tools are currently available to 

estimate the meaning of recorded mass loss for the fire dynamics. 

Influence on enclosure fire dynamics (++/o):  

The mass loss describes either the release of combustible material from the timber structure or its 

conversion to char. As it is the measure of other factors describing the combustion of the material it can 

ōŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άҌҌέ ƻǊ άƻέΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ǘƘŜ Ƴŀǎǎ ƭƻǎǎ ƛǎ ŀ ƳŀƧƻǊ ƳŜŀǎǳǊŜ ŦƻǊ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ǘƛƳōŜǊ 

contribution to the fire dynamics in fire. 
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4.3.20 Modification with fire retardant treatments 
Wood modification of the surface (wood surface treatment), the depths closer to the surface and of the 

complete section are available. Some studies show that the ability to create combustible volatiles can 

significantly be changed by the application of wood modification. However, available reports indicating a 

reducing effect on the charring rate (and thus, contributing to the improvement of the loadbearing 

capacity) are limited unless a reactive fire protective system is applied (compare Nussbaum 1988). It 

should be highlighted that the measurements were done in cone-calorimeter tests and not 

compartment tests where other effects (delay of surface flame spread, delay of flash-over) may be 

expected. In fire resistance testing, no such effect is expected as burners would compensate for the 

eventually reduced limited combustibility of a product due to its treatment. It is unclear if non-extruding 

treatments (surface treatment or impregnation) is able to change the structural fuel load available for 

the combustion in a compartment: while some treatments create water when heated, other treatments 

are said to break the chain reaction needed for the sustained combustion. However, the only material 

that is known to break the chain reaction is Halon, which is forbidden since the year 1994. Recently, a 

method which has been improved is the (in-situ) silicification of wood material (Merk 2016). However, it 

is not clear if only the charring rates are changed or the heat of combustion. With respect to flame 

spread, the durability of fire retardant treatments is not required in many countries but test methods 

exist (Windandy 1998, Östman et al. 2016).  

Influence on enclosure fire dynamics (++):   

If there are less combustible volatiles, the fire is likely shorter or cooler or might not develop at all. 

Therefore, (dependent on the compartment, fuel etc.) it is very likely to has an influence on the 

structural loadbearing capacity as well. 

4.3.21 Moisture content 
Typically, the moisture content (MC) of structural elements made from timber vary depending on the 

indoor climate. Typically, in heated indoor environments small members may exhibit moisture contents 

below 8% while mass timber can be assumed to exhibit a moisture content around 10% indoor. Werther 

(2016) investigated the influence of varying moisture content on the charring behaviour for various fire 

exposures and could quantify the reduction of charring with increased MC. The results of the fire tests 

with different initial moisture contents (0M-%, 6M-%, 12M-%, 18M-%) showed that an increase in 

moisture content of about 1 M-% led to a decrease in the charring rate of 1 %. After 120 min of standard 

fire exposure, a difference in the charring depth of 20mm was observed between the kiln-dried test 

specimen (0 M-%) and the test specimen with a wood moisture content of 18 M-%. This findings can be 

confirmed by other authors (Mikkola 1990, Huntierova 1995 and Schaffer 1967). 

However the investigation revealed that for practical applications with a moisture content between 8 M-

% and 12 M-%, the moisture influence on charring can be neglected compared to the influence of the 

potential fire scenario. 

Influence on enclosure fire dynamics (-):  

Wet wood is more difficult to ignite than dry wood, as it requires more energy to heat up to 

temperatures exceeding 100°C. Thus, heating and the charring rate is reduced. There is however, as far 

as known by the authors, no experimental study that studies the influence of moisture concentration on 

enclosure fire dynamics. 
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4.3.22 Lamellae dimension (layer thickness) of CLT 
Engineered timber is generally made of wood-based elements or lamellas. The lamellas thicknesses can 

vary (in product standards starting from 6 mm, in fire design standards starting from 25 mm; typically up 

to max. 45 mm). As a rule of thumb, higher (visual) grades are available in less thick layers. It is known 

that the thickness of lamellas has an influence of the fire performance of some mass timber materials, 

such as CLT (Klippel et a. 2018) and potentially glued laminated timber (Andersson and Ek 2017). For 

example, it is considered more severe for the adhesive and the timber to test a 7-ply CLT with 20 mm 

thick lamellas than a 5-ply CLT with 35 mm thick lamellas (Craft et al, 2018). 

4.3.23 Lay-up of CLT 
CLT comprises of layers that are glued in a cross-wise fashion, but sometimes consists out of two layers 

that are parallel glued. The thickness, the number of layers can be varied, resulting in a large amount of 

possible CLT products with different lay-ups. Compare Bartlett et al. 2021. 

Influence on enclosure fire dynamics (++):   

The bond line integrity failure is not only dependent on the adhesive used, but also on the lay-up of the 

CLT. 

4.3.24 Pyrolysis temperature 
The temperature at which pyrolysis of wood starts is reported to be approximately 200°C to 250°C 

(conservative values). This value is depending on the exposure conditions (duration, thermal exposure 

and gas composition) and also the wood components (lignin, cellulose, hemicellulose), see e.g. Drystale 

(2011). The temperature is currently implicitly tested by the encapsulation fire resistance test (CEN 

2004); compare also Chorlton (2020). It should be noted that, in this standard test, further the fixing 

methods (in Eurocode 5 terminology: fixations) have a significant influence on the encapsulation criteria. 

At temperatures that reach this range, wood is able to contribute to the fuel load of a potential fire. 

Rules in Eurocode 5 (CEN 2004) seem to be in contradiction to this limit, however, for the structural fire 

design for post-flashover compartment fires with the exception of smouldering fires, the use of 300°C as 

the limit can appears to be appropriate. 

4.3.25 Smoke creation 
Combustion creates reaction products, among others combustible volatiles, flame, heat and further 

more ǎƻƻǘ ŀƴŘ ǎƳƻƪŜΦ Lǘ ŀǇǇŜŀǊǎ ǳǎŜŦǳƭ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ǘƘŜ άŘŜƴǎŜέ Ǝŀǎ ǇǊƻŘǳŎǘǎ όŎƻƳǇŀǊŀōƭŜ ǘƻ 

ŜȄƘŀǳǎǘ ƎŀǎŜǎύ ŀƴŘ ǘƘŜ ǎƳƻƪŜ ǿƘŜǊŜ ŦǳǊǘƘŜǊ ŀƛǊ ŘƛƭǳǘŜǎ ǘƘŜ άŘŜƴǎŜέ Ǝŀǎ ǇǊƻŘǳŎǘǎ ŀƴŘ ŘŜǎŎǊƛōŜǎ ǘƘŜ 

volume depending on the distance from the fire (flame), e.g. the height of the plume. Typically, for the 

design of smoke extraction systems (natural or mechanical) and for the evacuation route design, the 

contribution by the interior is considered but the structural fuel is left unconsidered. Schmid et al. 

proposed the following description of the gas creation by charring timber using the stoichiometric 

burning ratio, the charring rate and the description of the combustions behaviour: 

 ὠ ȟ ” ȾὶϽ‍ ẗ‌  (5.2)  

where   

ὠ ȟ  gas volume at 20°C created per square meter, in m3/m2;  

‍  is the time dependent charring rate; in mm/min;  
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ὶ is the stoichiometric burning ratio, 5.14;  

‌  

is the energy release factor considering the combustion behaviour of structural 

timber, for the fully-developed burning phase in ventilation controlled fires, a 

factor of 0.4 may be assumed. 

  

Influence on enclosure fire dynamics (++/o):  

A significant influence of combustible surfaces (e.g. ceiling soffit) on the smoke production can be 

stated. This is due to the (incomplete) combustion of the structural timber. An increase of the extraction 

capacity exceeding 50% may be expected based on stochastic combustion models. The estimation can 

furthermore be used to predict the contribution to the gas mixture and the gas flow inside out from the 

compartment. It is expected that this behaviour will be implemented in CFD models to realistically 

model the fire exposure of timber members. 

4.3.26 Smouldering combustion 
Smouldering combustion is a combustion reaction between degradation products of solid wood (mainly 

char) and gaseous oxygen associated with the non-existence of the emission of light. Various literature 

sources are available, among others the SFPE handbook (2016). The porous structure of char allows 

oxygen to diffuse through it and react with it. This can occur only if enough oxygen can diffuse through 

the char layer. For this reason, it occurs in a thin layer at the char surface. It rarely occurs together with 

flaming combustion, the latter preventing oxygen to reach solid surface, see Boonmee 2005. 

Furthermore, smouldering combustion may imply a risk for re-ignition of the fire when it has been 

considered extinguished or if the fire was able to reach construction cavities (gaps, joints, connections, 

voids). The latter lead to (deadly) fire incidents earlier (not necessarily related to timber structures), e.g. 

when toxic gases from smouldering fire in insulation spread to adjacent residential units (Germany: 

combustion of paper insulation layer between houses). Eventually, timber frame construction may be 

more sensitive to smouldering combustion which appeared also when prefabricated wood modules with 

(improper) or no cavity insulation was designed, Östman et al. 2014. It should be noted that in several 

cases the fire spread was observed downwards (Luleå 2013, Salzburg 2010) from the fire origin, which is 

often believed impossible by designers and, consequently, not further considered in the design. Test 

ǎǘŀƴŘŀǊŘǎ ǿƘƛŎƘ Ƴŀȅ ōŜ ǊŜƭŜǾŀƴǘ ǘƻ ŘŜǎŎǊƛōŜ ŀ ǇǊƻŘǳŎǘ ƻǊ ƳŀǘŜǊƛŀƭΩǎ ŀōƛƭƛǘȅ for smouldering combustion 

are: 

ω DIN 4102-15 and -мс ά.ǊŀƴŘǎŎƘŀŎƘǘǘŜǎǘǎέ όDŜǊƳŀƴȅύ; 

ω CAN/ULC-S129-15 ς Basket method (Canada); 

ω BS 5803-4 1985 (UK) Thermal insulation for use in pitched roof spaces in dwellings -

Methods for determining flammability and resistance to smouldering; 

ω NT FIRE 035 (Scandinavia); 

ω ASTM C739-03 (USA); 

ω 16 CFR 1209.7 (USA); 

ω Ad-hoc experimental setups in research projects. 
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Figure 5: Initial phase of the European smouldering test EN 16733 [Photo: TUM]. 

 

Currently, a new European test standard, EN 16733, is addressing this behaviour. At the moment, this 

standard is barely referenced in building regulations and CSTB stated that this standard is not 

appropriate to describe/test smouldering at the structural level (expressed at the French level). It should 

be noted that timber in its original form is not prone to smoulder fire but some related products (wood 

fibre insulation and the char layer). 

In various research projects, where compartment tests were performed, it was shown that for the 

limited areas tested (up to about 50 m2), fire services have no problem to account the extinguishment of 

smouldering combustion in timber structures. However, it is appeared that the firefighting technique 

may be adapted as additional time and cleaning of the elements from the char layer may be needed 

[Kempna et al. 2018, Engel et al. 2020]. 

Influence on enclosure fire dynamics (+):  

Smouldering (as glowing) combustion may counteract the self-extinguishment and burnout behaviour of 

compartments with structural timber. Components which surfaces undergo smouldering or glowing 

combustion should be accessible for extinguishment work, see 4.4.22. 

4.3.27 Surface flaming 
Surface flaming is considered as the flaming combustion (see Subsection 13) originating from vertically 

or horizontally orientated combustible surfaces, i.e. structural timber. Flames emit energy from the 

combustion of the emitted combustible volatiles. Consequently, this behaviour is considered related to 

the received heat flux to the surface of the combustion material and net rate of the heat transfer and, 

furthermore, the oxygen concentration in the compartment (location) and may only be predicted in the 

context of a tool to predict the compartment oxygen concentration (e.g. multi-zone or field models). In 

the decay phase, all members regardless their combustibility have stored energy (heat) and will re-emit 

the heat to the compartment and, thus, delay the cooling of the compartment. However, surface 

flaming will counteract the cooling further and may feed radiation energy to the element of (a) its origin 

and (b) adjacent members. Consequently, a design tool may need to consider this effect. 



  

31(189) 

Influence on enclosure fire dynamics (++):  

Surface flaming is considered relevant for narrow compartments but also for the extended duration of 

the fire when cooling of the compartment (e.g. by ventilation openings) cannot overpower the feeding 

of the compartment temperature by (surface) flaming. 

4.3.28 Species 
There is limited experience with comparative fire testing of different wood species. The range of 

charring rates have been investigated in some studies, summarized e.g. by Leikanger 2011. Hugi et al. 

(2007) have performed several tests on small specimens with different wood species. They did not find a 

direct correlation between charring rate and density (range 350 ς 750 kg/m3); in that case, species, or 

more particularly the oxygen permeability presented a better correlation with charring rates. 

Influence on enclosure fire dynamics (-):  

Thermo-gravimetric analysis (TGA) of different wood species shows that there can be differences of 

thermal decomposition at elevated temperatures. In nitrogen (oxygen deprived) conditions the 

remaining mass fraction after pyrolysis can differ for different wood species (Brandon 2020). Further 

investigations on the impact of species on charring rate and mass loss rate need to be performed. 

4.3.29 Strength and stiffness reduction (change of mechanical properties) 
Strength and stiffness reduction due to heating have been directly investigated for constant 

ǘŜƳǇŜǊŀǘǳǊŜǎ όάƻǾŜƴ ǘŜǎǘǎέύ ǿƘŜǊŜ ŦǳǊǘƘŜǊ ŜŦŦŜŎǘǎ ǎǳŎƘ ŀǎ ŎǊŜŜǇ ŀƴŘ Ƴŀǎǎ ǘǊŀƴǎŦŜǊ Řƻ ƴƻǘ ŀǇǇŜŀǊ ŀǎ 

ǿƘŜƴ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ƭŀǊƎŜǊ ǎŜŎǘƛƻƴǎ ǳƴŘŜǊ ǘǊŀƴǎƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ όάŦǳǊƴŀŎŜ ǘŜǎǘǎέύΦ !ǎ no separate, 

simplified models for strength and stiffness and creep and mass transfer exist, the reductions are 

described typically as effective reduction properties (compare e.g. Schmid et al. 2012). Typically, the 

effective material properties are considered valid only for standard fire as they were derived by means 

of backwards calculations (compare König et al. 1997 and König et al. 2000). However, the tested 

comprised furnace tests in standard fires and parametric fires are initially unprotected and protected 

situations. It should be highlighted that the mechanical properties have been used to derive the 

mechanical response of timber members protected by gypsum plasterboards, consequently, the 

surfaces were not exposed to standard fire. The reduction of the mechanical properties is done in 

practice by means of the effective cross-section method (ECSM) where a zero-strength layer (ZSL) 

accounts for the losses of strength and stiffness. 

Influence on enclosure fire dynamics (-):  

There is no influence of the strength- and stiffness reduction on the fire dynamics but reversely. 

However, the change of (mechanical) material properties is currently under discussion. 

4.4 Factors (mainly) related to the compartment design and building structure 

4.4.1 Active fire protection system 
Active fire protection systems such as sprinklers, aim to actively extinguish the fire. Currently, it is not 

clear how the fire protection systems can be addressed in the design of timber compartments as basic 

research has mostly been done for non-combustible structures (e.g. applicability of the reduction of the 

fire load by a general factor of 0.61 in EN 1991-1-2), how spray sprinkler may change the overall risk 

assessment and how various arrangements (e.g. set-off distance between sprinkler heads and surfaces 

and soffit, increased density near facades) may affect the compartment design.  
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Influence on enclosure fire dynamics (++): 

The presence of active fire protection systems significantly reduces the risk of fire development and fire 

spread. However, it is important to note that the reliability of these systems is not 100%. Reported 

national statistics of sprinkler reliability lie generally around 90% 

4.4.2 Balcony design 
Building regulations may consider the balconies as optional evacuation routes, temporary assembly 

ǇƻƛƴǘΦ .ŀƭŎƻƴƛŜǎ Ƴŀȅ ŀŎǘ ŀǎ ǎƘƛŜƭŘ ǘƻ ŘŜǘŀŎƘ ŦŀœŀŘŜ ŦƭŀƳƛƴƎΩǎ ŦǊƻƳ ǘƘŜ ǳǇǇŜǊ ǇŀǊǘǎ ƻŦ ǘƘŜ ŦŀŎŀŘŜǎΦ LŦ 

designed from combustible materials, increased vertical fire spread may be enabled. Some qualitative 

design rules are available in guidance books (e.g. Lignum documentation 2015 and 2019) while 

simulation may be considered not reliable yet. 

Influence on the fire dynamics (+): 

The negative effects of external flaming may be reduced or increased by the balcony design. 

4.4.3 Burnout (definition) 
Burnout ς or a likely burnout ς may be required by some regulators. It is suggested that this 

characteristic describes the 90% consumption of the movable fuel and the decay of the compartment 

fire to an average (average over height) fire temperature of 200°C (NOTE: this value describes the 

thermal exposure comprising of contributions by the radiation and the gas temperature). For these 

conditions, a likely burnout can be stated but depending on the actual boundary conditions (gas 

movement, slow burning or inert items of the interior, conductive installation). It should be observed 

that smouldering and glowing combustion may still continue and will need to be extinguished manually 

and corresponding measures should be foreseen in the fire strategy (compare section 3.4 below and 

Mindeguia et al, 2020). A construction or a product made from layers that fail (i.e. passive protection or 

timber layers) during the decay may result in a change of the enclosure conditions or the fuel 

characteristics and may result in a regrow of the fire, eventually a further flashover and risk for cycling. A 

pre-condition for enabling successfully executed manual fire-extinguishment of combustible 

components is that the corresponding glowing, burning or smouldering surfaces or parts of the 

construction can be reached by water and (visually) detected, see below. Burnout of a structure should 

not be misunderstood as burn down (entire consumption of the structure implying collapse). 

4.4.4 Burnout, design for burnout 
This design objective should not be mixed up with burn down, i.e. the combustion of the movable fuel 

and combustible structure. Design for burnout is understood as the design for likely auto-

extinguishment, which comprises the total consumption of movable and the activated structural fire 

load as part of the structural timber in a fire compartment. As the structural fire load is a variable, i.e. 

ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƳŜƳōŜǊΩǎ ŦƛǊŜ ŜȄǇƻǎǳǊŜ ƛƴ ǘƘŜ ŎƻƳǇŀǊǘƳŜƴǘΣ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƛǊŜ ƭƻŀŘ ƛǎ ƴŜƛǘƘŜǊ ŀ 

constant value nor solely material dependent but a matter of the compartment design. Currently, no 

common terminology exists (compare 4.4.3ύΦ .ǳǊƴƻǳǘ Ƴŀȅ ōŜ ŘŜǎŎǊƛōŜŘ ǳǎƛƴƎ ǘƘŜ ǘŜǊƳ άƭƛƪŜƭȅ ǎŜƭŦ-

ŜȄǘƛƴƎǳƛǎƘƳŜƴǘέ ƻŦ ŀ ŎƻƳǇŀǊǘƳŜƴǘ ƻǊ ǎǘǊǳŎǘǳǊŀƭ ǘƛƳōŜǊ ƳŜƳōŜǊǎ ŀƴŘ ŎƻƳōǳǎǘƛōƭŜ ŎƻƳponent. 

However, the term self-extinguishment is complex when smouldering and glowing combustion should 

be reduced to a minimum or to zero (compare 4.3.12). The product choice may be considered as 

necessary basis for the burnout design but the overall parameter is the compartment design with its 

ventilation and the sum, (relative) location and orientation of the combustible surfaces. Thus, in general, 
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it is recommended to design for burnout as it supports the manual suppression activities significantly by 

product choice and product protection (e.g. encapsulation) and by the compartment design. 

Influence on the fire dynamics (+/-): 

The burnout is the end of a compartment fire because of the compartment fire dynamics. The 

terminology of burnout should be defined to create a common understanding. For building design, 

burnout should be discussed with the ability of the fire brigades to undertake the manual suppression 

(at a certain limit) and the likelihood for burnout. It appears to be unreasonable for any structure to give 

a guarantee for likely burnout (compare Choe L et al 2020), apparently the risk for smouldering 

combustion remains for items of the movable fuel and particular areas of the structural timber (e.g. 

details, narrow elements, voids). 

4.4.5 Burning rate 
In many studies, the combustion of a material is described by a burning rate, e.g. in g/s. The burning rate 

of a representative of the interior/movable fire load should not be mixed up with the non-defined 

burning rate of the structural fire load. Furthermore, sometimes burning rates are incorrectly 

understood as charring rate while the majority of researchers understand burning rate as a measure of 

the heat release. 

Influence on the fire dynamics (++/o):  

The burning rate may bŜ ǘǊŀƴǎƭŀǘŜŘ ǘƻ ǘƘŜ Iww ǿƘŜƴ ǘƘŜ Ƴŀǎǎ ŎƘŀƴƎŜ ŀƴŘ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƘŜŀǘ ŎƻƴǘŜƴǘ 

of all materials involved in the fire is known. According to the SFPE handbook, the HRR of a structural 

timber component (comprising of virgin wood and char) can be described by: 

 ὌὙὙ ɝὌ ẗά ɝὌ ẗά  (5.3)  

where   

ὌὙὙ is the heat release rate per square meter, in kW;  

ɝὌ is the heat content of the material Ὥ; MJ/kg;  

ά  is the mass loss rate (MLR) of the material Ὥ; kg/s; 

×× is the index for wet wood; 

ÃÈ is the index for the char layer material; 

  

NOTE 1: for wet wood at 10%, a heat content of 15.5 MJ/kg can be assumed, for the (dry) char layer 

material, a heat content of 31 MJ/kg can be assumed (compare CEN 2002, Schmid 2021). 

NOTE 2: For the application of Eq. (5.3), the conversion of wet wood to the char layer needs to be 

considered. 

4.4.6 Compartment size 
The appearance of localised fires, which change their location within the compartment is called 

άǘǊŀǾŜƭƭƛƴƎ ŦƛǊŜǎέ ό¢CύΦ ¢ƘŜ ŀǇpearance of TF is currently under discussion when structural timber 
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surfaces are left exposed. In general, for TF various tools are available, e.g. iTFM developed at Imperial 

Collage, fTFM developed by CERIB, Imperial Collage and Arup and eTFM by University of Edinburgh. 

Exposed combustible surfaces may lead to the appearance of severe fires depending on the 

compartment size. For very small compartments (<10 m2), the effect is limited (compare Studhalter 

2013) but for larger compartments the presence of exposed combustible surfaces at the soffit may 

induce the appearance of other types that post-flashover fires, i.e. travelling fires. Research on travelling 

fire has been progressing while few design tools are available (Rackauskaite 2015, Dai 2020, Heidari 

2020). A devastating fire at the chemistry lab in Nottingham (year 2014) or the motorcycle museum in 

Austria (year 2021) for which significant combustible surfaces were exposed did not show the presence 

of a travelling fire. Further research is currently being conducted on that topic. Fire tests at CERIB 2021 

ǎƘƻǿŜŘ ŦƛǊŜ ƎǊƻǿǘƘ ǊŀǘŜǎ ŜȄŎŜŜŘƛƴƎ άǳƭǘǊŀ Ŧŀǎǘέ ƛƴ ŀƴ ŀōƻǳǘ плл m2 compartment with exposed CLT 

ceiling (see online reference in expectation of a journal publication LINK). 

Influence on the fire dynamics (++): 

The compartment size affects the fire dynamics and the fire growth. Traditionally, the time to flashover 

has been investigated for limited -small compartment sizes(<100m²). Every recent indicative 

experimental results for larger spaces show that fire travels in the compartment (Hidalgo 2019,Heidari 

et al. 2020,Nadjai 2020 ), while the combustible surfaces (soffit) are able to influence the spread 

significantly (Nothard et al. 2020). 

4.4.7 Connections 
Regardless the loading, connections are considered as joints when a connector is used. Consequently, 

the connector may influence the heating of the connection section. See #39 #40 #27. 

Influence on the fire dynamics (+):  

If metallic or other high density or highly conductive material connectors are used, they may lead heat 

to adjacent elements or cavities where (re-)ignition of combustible building components may occur. 

General design rules for detailing may help to identify these areas and avoid corresponding risks. 

4.4.8 Joints 
Fire can spread through joints between members with a compartment separating function. 

Compartment tests that involved fire spreading through joints were reported by McGregor (2015) and 

Su et al. (2018). 

Influence on the fire dynamics (++):   

Joints bear the risk for (unrecognised) fire spread. Detailing has to be designed to prevent fire spread. 

Education of the designers and practitioners and the quality management (by others than the 

contractor) at the building site appears to be required 

4.4.9 Cavities 
Cavities (voids) may represent risk for non-recognisable fire spread within construction. See also 

Subsections 23, 35. 

https://www.arup.com/perspectives/large-compartment-fire-experiments-expanding-knowledge-of-building-safely-with-timber
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Influence on the fire dynamics (+/o):   

Cavities have no influence as long as the joints to these cavities are designed properly so that fire does 

not enter the cavity and spread unseen or undetectable. 

4.4.10 Compartmentation 
The limitation of the volume, which is involved in a potential fire, is called compartmentation. 

Compartmentation is provided by appropriate design of wall and floor construction, connection and 

joint details, service penetrations and doors. Depending on the occupancy and the building height, limits 

of the compartments (e.g. floor area) are given in building regulations. Typically, floor limitations 

consider areas on the same floor as one compartment but also deviating approaches with multi-level 

fire compartments are available (e.g. office occupancy in UK). Increased allowed floor area may relate to 

increased exposed structural timber. For multi-story compartments, the external flaming would be 

superimposed from various compartment floors. Consequently, the external flaming would be 

increased. 

Influence on the fire dynamics (++):   

There is an impact in single storey compartments on fire dynamics (transition to travelling fires), that 

transition may change if the structure is combustible also; multi storey fires will further influence the 

fire dynamics; all of this will impact analysis methods needed to evaluate the risk of fire spread to other 

buildings from the compartment on fire. 

4.4.11 Decay (definition) 
This characteristic of a fire development can be considered as the decrease of the external and internal 

flaming, the compartment temperature or heat release rate (HRR) after a previous peak or steady state 

burning phase. The decay phase, which may be the longest stage of a fire event, is characterized with a 

significant decrease in available fuel or available oxygen if no ventilation is provided. For structural 

timber, this consideration is challenging as the structural fuel is activated as a function of the thermal 

exposure of the timber structure. Thus, for compartments with significant surfaces of structural timber, 

in the phase after the consumption of the movable fuel, the timber structure may further contribute to 

the fire. Consequently, for compartments with the exposed structural timber, it is suggested to assess 

the appearance or non-appearance of a in the phase after the consumption of the majority of the 

movable fire load. Thus, the HRR should be compared in the beginning of the structural decay phase 

(e.g. when 70% of the movable fire load is consumed as suggested in  1991-1-2, CEN 2002) and 

thereafter. Thus, for simplicity reasons, it is suggested that the appearance of a decay phase can be 

stated when the HRR (e.g. described per floor area, in m2) reduces to a certain degree or absolute value 

within a certain time. Based on a large number of compartment experiments (e.g. Medina 2015, 

Brandon et al. 2021), an estimate is the reduction of the HRR of at least one quarter within a maximum 

of 60 minutes after the point in time when 70% of the movable fuel has been consumed. It should be 

observed that after the decay, for some products and components, re-growth of the fire may occur. 

Thus, the appearance of a decay shall not be misunderstood as burnout. 

4.4.12 Design fire 
Prior to a structural fire design, the decisive design fire scenario is to be established. In the traditional 

fire resistance framework, this is done by pre-defining the standard fire as a comparative measure 

regardless the building material. For more complex design cases, project or compartment specific fires 
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are evaluated and consequently used as design fire. Currently, no international standard is available. The 

DIN 18009-1 gives guidance about the process but structural timber and the influence on the fire 

dynamics is not considered. 

Influence on the fire dynamics (++):   

Currently, there is no agreement if localized fires (pool fires), travelling fires or fully developed fires 

should be considered as design scenario. From previous fire accidents (Chemistry building in 

Nottingham, UK, Motorcycle museum in Tyrol, Austria, School gym hall in Fukoyama, Japan (Kagiya et al 

2002)) did not show an appearance of travelling fires. Research experiments are currently undergoing in 

France (CERIB 2021) to study the development of travelling fires in large compartments with the 

presence of combustible structural elements. This is indicatively also shown in first experiments of larger 

spaces (CERIB 2021). Current practice is the definition of fire design volumes, which might be smaller 

than fire compartments to estimate a credible worst case scenario, however, no agreement is available 

yet. Both travelling fire and traditional methods are important and should be considered in the modern 

designs as shown in Law 2010, Rackauskaite 2018). 

4.4.13 Draft 
Draft is the movement of gas due to (natural) pressure difference. Consequently, it may influence the 

heat transfer to surfaces, the movement of hot gases and the fire spread. Atrium designs may increase 

the draft situations in adjacent/concerned fire compartments. 

Influence on enclosure fire dynamics (+):   

Draft may interfere with the self-extinguishment when superimposed with the accidental loading case 

fire. The effect on self-extinguishment has been observed by Crielaard et al. 2019 and quantified with 

respect to the expected change of the charring rates by Schmid et al. 2019. Conclusions may also be 

utilized for superimposition of externally implied gas velocities (wind) and fire events. 

4.4.14 External flaming 
Due to the contribution of structural timber to the total fire load, for ventilation-controlled fires, in the 

steady state phase, the combustible volatiles created by the pyrolysis of fire exposed structural timber, 

cant burn inside due to the lack of oxygen but burn outside the compartment. It should be considered 

that a fuel controlled fire in a non-combustible (NC) compartment may become a ventilation-controlled 

fire when ς in the same compartment - structural timber surfaces would be exposed and consequently 

involved in the fire dynamics. Multiple observations are available in literature (e.g. Hakkarainen, 2002, 

Bartlett at al. 2019) where the heat fluxes opposite the compartment and the heat fluxes from the 

plumes onto the façade were greater with the presence of combustible surfaces within the 

compartment. Quantification shows that in some cases only 30% of the structural fire load by the timber 

surfaces (CLT) combust within the compartment (Brandon 2018a). Recently, a novel technique was 

proposed to estimate the combustion characteristics of the structural timber (Schmid et al. 2020c) 

which might be utilized by the model of Lee [2012] introducing a virtual burner attached to the 

ŎƻƳǇŀǊǘƳŜƴǘ ƻǇŜƴƛƴƎǎΣ ŎƻƳǇŀǊŜ CƛƎǳǊŜ оΦ ¦ǎƛƴƎ ǘƘŜ ŎƻƳǇŀǊǘƳŜƴǘΩǎ ŎƻƳōǳǎǘƛƻƴ ŎŀǇŀŎƛǘȅ όƛΦŜΦ 

combustion capacity by the air inflow), the exterior heat release rate can be determined. 
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Key:  

extQ  
Exterior heat 

release rate; 
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bw  
Width of the 

virtual burner. 
 

Figure 6: Application of a virtual burner (concept by Lee 2012). 

A simplified model is currently under development by the team of Torero J. and the University of 

Queensland based on experiments using small-scale CLT compartments of ca. 0.5m x 0.5m x 0.3m 

(Gorska 2020). 

Influence on enclosure fire dynamics (++/o):   

There is a significant influence of the fire dynamics on the external flaming. Reversely, no meaningful 

statement can be made. 

4.4.15 Extinction (definition) 
It appears that extinction is understood as zero combustion after a fire event not only focusing on the 

timber structure. This understanding appears to be observed for most fire fighters, building authorities 

and laypersons. In the past, it was observed that in fire experiments with realistic movable fuel load, 

some parts may sustain smouldering over a long time although the compartment temperature are close 

to ambient (Choe et al. 2020). Consequently, it should be highlighted that regardless the building 

material, zero fire/heat generation can only be achieved in a reasonable time if there is (firefighting) 

water applied in the right amount and location. Currently, limitations for the terms may be assumed in 

line with Eurocode where fires in compartments up to about 500 m2 floor area and 4 m height can be 

predicted, compare also SFEP handbook. 

4.4.16 Fire exposure 
9ȄŎŜŜŘƛƴƎ ǘƘŜ ǘƘŜǊƳŀƭ ŜȄǇƻǎǳǊŜΣ ŎƻƳōǳǎǘƛōƭŜ ƳŀǘŜǊƛŀƭΩǎ ōŜƘŀǾƛƻǳǊ ƛƴ ǘƘŜ ŦƛǊŜ ǎƛǘǳŀǘƛƻƴ appears to be 

influenced by the gas characteristics (Schmid et al. 2018). It appears useful for the description of the 

compartment fire dynamics and the combustion behaviour of the char layer material to describe not 

only the thermal exposure but also the environment in the compartment understood as oxygen 

concentration and the movement of the gas and its turbulence (Schmid and Frangi 2021). The fire 

exposure appears to affect the combustion of the char layer and, consequently, the heating of the 

compartment and the uncharred timber section, respectively. Large differences in charring rates in 

furnaces may be due to the different fire exposures despite the fact that the temperature control is 

done similarly. Thus, it is advised to investigate the oxygen concentration and the gas movement 

(velocity and standard distribution) in future fire resistance tests. 
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Influence on the fire dynamics (++):  

Currently, a limited common understanding is available attributing the description of the fire exposure 

on the fire dynamics. 

4.4.17 Firefighting 
Firefighting is an important element of the safety chain available (operative measure). The increased 

exterior flaming for structural fuel is a concern for mass timber projects. Firefighting guidance is 

available in various countries. For UK, this is available under UKFRS.com. Concerns of fire fighters are 

spread currently also on social media, e.g. LinkedIn. Some guidance for the fire fighters has been 

derived, e.g. Smolka et al. (2018). Currently, there is no common understanding if a structure shall 

withstand a fire event without intervention of the fire brigade. Some concerns were raised by German 

firefighting representatives that fire fighters cannot share the responsibility for the structural survival of 

a building. Consequently, design for likely burnout should be discussed dependent on the building class. 

Influence on enclosure fire dynamics (+/o):   

There is an influence of the fire dynamics on the firefighting approach. Reversely, no meaningful 

statement can be made. Firefighting techniques may be challenged in timber buildings due to the 

hidden charring and smouldering and glowing combustion, see 4.4.22. 

4.4.18 Fire load 
The total fire load is defined by the sum of the structural fuel load and the movable fuel load. Currently, 

no tool is available to consider the limited scatter of the structural fuel load. Designers have further the 

possibility to control how much of the structural timber is allowed to become involved in the fire 

dynamics by choosing e.g. the level of encapsulation of certain shares of the total surface area.  

Influence on the fire dynamics (++):  

The relative arrangement of the structural elements, which remain unprotected are relevant for the 

structural fire design. Although all enclosure surfaces will have an increased temperature in the fire 

event, the combustion of a structural timber may result in the exceedance of the effect to other 

elements by radiation of surface-near combustion or flaming combustion. Fire load has an important 

impact on the allowable ratio of exposed timber surfaces and their orientation when designing for 

burnout. 

4.4.19 Flame extension 
The external flaming may be significantly increased when initially unprotected, exposed structural 

timber is present in the compartment. Currently, no flame extension model is available as the Eurocode 

approach is considered not to reflect properly the contribution by structural timber. Based on a method 

developed by ARUP for non-combustible compartments, it fails to describe the physics in this case. The 

flame extension prediction may be required by the authorities of fire services to check the feasibility of 

extinguishment measures. In particular, in some countries safety objectives (e.g. fire compartment plus 

2 stories height) are considered acceptable. The current draft of Eurocode 5 (CEN 2021) gives a 

suggestion how the external flaming can be calculated as Eurocode 1 suggests an improper calculation 

(disregarding the amount of fuel). 

https://www.ukfrs.com/index.php/foundation-knowledge/fires-buildings-building-research-establishment-supplementary-information?bundle=section&id=16929&parent=16938
https://www.linkedin.com/pulse/engineered-timber-clt-glulam-some-firefighting-paul-grimwood/?trackingId=FBvx1S%2BzQHaadF%2FI4PWItQ%3D%3D


  

39(189) 

Influence on the fire dynamics (++):  

The flame extension is heavily influenced by the fire dynamics, especially when timber surfaces are 

exposed (for ventilation controlled fires). External flame extension is a potential risk for vertical, exterior 

fire spread to other parts of the building and furthermore, to adjacent buildings. 

4.4.20 Gas characteristics 
The distribution of the gas characteristics (concentration of oxygen, velocity and degree of turbulence at 

ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ǎǳǊŦŀŎŜύ ƛǎ ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŦƭǳŜƴŎŜ ŦƻǊ ŎƻƳǇŀǊǘƳŜƴǘΩǎ ōŜƘŀǾƛƻǳǊ ƛƴ ƎŜƴŜǊŀƭ ŀƴŘ ŦƻǊ 

combustible materials, see fire exposure. 

4.4.21 Heat release rate (HRR) 
The HRR describes the combustion of the available fuel. A total heat release appears in the context of a 

compartment fire and may occur inside the compartment or, additionally, exterior. Undertaking the 

experiments with structural timber it appeared challenging to measure the share of the external and 

internal heat release, which describe together the total heat release, compare Schmid et al. 2018 and 

Bartlett et al. 2020. Apparently, the MLR is not a proper measure for the HRR when several materials are 

involved in the fire (e.g. timber and the char layer material), compare 4.4.5. Thus, improved robust 

techniques are needed for further model development. HRR of structural timber is typically studied in 

cone-calorimeter tests at ambient conditions (normal temperature, oxygen rich environment) which is in 

contrast to typical compartment fire environments. Schmid et al. (2019) described the HRR of structural 

timber as a function of the charring rate and the combustion behaviour (understood as the share of the 

energy that is released vs. stored in the char layer); a corresponding equation is currently implemented 

in the draft for the revision of Eurocode:  

 ὌὙὙ ρςπẗɼ ẗ‌  (5.4)  

where   

ὌὙὙ is the heat release rate, in kW;  

‍  Is the variable charring rate, in mm/min;  

‌  
Is the factor to consider the (partly) released energy 

from the char layer and the (temporary) energy storage. 
 

   

NOTE 1: the charring rate is typically considered as function of the thermal exposure but physically, 

furthermore, the consideration of the heat generation in the char layer should be done. 

NOTE 2: the factor ‌ίὸ was observed during compartment experiments by Hakkarainen 2000 (about 0.5), 

quantified by Brandon 2018 for compartment experiments (about 0.4 for the steady-state burning phase in 

ventilation controlled fires) and is further described by Schmid et al. 2021. The factor may exceed 1.0 when the 

char layer is combusted but the charring rate is low (e.g. in the decay phase when the char layer is activated by air 

movement). 

4.4.22 Potential for manual extinguishment (definition) 
By trend, firefighting of items or structural components can be done effectively in the decay phase. If 

the firefighting is successful, the combustion can be extinguished. For enabling fire extinguishment of 
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structural timber by manual means (firefighting), the accessibility of the corresponding char layer 

(surface) should be analysed. Consequently, charring of components may be grouped in the following: 

(i) Accessible charring: this comprises initially exposed (visible) combustible surfaces or initially 

protected surfaces after failure of the fire protection. Ideally, only one-dimensional charring appears. 

These areas can be directly reached by an extinguishment detergent. 

(ii) Indirectly accessible surfaces: this comprises charring behind the fire protection systems, where 

during some phases of the fire charring may occurred (i.e. after the encapsulation ability has failed). 

These surfaces comprise initially protected members where single or multiple layers of fire protection 

have been applied on. These surfaces may smoulder and heat generation may further attack the fire 

protection system until its fall-off. Consequently, these surfaces may contribute to re-growth of fire 

when oxygen rich air reaches the smouldering char layer. Thus, these areas need to be checked during 

the extinguishment work and their extinguishment verified. 

(iii) Indirectly accessible encapsulated surfaces: this comprises the charring behind the 

encapsulation, where for the duration of fire resistance verification no charring should occur. For 

significantly deviating fires or due to construction faults, charring may be expected at these surfaces. 

Consequently, various fire developments should be checked to increase the likelihood of successful 

encapsulation. 

(iv) Not accessible surfaces (e.g. appearing in connection with steel works): This comprises surfaces 

adjacent to voids (within components or in gaps) or in contact with the other components (e.g. steel 

works supports), where the charring has started during the fire. Undetected fire spread may occur, also 

detected fire spread that was impossible to extinguish was reported (Östman et al. 2014, Östman 2017, 

Just et al. 2017). As a rule of thumb, encapsulation conditions should be aimed for. Recently, steel-

timber construction (timber slabs on steel frame) became a popular building technique, especially in UK. 

between different components (e.g. floors and walls) and materials (e.g. steel and timber) the 

exceedance of 250°C (start of pyrolysis) should be prevented by proper detailing (e.g. see Lignum 2019, 

CEN 2021) as the increase above the pyrolysis temperature may create a charring layer, which would be 

able to smoulder after the fire in the compartment has been extinguished. 

4.4.23 Horizontal fire spread 
Can be understood as (a) the spread of fire in the growth phase towards the involvement of the entire 

compartment (floor surface) or (b) the extension of the compartment fire to adjacent compartments. The latter, 

(b), may be addressed by proper design of compartmentation by fire resistance rated components or fireproof 

ǿŀƭƭǎ όάŦƛǊŜ ǿŀƭƭέ ǿƛǘƘ ƳŜŎƘŀƴƛŎŀƭ ƛƳǇŀŎǘ ǘŜǎǘ ŀŎŎƻǊŘƛƴƎ ǘƻ 5Lb пмлн-3) including an improved criterion M 

(mechanical resistance exceeding the standard classification according to EN 13501-2). The criterion M describes 

the resistance to a defined dynamic impact after fire resistance testing. 

Influence on the fire dynamics (++):  

See 4.4.10. 

4.4.24 Robustness 
Robustness is considered as a structural characteristic of a system to provide resistance against collapse or limited 

damage after failure of one element. In FSE, the robustness terminology should be translated to the building 

system in the fire situation, where failure of particular elements of the FSE elements should be evaluated to assess 

the robustness in fire. Limited information about relevant procedures are currently available compare Schmid et al. 
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2020b. In general, for timber buildings, the robustness may be considered as a redundant measures compensating 

the increased combustibility. This may be the surface treatment, sprinkler system, the redundancy of its elements 

(piping, pumps, water tanks), improvement of automatic fire detection (e.g. multi-channels), of suppression (zone 

division) or escape routes or other measures. 

Influence on the fire dynamics (++/o):  

The robustness and a corresponding analysis may be part of structural fire design of structural timber buildings. 

4.4.25 Sprinkler system; installation and availability of sprinkler systems 
Various sprinkler systems exist with respect to the water supply, in house tanks or (supported by) the public fresh 

water system, reaction time (dry or wet pipe), activation temperature, reliance (redundant water feeding, pumps 

and piping) and installation (detached or not). In design, the reduced likelihood for a flashover event is considered, 

in existing guidance, a reduction of the movable fire load fractile value is suggested. Currently, no proof is available 

that this factor should be applied also on the structural fire load. 

Influence on the fire dynamics (++):  

Active suppression systems have significant influence on the fire development, regardless the structural building 

material. In any case, the structural survival has to be verified for the failed sprinkler systems. Currently, the 

likelihood of failure of such systems is not clear; consequently, the corresponding reduction of the fuel load is not 

commonly accepted (e.g. in Eurocode). 

4.4.26 Surface area (exposed-) 
When structural timber is exposed in a compartment on its surface (initially unprotected surface or 

when the fire protection fails during the fire exposure i.e. partially protected), the member design is 

influenced by the fire dynamics of the compartment. However, when the standard fire is agreed upon, 

the fire dynamics in an enclosure is not considered further as the fire resistance classification does not 

take into account the amount of exposed surfaces in a compartment. Typically, for low fire resistance 

requirements (e.g. R30) other requirements, e.g. serviceability, may be decisive. For the prediction of 

the fire dynamics or the compartment temperature development, respectively, the surface area and its 

involvement in the fire is decisive. Some codes are currently under development limiting the amount of 

exposed timber. Some models consider a fuel excess ratio (GER, see Wade et al. 2018), typically a factor 

of GER=1.3 was found reasonable for typical experiments. Brandon (Brandon 2018) calibrated the factor 

to a comprehensive compartment series to of GER=1.7, indicating that only 30% of the created char 

layer would combust inside the compartment in the fully developed fire phase. 

Influence on enclosure fire dynamics (++):   

Regardless the fire resistance of the member, exposed surfaces get involved in the fire dynamics. While 

limited exposed surface areas (e.g. provided by linear elements such as beams or columns) are typically 

neglected, this approach is not correct for large amounts of exposed surfaces regardless if it is linear or 

plane members. The ratio of exposed timber surfaces as well as their orientation can strongly impact the 

fire dynamics in a compartment. These parameters need to be considered together with the external 

fuel load and the ventilation scenario that are applicable. Re-radiation between exposed surfaces also 

needs to be considered. In a recent research program conducted at RISE, it was demonstrated that the 

presence of exposed timber corners (between two walls) can prevent achieving a continuous decay 

phase. Plane members are currently often foreseen in design and may represent a significant (structural) 

fire load not explicitly included in the design, e.g. Eurocode 1 [CEN 2002]. A proposal for the 
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modification of design equations has been provided [Schmid et al. 2019]. Elements, which may 

contribute significantly to the fire dynamics are not always just CLT that is exposed. It can be large areas 

of glulam, dowel laminated timber, nail laminated timber, LVL etc. 

4.4.27 Ventilation openings 
Ventilation openings have a considerable influence on the fire development regardless the 

combustibility of the structure. Consequently, this is also valid for structural timber compartments. Two 

compartments with the same distribution of exposed timber surfaces and the same external load can 

lead to substantially different results (i.e., occurrence of second flashover, failure of the structural 

member) when the ventilation openings are different (Su et al, 2018 ; Mindeguia et al, 2020). Current 

design rules use a heat release factor of the thermally modified structural timber (i.e. the char layer) 

implemented in the current draft of the fire part of Eurocode 5, sta . It is believed that there is a 

systematic appearance of this relative share of the released heat in comparison to the pyrolysis front, 

e.g. Brandon 2018 observed a consistent share of about 0.3 for various openings and compartment 

geometries. Consequently, it is expected for typically available compartments (openings, areas, exposed 

surfaces) a pattern for the fire dynamics/the behaviour in the fire situation exists. Statistical analysis by 

Brandon 2021 (Annex) may help to limit the required analysis. 

Influence on the fire dynamics (++):  

A significant influence on the available design boundaries on the fire dynamics can be stated. It is 

expected that a set of input values can be derived for the compartment combustion behaviour sta

depending on the ventilation openings and the share of exposed timber surfaces. 

4.4.28 Thermal exposure 
Considered as the thermal boundary but an effect of radiation and convection by superimposing both 

impacts on the surface of a solid in a compartment fire. Surface flaming (if available) may add to the 

thermal exposure of the component. Thus, besides the radiation, the gas temperature has to be 

considered to describe the thermal exposure. The combination should be done utilizing the mixed (or 

natural) thermal boundary condition. The convection coefficient is depending on the gas characteristics 

and the orientation of the surfaces under consideration. See e.g. Wickström 2016, Schmid et al. 2018. 

Influence on the fire dynamics (+):  

The coefficient of heat exchange (convection especially) will have a significant influence on the heat 

diffusion to the virgin wood. 

4.4.29 Travelling fires 
Travelling fires (TF) are the appearance of fires in typically large compartments (and floor areas) where a 

non-uniform development and temperatures will occur, see e.g. Hidaldgo et al. 2019, Rackauskaite et al 

2020, Heidari et al 2020, Nadjai et al. 2020 . The travelling fires approaches are seen often as required 

verification for large space fire design in some countries, e.g. UK. For structural timber compartments, 

commonly accepted approaches are missing and first research results are currently discussed (Nothard 

et al. 2020). Limited travelling fire tests in large timber of compartments  are available, see Richter et al. 

2020. Travelling fire with higher spread rates are more likely to appear when the soffit is combustible. In 

the case of travelling fire and a timber ceiling, the flame extension under the ceiling is more likely, a 

model for the travelling fire with the flame extension under the ceiling is recently develop by Heidari et 
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al. 2020. Based on accidents and experiments, currently, the appearance of travelling fires in 

compartments with significant shares of exposed timber surfaces is questionable.  

Influence on the fire dynamics (++/o):   

Travelling fires are fuel-controlled fires, which have significant access to oxygen. Consequently, the 

appearance of travelling fire may consume a significantly increased share of the timber structure and 

the char layer material correspondingly. 

4.4.30 Vertical fire spread 
The vertical fire spread through the construction may be as the horizontal fire spread, while vertical fire 

spread at surfaces may be more severe in vertical than in horizontal direction. 

4.4.31 Water Damage 
Very little information is currently available on the re-use and renovation work needed after a fire. In an 

indicative study (compartment size < 2 m2), Matzinger et al. (2020) found techniques to measure the 

smoke damage and proposed renovation measures. A Swedish study showed that the re-use of 

compartment volumes (modular structure) was possible (report not publicly available). Data requested 

by industry and designers includes information about the water damage by sprinkler, accidental 

activation, associated damage by sprinkler and manual suppression systems, and increased damage risk 

assessment for dry vs. wet pipe installation, local and global damage. 

4.4.32 Wind 
The effects of wind on the fire ventilation of tall buildings has been researched for non-combustible 

structures. Chow 2017. Some information about the effect on compartment tests is available (Brandon 

and Andersson 2018). As the decomposition of the char layer material seems to be depending on the 

gas flow characteristics at its surface, wind effects may counteract burnout. Eventually applied 

procedures by the fire services using fans may be evaluated for the applicability in structural timber 

compartments.  

Influence on the fire dynamics (+):   

The effect of superimposed gas flow has not been estimated yet. 

5 Available fire design tools for structural timber 

5.1 General 
Currently, the widely available standard design codes and guides for structural fire design of timber 

structures are based mainly on charring rates under a standard fire exposure i.e. the normalized EN/ISO 

standard-time temperature curve, e.g. according to CEN 2012, ISO 1999 or ASTM. The availability of 

design tools for non-standard fire exposures is limited. 

The aim of this section is the identification and evaluation of current approaches and tools available for 

mass timber design in fire. The purpose of the design tools is to predict the thermal impact on structural 

elements in enclosures, the thermal and mechanical response of mass timber elements and facilitate 

design recommendations based on application of these approaches. In this report, only those methods 

that have been significantly studied in literature and that are well documented and applied in industry 

and standards and experimental case studies are discussed. The documentation aims of developing an 



  

44(189) 

understanding of current techniques available for facilitating fire-safe design of mass timber 

construction. Potential shortcomings and developments for future approaches will be addressed in later 

parts of this document. 

5.2 Available approaches and tools 
In the following subsections, various approaches and tools are listed in approximate order of complexity 

of the calculations and the motivation for their inclusion is given together with references. Approaches 

can be distinguished for the estimation between approaches to estimate the compartment 

temperature, the charring behaviour of timber members in the compartment and the reaction of the 

member with respect to its load-bearing resistance.  

Currently, to estimate accurately a compartment fire in which timber is exposed, a simulation model 

usually bases on an iterative approach requiring to simulate multiple compartment fires over their full 

duration; alternatively, an explicit FE-analysis with small time steps allows to omit iteration by including 

ǘƘŜ ƘŜŀǘ ǊŜƭŜŀǎŜ ƻŦ ǘƘŜ ǘƛƳōŜǊ όƛΦŜΦ ƛǘǎ άǊŜŀŎǘƛƻƴέύ of the last time increment (i.e. its heat release) in the 

ǎǳōǎŜǉǳŜƴǘ ƛƴŎǊŜƳŜƴǘ όƛΦŜΦ ŀǎ άŀŘŘƛǘƛƻƴŀƭ ŦƛǊŜ ƭƻŀŘάύΦ The reason for this is the fact that the total and in 

particular the structural HRR is influenced by the area of exposed timber and the mass of fuel consumed 

(kg of timber). Typically, calculations start with an assumed fuel on the floor, i.e. the movable fuel, but 

the compartment HRR is then influenced by the timber, as it is consumed. The fuel available is linked to 

the duration of the fire and the duration of the fire is linked to how much timber fuel is consumed. 

Consequently, a significant feedback loop needs to be addressed. This procedure can be challenging 

when modelling compartment fires with exposed timber and is a typical error in provided fire designs.  

5.3 Main structural design approaches 
As shown in Figure 5, three major steps of verification can be observed and described with sub- 

elements in current approaches to predict the structural response of (mass) timber: 

(i) a design fire (prediction of the time-temperature curve),  

(ii) charring rates (prediction of the charring depth, i.e. the residual cross-section),  

(iii) and structural calculations (prediction of the mechanical response of a section).  
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Figure 7: Methods and approaches for mass timber design, and how they can be coupled 

to predict structural behavior. The elements are described below. 

 

Normalized fires are considered as a comparative measure. However, furnace tests fail in general to 

simulate fuel-controlled fires and the decay phase. Physically-based fires define/calculate/simulate the 

compartment temperature as a function of the movable and the structural fuel load (in case of exposed 

timber surfaces). It should be noted that the approach of parametric fires introduced in the first 

generation of Eurocodes, i.e. EN 1991-1-2 (CEN 2002) and EN 1995-1-2 (CEN 2004), does not consider 

any structural fire load. Only a modification as proposed by Brandon (2018) would allow for the 

consideration of the fuel provided by linear and/or mass timber members. For compartments with 

structural timber, these fire predictions rely on the prediction of the timber charring rates and, 

consequently, the residual cross-section. The latter, i.e. charring rates, charring depths and the residual 

cross section, may be predicted using empirical models, pyrolysis models or within FE models. 

Zone models and CFD models give physically based fire curves, as some simplified models, e.g. the 

ǇŀǊŀƳŜǘǊƛŎ ŦƛǊŜ ƳƻŘŜƭǎΦ ¢ƘŜ ƭŀǘǘŜǊΣ άpŀǊŀƳŜǘǊƛŎ ŦƛǊŜǎέ Ƴŀȅ ōŜ ǎǳō-ŘƛǾƛŘŜŘ ŦǳǊǘƘŜǊ ǘƻ άƳƻŘƛŦƛŜŘ 

pŀǊŀƳŜǘǊƛŎ ŦƛǊŜǎέ and άiterative ǇŀǊŀƳŜǘǊƛŎ ŦƛǊŜǎέΦ 

FE modelling is not a direct method to determine the charring and/or structural response. FE is a 

numerical tool, but not a physical description of a given phenomenon or behaviour, but a powerful 

solver. FEM may be used for charring determination by means of thermal simulations, deriving the 

position of the 300°C (or any other temperature) isotherm. This kind of simulation is also possible by 

other means than FE: finite difference method, analytical models, use of experimental measurements of 

temperature. However, FE model can also be used to simulate pyrolysis (see comprehensive literature, 

e.g. Mindeguia et al. 2018).  

The above-mentioned statement with respect to FEM and thermal modelling is also valid for the 

simulation of the structural response: beside the ECSM method, every calculation tool could be used, i.e. 

not only an FE model. For instance, an analytical composite multi-layer mechanical model can be used 
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for CLT (e.g. Mindeguia et al. 2020).It should be highlighted that the visualization shown in Figure 7 

implies some limitations, e.g. when using temperature-dependent properties in FEM, no explicit 

charring definition (temperature) is necessary. Correspondingly, pyrolysis models use implemented 

material models to predict the reaction rate(s) within the solid. For FEM, char properties must be 

included in the thermal calculation. In a subsequent step, the residual cross-section can be analysed 

with respect to the load-bearing capacity. Here, the temperature profile within the section is 

determined and eventually referred to as an effective cross-section (ECS) assuming timber material 

properties as at ambient temperatures. 

FEM often implement so-called effective material properties (see e.g. Schmid et al. 2012), which account 

for effects that are not explicitly modelled in the FEM. An example is the movement of the moisture 

inside the timber structure during a fire, which affects the thermal and mechanical behaviour, e.g. 

Dinwoodie 1975. More recently, a prediction of the moisture transfer has been presented in complex 

FEM (Pecenko et al. 2021). 

One of the challenges when modelling fire dynamics in a timber structure is to account for the coupled 

nature of the relevant phenomenon. Notably, the compartment dynamics and the compartment fire 

time-temperature development can become highly dependent on the timber response to thermal fluxes 

when exposed. Further, it should be noted that timber structures can still produce combustible volatiles 

after the extinction of the primary fuel source (movable fuel load). Therefore, it might be of crucial 

importance for some buildings (e.g. depending on the complexity or the consequence class) to be able 

to predict the fire dynamics of the timber. This point requires a coupling between the fire curve and the 

ƳŀǘŜǊƛŀƭΩǎ ǊŜŀŎǘƛƻƴ ǘƻ ŦƛǊŜΦ ¢Ƙƛǎ Ŏŀƴ ōŜ ŘƻƴŜ ōȅ ŀ ŘƛǊŜŎǘ όǘǿƻ-way) coupling of the timber pyrolysis 

(comprising the charring behaviour) and the reaction of the compartment temperature or by an 

iterative approach. 

In general, depending on the methods indicated in Figure 7, the fire load and the thermo-mechanical 

response of the timber is addressed, neglected or implicitly considered. Furthermore, some methods 

can predict the contribution of the fire dynamics directly or by using an iterative approach. For the 

prediction of the fire dynamics in compartment fires with structural timber, it may be needed to 

consider smouldering and glowing combustion. The latter seems to be of great importance when the 

decay phase is investigated. The decay phase and its duration may have a severe impact on the ability 

for burnout and the structural design of certain types of buildings (e.g. high-rise structures). The 

smouldering and glowing combustion may be critical for the operation of fire brigade, the recovery and 

repair of timber structures and the impact on property protection and business continuity. 

Consequently, when assessing the methods listed in the following, according to the above-mentioned 

grouping in Figure 7, this aspect is addressed for all tools. Thereby, different elements under the same 

group are referred to with capital letters A to D; eventually available sub-elements are further indicated 

with numbers 1 to 5. 

i-A1: Normative fires: EN/ISO standard fire  

A standard fire has been defined by a default time-temperature curve in the beginning of the 20th 

century. This time-temperature curve is today implemented in various standards, e.g. ISO 834 (ISO 1999) 

or EN 1363-1 (CEN 2012). The thermal loading in the standard is described as a standard time dependent 

temperature curve for cellulosic compartment fires (compartments with cellulosic fuel sources such as 

wood cribs). In addition, a slight overpressure (20 Pa; at the exposed surface for floor specimens) is 
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defined. This is a standard fire curve that is simple to use and integrate into other methods and is widely 

used in many countries for both research and industrial applications. Consequently, a large number of 

test results is available for this type of exposure. Among others, the charring rates of spruce are well 

established for standard fire exposure. The EN/ISO fire may be compared to a ventilation controlled 

post-flashover fire (Schmid et al. 2018). For fire resistance testing of solid timber panels, the fuel 

provided by the furnace burners amounts to 50% compared to testing concrete panels. Partly, the 

burner fuel is topped up by the tested specimen (between about 45 kW/m2 and 90 kW/m2 depending 

on the fire exposure in the furnace), At the same time, less energy is needed due to the reduced thermal 

inertia of timber compared to concrete. 

However, the methodology of a prescribed fire does not consider the design of the compartment, the 

timber members, and others. Furthermore, the decay phase of compartment fires is not included. 

Damage of the timber structure (e.g. by smouldering combustion) can occur in the magnitude of hours 

after the end of the fire, as seen in the experiments of Wiesner et al. 2020, where one CLT ceiling panel 

failed 29 hours after the onset of heating, which can be attributed to timbers low diffusivity and large 

temperature sensitivity.  

To predict the structural thermal response of mass timber based on a design fire curve, the predicted 

time-temperature relationship has to be integrated in a temperature-dependant model as a further 

step. Prescribed linearly increasing charring rates are commonly used for this purpose, often 

corresponding to the standard fire exposure and being based on fitted test data, see (ii). 

i-A2: Normative fires: other fires 

Beside the EN/ISO standard fire corresponding to a cellulosic fire exposure, other fires exist which 

undercut or exceed the EN/ISO fire, see (example for tunnel fires). 

 

Figure 8: Various normative fire curves (from Promat.com). 

 

i-B1: Parametric fire model 

The concept of the parametric fires presented in Eurocode (CEN 2002) is based on the modification of 

the standard fire exposure. Depending on the fuel (mainly responsible for the duration), and the 
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openings and the compartment thermal inertia (mainly responsible for the peak temperature), the run 

of the EN/ISO time-temperature curve is distorted, compare Wickström (2016). The validity of the 

modification is based on the observations of the typical shape of the temperature developments. This 

assumption was made from measurements of non-combustible structures where similar shapes were 

observed and the duration of the fully developed fire was about 20 min (later implemented in Eurocode 

(CEN 2002) in various models). As stated previously, in its original form, no structural fuel load is 

considered. Schmid et al. (2019) have provided modifications of the fuel load calculation to account for 

structural fuel provided by exposed timber. Typically, the maximum fuel load density (floor related) is 

exceeded for structural timber compartments. Modification of the calculation process to account for the 

combustible surfaces by structural timber surfaces has been proposed by Brandon (2018) and Barber et 

al. (2020). 

i-B2: Natural fire model 

The concept of the parametric fires is presented in the German national Annex of Eurocode CEN (2010). 

Based on zone-model simulations, empirical relationships were developed as found for the parametric 

fire model, i.e. modification of the duration and peak temperature. Recently, the model was tested for 

combustible ceilings (McNamee et al. 2020). 

i-B3: Travelling fires 

There are also a range of design travelling fires, e.g. by TFM/ITFM/FTFM (Heidari et al. 2020). Typically, 

the flame front and the end of the flaming zone are modelled and compared.  

i-C: Zone-models 

Zone models divide one or more compartments into homogeneous zones with energy conservation and 

transfer equations between them. Zone models can determine the thermal response of mass timber 

compartments, considering the contribution of exposed mass timber. Zone models considering explicitly 

the contribution of structural timber surfaces range from single-zone (SP-TimFire, see Brandon 2016) to 

multi-zone (B-RISK, Wade et al. 2018). Compared to CFD models, zone model simulations can be 

comparatively quicker and simpler, providing ease of use and design. However, complex designs and 

geometries (e.g. non-rectangular compartments) are challenging to model using this approach and may 

require additional considerations and sub-models of complex phenomena such as debonding of timber 

layers (failure of the bond line integrity) and erosion of the char layer (Wade et al, 2018). It should be 

highlighted that the combustion characteristics of failed layers implemented in B-Risk, however, are not 

yet researched. The coupling between the fire development and the contribution of structural timber in 

these models assumes a uniformly distributed timber contribution inside the compartment volume. Due 

to this simplification, it is challenging to predict the fire load with more complex timber surfaces or to 

predict transient phases such as extinction. Schmid et al. (2021) proposed a method as add-on to 

typically used zone-models, eg. CFAST or OZone (Cadorin et al. 2001), which can be used to further 

develop the exterior combustion (similar to the fuel excess factor GER or alpha_2 proposed by Brandon 

2018). 

Method applicability for other materials: 

Zone models are routinely used in the design practice for non-combustible structures (e.g. concrete, 

masonry or steel), where the fire dynamics can be decoupled from the impact on the structure. In 
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general, the presence of the structural material has only limited impact on the fire dynamics due to its 

impact on the relevant thermal properties of the linings in contact with the fire environment (thermal 

absorption). Although some of zone models have been applied for pre-flashover fire prediction, e.g. 

OZone (Cadorin et al. 2001), they are more applicable to post-flashover fire models. The models are 

typically sensitivity to assumptions regarding time to glass breakage, potentially resulting in under-

estimating ventilation conditions decisive for the prediction. 

i-D: Computational fluid dynamics models (CFD) 

Tailored CFD fire modelling tools such as FDS (Fire Dynamics Simulator, McGrattan et al. 2013) or 

FireFoam (Greenshields 2018) could be used in general to predict the gas phase behaviour close to mass 

timber elements. CFD can be coupled to pyrolysis models (packages such as FDS have integrated 1D and 

3D solid heat transfer and pyrolysis models) to determine the timber charring response. However, the 

very popular simulator FDS (NIST), is not able to properly  consider the pyrolysis of structural timber 

correctly. Furthermore, the structural response cannot be predicted correctly. CFD models are typically 

used to simulate pool fires and pre-flashover fires while they are less reliable for post-flashover fires. 

Consequently, they cannot be used to predict the fire developments in timber compartments. Also for 

non-combustible (NC) compartments, an extraordinary high scatter has been observed indicating the 

sensitivity of the models to minor input variations (compare Rein et al. 2009). 

Method applicability for other materials: 

Like zone models, CFD is routinely used in the design practice for non-combustible structures and the 

structure mainly has an ƛƳǇŀŎǘ ƻƴ ǘƘŜǊƳŀƭ ƭƛƴƛƴƎǎΩ ǇǊƻǇŜǊǘƛŜǎΦ For the estimation of means of escape or 

smoke control and outside structural fire design, CFD models are routinely used. However, typically 

post-flashover fire scenarios are not generally modelled in CFD models due to multiple reasons 

(validation, time consuming simulation). 

ii-A1: Empirical models for charring under EN/ISO fire  

With the revision of Eurocode 5 (CEN 2021), the standard proposes tabulated design charring rates for 

different timber species. Using the European Charring Model, factors are used to consider further 

effects caused by e.g. gaps, grain direction or metal connectors increasing the charring rates. Using the 

effective cross-section method, the structural resistance of load-bearing elements can be predicted (e.g. 

the structural loading of timber beams and pillars are given as numerous worked examples by Porteous 

and Kermani (2013)). For separating walls, the separating function method is given to design for 

compartmentation under standard fire exposure. The separating function method assumes a summative 

function (each protective layer exhibits an individual protective time and the last layer exhibits an 

insulation time). 

ii-A2: Empirical models for charring under general design fires 

The cumulative charring model has been implemented for the description of the charring depth 

development. The model was developed by Werther (2016) and is based on a large study of spruce 

timber components exposed to parametric design fires. 
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ii-A3: Empirical models for charring under parametric fires 

The approach implemented in the future revised Eurocode 5 is in context with the method for the 

development of parametric fires in Eurocode 1, Annex A. Consequently, both the time-temperature and 

a residual cross-section will be determined. It should be highlighted that parametric fires can only be 

used if the influence of the mass of the fuel of the exposed timber is accounted for (Brandon 2018, 

Barber 2016, Barber et al 2020). The fire load contribution coming from the timber will change 

throughout the fire, meaning that a constant fuel load may not be representative of the temperature-

time behaviour of an actual timber compartment fire. To address this, further work by Barber (2016) 

outlined the development and necessity of an iterative parametric fire curve, by updating this fuel load 

at each time step of the parametric fire curve calculation as the available fuel load changes. 

In general, the parametric fire design method in the fire part of Eurocode 1 considers dimensions of the 

compartment and openings (expressed via the opening factor, as shown in Figure 9) and thermal inertia 

of compartment enclosure. However, for timber compartments they are not automatically suitable as 

the structural fire load is not automatically considered. 

This approach uses charring rates observed in standard fires, which are modified for the particular 

parametric fire. In reality, charring rates of timber can vary both depending on the stage and intensity of 

the fire and the position and orientation of the mass timber element in the compartment. However, the 

method is poor at predicting decay and underestimates the charring in the decay phase. Therefore, 

parametric fire curves may not be accurate for predicting exposed timber compartment temperatures; 

consequently, conservativeness needs to be addressed accordingly. Furthermore, both parametric fire 

model (EC1) and especially charring model for parametric fire (EC5) have applicability limitations. For 

instance, the charring model given by EC5 for parametric fire curve has been shown inapplicable to 

predict charring in the case of a ventilation-controlled experiment (because the parameter t0 > 40 min) 

compare Mindeguia et al. (2020). 

 

Figure 9: Examples of Eurocode parametric fires for a range of opening factors from 

Vassart, 2012. This shows that higher opening factors result in quicker calculated 

temperature-time curves, both in the growth and decay phases. 
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ii-B: Pyrolysis models 

Pyrolysis models can be used to model the charring behaviour and thermal response of timber across a 

range of scales. These models range in complexity, from single step reaction mechanisms, to multi-step 

mechanisms. Pyrolysis models commonly assume decoupling of the fire dynamics from the pyrolysis, so 

the timber response must be assumed e.g. as a parametric fire. However, pyrolysis models do not 

permit to predict the extinction of flaming-, smouldering- and glowing combustion or the fire intensity 

enhancement by timber flaming. The key elements that need to be considered are shown in Figure 10. 

 

 

Figure 10: Key heat and mass transfer processes at the 

surface of a burning mass timber element (Quiquero, 

2018). Implementing these processes into a pyrolysis 

model, parameters including the charring behaviour 

and contribution of timber to fire behaviour can be 

determined. 

Figure 11: Reaction scheme of the 

chemical kinetic sub-model (Richter et 

al. 2020) 

  

Typically, pyrolysis models fail to model all elements shown in Figure 10. A pyrolysis model is only able 

to simulate a thermally activated reaction. It does not allow for simulating water transport, re-radiation, 

convection, conduction, gas migration. Richter et al. (2020) described the scheme for the analysis with 

multiple sub-models, see Figure 11. Pyrolysis models usually rely on the Arrhenius law to represent the 

reactions approach, which requires a range of kinetic and material parameters to make predictions. 

Moreover, it is crucial to identify which reaction is the more relevant to calculate charring. Available, 

general tools to solve the described reactions are PATO (https://pato.ac/index.php/author/jean) or 

GPYRO (https://www.sciencedirect.com/science/article/abs/pii/S0379711209000332?via%3Dihub) for 

biomass pyrolysis simulation. Determining the material parameters must be done with care (see 

ongoing round-robin study about TGA sponsored by the International FORUM of fire research directors), 

as they can lead to very scattered values. These parameters are highly dependent on the timber species, 

treatment and even the growth region. For these reasons, an advanced pyrolysis model must be 

reserved for well-characterised timber structures (eventually considering the particular product) by an 

appropriate validation process. Smouldering in timber has a major impact on the structure post-fire and 

https://pato.ac/index.php/author/jean
https://www.sciencedirect.com/science/article/abs/pii/S0379711209000332?via%3Dihub
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may be critical for the operation of the fire brigade, the recovery and repair of timber structures, and 

the impact on property protection and business. The RR (Reduced Reaction) model proposed by Richter 

et al. (2020b) incorporates optimised kinetic parameters and a multi-step reaction scheme to predict the 

behaviour of traditional and smouldering timber fires at meso-scale and timber slabs under a range of 

prescribed traditional and travelling fires (Richter et al. 2020a). 

Simplified pyrolysis models have been coupled to CFD or zone models (see Girardin 2019 or Lardet 2018) 

to model the gas and solid phase interaction during pyrolysis. These models assume that pyrolysis is 

governed by surface thermal phenomena, by a pyrolysis activation criteria (temperature or heat flux), 

and a mass loss rate. These models permit to include easily the timber contribution to fire development 

in a zone or CFD model but cannot be used to predict charring rates. Structural and mechanical 

behaviour (e.g. char fall-off) are often not considered in pyrolysis models. 

ii-C: Numerical simulations 

Typically, FEM models use effective material properties calibrated to a certain heating regime, e.g. the 

EN/ISO fire. Traditionally, FEM model fail to describe the contribution to the fire dynamics when a 

combustible solid is heated. 

iii-A1: Effective cross-section method for EN/ISO fire:  

The effective cross-section method was developed from a simplified approach for simply supported 

glulam beams that were fire exposed for 30 min, see Schaffer (1984). Schaffer estimated the effective 

cross-section of a charred timber element, allowing for estimation of structural weakening of timber due 

to high temperatures. This is achieved by assuming that the char region of a structural mass timber 

element in a fire provides no load-bearing capacity, reducing the load-bearing cross-sectional area of the 

element to only the uncharred timber minus a zero-strength layer. By doing this, an effective cross-

section can be determined by coupling to charring models (e.g. prescribed charring rates, pyrolysis 

models, or FEM), to determine the point in time at which the timber element will fail for a given load. 

This is a simple method that allows for versatile coupling between fire curves and structural response to 

predict how design fires will influence the structural timber elements over time. In general, the ZSL 

depends on the kind of design fire, the mechanical state and the type of product (CLT, TFA, ƎƭǳƭŀƳΧύΦ 
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Figure 12: Depiction of a charring timber beam with defined cross-sections from Schmid et 

al, 2015. This assumption defines how much of a charring timber element cross-section 

can be considered as providing strength to support structural loading. 

 

iii-A2: Effective cross-section method for general design fires 

In the current draft of the revision of Eurocode 5, a method is proposed to modify the zero-strength 

layer provided for standard fire for the application with heating and cooling rates from general fires. The 

method is based on the observation that the zero-strength layer is about of the thickness between the 

position of the 300°C and 90°C isotherm. 

iii-A3: Effective cross-section method for selected parametric fires 

Lange et al. (2015) developed this further by prescribing two zero-strength-layer thicknesses (15 mm for 

longer low-temperature fires, 8 mm for short higher-temperature fires), based on a series of timber 

tests, allowing structural loading calculations to estimate the loading capacity of a given timber 

structural element. The reduced cross-section method, as highlighted by Brandon et al. (2018b), 

assumes a homogeneous mechanical behaviour of the timber element over the whole cross section, 

meaning that this method is not appropriate for members with inhomogeneous layups, e.g. 

unsymmetrical glulam or CLT elements. Furthermore, uniform charring behaviour is assumed (i.e. the 

thickness of the char layer will be uniform across the timber element at any given time), which may not 

apply in non-standard fires such as travelling fires. The reduced cross section method assumes a 

mechanical behaviour as at ambient temperature beyond a certain depth inside the section. For a long 

fire duration, the timberΩǎ low thermal diffusivity can lead to temperatures above ambient deep inside 

the structure long after the end of the fire. It might reach an extent where any point in the cross section 

is significantly heated (>50°C). However, the material reduction curves developed for standard fire 

exposure are considered not applicable at this stage of cooling. 

iii-A5: New effective cross-section method for parametric fires 

This method further develops the effective cross-section method, removing the assumption of constant 

zero strength-layer and charring rates. The charring rate is estimated as a function of the compartmentΩǎ 
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opening factor and thermal inertia and will linearly decrease to zero during the decay phase. 

Furthermore, this method modifies the mechanical properties with temperature-dependent reduction 

factors. The method does not require homogeneous mechanical properties over the cross section, 

meaning that this approach is applicable for predicting the structural response of CLT elements as well. 

This approach can be coupled to fire curves to determine the structural response of mass timber in a 

standard fire, while still offering a level of complexity that allows its implementation in widely available 

tools such as Microsoft Excel (Brandon et al, 2018b). However, the presented models implies limitations 

with respect to the type of fire, ventilation conditions and the compartment size. 

One of the key assumptions of this approach, similar to the reduced cross-section method, is that the 

cross-section is uniform (homogeneous) across a particular element; in non-standard fire exposures 

(parametric fires are specified in application of the approach by Brandon et al, 2018b), a mass timber 

element may not char at a uniform rate across its surface, meaning that the reduced cross-section is not 

uniform.  

iii-B: FE modelling 

FEM including packages such as ANSYS (2006), and LS dyna (Hallquist, 2007), opensees 

(https://link.springer.com/article/10.1007/s10694-020-01071-0) and Cast3m 

(https://www.sciencedirect.com/science/article/abs/pii/S0950061817323085). They are tools that 

provides high flexibility for structural design in general and for timber construction. FEM packages can 

be used to calculate the heat transfer processes in the timber, and the structural response of loaded 

timber elements. To achieve this, FEM require further information regarding the fire behaviour 

(specifically a prescribed local compartment temperature at each time step, the local convection 

coefficient, and the potentially temperature-dependent thermal and mechanical material properties), 

which can be sourced from the previously discussed thermal models, depending on the level of 

complexity required. More advanced models for timber construction have included prediction of crack 

formation due to material shrinkage (Winter and Meyn, 2009). FEM can also be used to model stress 

concentrations at connections (Palma and Frangi, 2016). A challenge of connection models is the 

consideration of the increased heating of sections when metal connectors are installed. 

https://link.springer.com/article/10.1007/s10694-020-01071-0
https://www.sciencedirect.com/science/article/abs/pii/S0950061817323085
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Figure 13: Example of how FEM can be used to predict the heat transfer and charring 

behaviour of a mass timber element, compared to experiment samples (Thi et al, 2017). A 

FEM model is shown to successfully predict a charred timber element cross-section.  

NOTE: Here, the 300°C-isoterm was used to predict the location of the char line which may 

be a limitation. 

 

In fire design, FEM mainly focuses on the response of the solid to a temperature and does not directly 

incorporate the gaseous environment surrounding the solid. For timber members, the kinetic response 

of timber via charring and drying processes is not covered directly but considered indirectly by effective 

material properties. Currently, the availability of fully coupled thermo-mechanical models is limited 

(Cueff et al. 2018). 

Method applicability for other materials: 

FEM software packages typically have implemented material properties for the case of fire for steel and 

concrete. These material characteristics cover the thermal properties and the mechanical properties. 

Concrete: The mechanical response of concrete in fire using FEM is common in research literature but 

less so in design practice. As solid elements typically need to be used and thermal expansion to adjacent 

members is not critical for concrete structures, common applications consider single elements rather 

than completely the entire frame behaviour, e.g. the punching shear of pre-tensioned slabs or buckling 

of columns. Spalling appears to be the most challenging property to be captured in numerical models. 

Spalling phenomena are particularly relevant for self-compacting concrete and high strength concrete.  

Masonry: FEM is not typically employed for masonry structures under fire conditions in design practice. 

This is predominantly due to the complexity of the interaction of different materials and the difficult 

repreduction of the brittle failure in finite element analysis.  

Steel: Steel is probably the widest implemented material with respect to FEM for the fire situation. 

Typical applications are whole frame behaviour analysis to capture load redistribution, modelling of 








































































































































































































































































