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Preface

This publication is the result of work carried out withinthepdNR2 2SO &G ¢AYCAE( o0& aSJ¢
performers, universities and external experts. The research partners conducting this gap analysis were
(alphabetical order) Arup, CSTB, ETH Zirich (chair of timber structures), London Imperial Collage
TalTechTechnical University of Munich (chair of timber structQrédSE. International experts from

Australia, New Zealand, Finland and France blindly reviewed the document. The project was funded by
several funding partners representing member associations cBGIEI

This document was created from all participantsat 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 liabilityconnection 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 utiliske 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 definede-temperature ratio typically used in fire

resistance tests (e.g. EN 13631SO 843, ASTM E119). The availability of tools for-standard fire

design is limited.

Overall aim of TimFix will be to develop guidance to reduce this limitation espedmtyfocusing 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 preproject of TimFix aims fdhe 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 thetiootivan 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 Ostman, 2016, Winberg et al. 2019, Petterson 2020). In the fallowing,
gap analysis is presented based on knowledge, which has been gathered in the WPs offdtogepte

In contrast to previous gap analysis documents (1) the gaps are related to building categories,
distinguished by certain building properties, such agrde 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
structuraltimber 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 elementsta 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 revaluate 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-preject or agreement with the
reviewers could be achieved in the limited duration o# tirafting.

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 tys 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

11(189)
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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 (STAs$@gilar 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 thesprinkler 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 ar
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 projeduggestiongproject action plan)

Based on this report, the following projects wegoroposed to perform research on. The projects may
comprise or exceed the research items identified in later sections but represent potential projects
where wellcoordinated activities should be performed.

1. Fire Dynamics: Large compartments with exposedber (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 a@htweight construction (Modular elements not platform building);
resilient construction technigue needed.

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

4, Fire Dynamics: Development of a common guidance (e.g. Eurocode) is not availaibée on F
dynamics;

5. Fire resistance testing: Variability of fire test res@l lsetter 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 properti®e (mechanicaland 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 thernzald fire exposure including itsstory;

7. Smart detailing; to avoid snutdering/glowing and allow for the application of the design
models; Charring in penetrations (horizontal and vertical)

8. Model for charring phases in nestandard fire situations; protection and encapsulation ¢fal)
FYR Ffa2 AYLNROGSR YIFGSNARAFIfa om &SN LINPRdAzOGT
9. Education: especially digitalization, linking tools and digital application and knowledge transfer;
ETH Zurich and Lignum will soon start project and are looking forgrar

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

12(189)
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based for these building types (e.g. school ceffiresidential) considering building regulations in
different countries.

11. Development of a welbased database that is publicly accessible; the database should contain
research projects (running and concluded), fire accidents and fire test and expé&iaseaurrently
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 concrdtased 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 Zlrich (J. Schmid) and has been
revised by external experts.

4.2 Introduction

In the following suksections various factors are listed alphabetically and the watibn for their

inclusion is given together witthe 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 applidde, they are listed under (i). As many characteristics may be influenced by
several factors, they are listed as gobints andgif considered important, referenced to other points.

The influence on the fire dynamics is intuitively given using a raoge £+ (very high), high, o (not
relevant/existingor neutra) 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 chemieahd physical changes comprising the changaeoisity,

local vaporisation (NOTE: moisture movemeannotcovered 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). Sqraposals 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 sowstikneedsto be considered. If availablhe models

based orthis type of equations could be used to describe the combustion behaviour of the material in
complex simulation software, e.g. field models (NED This is not really a factor related to the material

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

13(189)
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Influence on the fire dynamics (0):

It can be assumed that the use of Arrhenius equations, when used as a footted reaction of the
wood material (component) can provideguantification 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 inug lines creating bonds between layéface gluinghave been used for more than

100 years to create linear, muktlement members. Adhesives are used in finger joints (understood in
GKA& R20dzySyid Fa tAySIEN SEGSy ank ihgshetweghRamellyyr | YSE £ |
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 ps, 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. phenoésorcinolformaldehyde or polyurethane adhesive) or whether ytare

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
GAYS 0a2YSGAYSa NBTS midtionudt theladhésd/é 3&ayfs taichrer S€ 0 A S o
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 jointbetween 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
canbe assumed. Consequently, the bond line may be describedtiguszones, whictare (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 thickiypssaltybetween

0.1 and 0.3 mm (e.grevious 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 liniategrity and consequently the bondingJll 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 fie design is done. For normal temperature use, the maximum temperature reached in
tests are lap shear tests and creep rupture tests according to EX a08-8, respectively also known

4 GRStFYAYlLIGA2Y (Sadeés aSS Y evivatemPaiatureyewrelsfah Y R H N
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 teswith constant temperatures below 300°C, e.g. Frangi et al. 2012,

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

are exhibited to similar temperatures, debonding was observed in fire resistasteand aehoc

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) ynfail when a certain temperature was reached in the bond line. The
failure temperature is largely scattered, depanglon the measurement technique (incorrectly placed

or installed TCs), the actual adhesive product and its chemical mixtayevary betwen 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°Crigereel.
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For the facebonding of load bearing timbanembers three requirement standardare existing. These
are EN15425 forone-componentPUR adhesives, BQ1 for MUF, MF and PRF adhesives and294

for EPI adhesives. Within one adhesive group, there are large diffeyeagarding thergroduct
formulation and it is therefor@ery unlikely that it would b@ossibleto generally assume thatne
adhesive groupnaymaintain the bond line integritduring afire in general. The change of the mixture
(e.g. thermoplastic partand 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 (3008@jdally understood athe failure
temperature of the bond line. This failure of the integrity of the bond line results in debonding and
consequently fatbff of the charring ocharred lamella. Currently, a teshethodology(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 matlayis intended for panel type members but
might be used also fahe linear type members (glulam) where no such mettodvailable. The GLIF
methodology(unloaded eventually loaded tests imodel or large scalejinder development is linked

to a severe design fire used fdrea PR@20 method according tANSI/APA PR&20:201Xloadedfull

scale tes). Ina previous verien of the GLIF testit was intended to comparthe performance of the

bond linewith a maximum possible mass loss of solid timber where no bond loteseyved This is

done for a reference density of 4%Q/m? at 12% equilibrium moisture contelprue wood) As a

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

3a T X afa Qe
LT U . (.1
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It should be noted, that the charring ratgpicallydecreases with time, thus, for fire resistance tests
exceeding 60 min, instead of 0.67 mm/miclzaarring rate of ®5to 0.72mm/min may be applicable
seeFigure2.

Charring rate [3, [mm/min]
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Figure 6: Measurement device (left). Assessed Figure 7: Simulated charring rates (Klippel, 2014).
charring rates using the special made meter (right).
(a) (b)

Figure2: (a) Charring rates measured by Konig and the corresponding simplification as linear t
(regression curvajerived by Kénig (1999nd (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 E§.1) assumes zero density for the char Igyehich is not

valid. Typicallythe values between 3@g/m?® and 90kg/m? are more reasonable. Consequently, the limit
is in the order of magnitude of 14Kg/(m?h). 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 additfenvironment 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 dilatio of lamellae (see Frangi et al.) The following decomposition (i.e.
combustion) of the material at this location is currently unknoBasides face gluing, side gluing exists.
Some CLT products are made using side gluing (structural edge bonding)pindbss 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 strature while gaps between lamellas may allow fire spread through the CLT.
Consequently, noffiace gluing may risk neair tight constructiorelements, whictenables fire spread,
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smouldering and glowing combustion. Thus, conditions for firefighting and assunsfor burnout
calculations may be challenged. Currently, the Austrian timber association is documentiimgtidae

likelihood of overlaying gaps in CLT (see Klippel et al. ZDli8)determination of the mass loss

appeared to be too complex for testifabs. Reasons may be found in the delayed extinguishment
process that lead to unreasonably high mass losses exceeding the theoretical maximum as estimated in
Eq. (5.1put also the undefined fire exposure (thermal exposure comprising of the radiatiogad
temperature and the gas composition and its movement, 4del§ in the furnaces.

The strength of bonded timber members was analysed by Kallander and Lind (2001, 2005).
Influence on the fire dynamics (++):

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

2T GKS O2YLI NIYSYld FANB® / dNNByildftezr ftAYAGSR GSad
influence on the product performance and, thus, the compartmenet diynamics (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 behaviouwhich isresponsible fothe loss of parts of the crossection is the most

apparent characteristi 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 tlaetienof timber to fire exposure;

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

timber under the standard fire exposuyéhis characteristic is considered well researched. In simple
engineering modeldhe charring behaviour is normally consideredadanction 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 measurebesed 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, theriitial 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 chab@fwviour 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 hyer density (a measure for the combustion), Ségure3.
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Figure3: Measurements and definitions related to the residual virgin csmsgion of a previously fire
exposed timber member (Schmid et al220.

Influence on the fire dynamics (0):

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

release rate (Schmid and Brandon et al. 2016, Schmid et al. 2018)safiétween charring rate and

mass los rate (Klippel et al. 2018). Therefore, the rate of charring gives a strong indication of the
GAYOSNRAE O2yiGNROdziA2y G2 (GKS FdzSt t2FR 2F GKS TFAN
fire resistancdesting furnace are evaluated, commgaSchmid 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
neededto answerimportant 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 tosconption 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 chr 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 (Sehahi@®016 and Schmid et al.

2021). It should be noted, that the definitionskigure3 differ slightly from the common definitions

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

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 clearkelated 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

¢tKA&a OKFNIOGSNRAGAO Aa | &aNNRWAEY Llya SoyG@AMKBASORTY 30 S
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) numericallghow 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 configurationsing 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 bebserved. 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 responsibletfa combustible volatiles produiin (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 charringmperature of plus/minus 5& 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 fpesexe).

According to standardisation, temperature in a low conductive material shall be measured with wires
parallel to the isotherm (5€nm). Otherwise temperature measurements risk to be significantly

incorrect (lower; thus, often nowonservative) du¢o 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,
compareFigured below.
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Figure4: Drilling core to be inserted in a CLT floor gadpyright ky IGNIK Fire Design Consultihg

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 (0):

Although different charring temperatures de 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 ahpact
varying charring temperatures on the fire dynamics.

4.3.6 Char layer contraction

¢KS OKFNJtF@SNI O2yGNIOQGA2Y 0a2YSGAYSa NBFTSNNBR
GOKI NJ f 1 @8SNJ adzZNFI OS NBINBAAA 2 ace pcatds andidbldndeSsare of K S
the reduction of the total crossection thickness, i.e. virgin wood and char layer thickness. Traditionally,
the char layer is considered aminsulation layer, which protects the virgin wood section. Thus, any
thicknessreduction 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 (0):
No meaningful statement can be made.

4.3.7 Char layer oxidation

The termof 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 sd 8hming 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 smoulderingight occur at very low oxygen concentrations, Lange et al.
(2020) deected smouldering of a solid timber slab in a furnace where the oxygen concentration was

20(189)

g2



ks

TimFix

significantly below 10%. All oxidativeactions go along with the massss of the char layer.
Exemplarily, the contribution to the fire of the char layer decompositn a furnacevasestimated to
between 45 and 98W/m? based on the remaining mass of the char lafgehmid et al. 2020, Schmid
and Frangi 2021). In a real fire, this may be exceeded depending on the compartment envirdimment
exposurg in contact vith the (structural) timberand 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 somelggs, 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 combustiblmaterial and, therefore, has a potential to contribute to firesadgel load. In
Europe, standardised test methods exist to determine reactmfire classesvhich are linked to the
combustibility of a final productMost softwood products would haveaetionto-fire class Oimin.
thickness and min. density applies). This clagEates 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 smddering combustion of the timbéstops.

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 ttezreat fuel

required to follow the defined timeemperature curve (Schmid et al. 2018, Lange et al. 2020). However,
O2y&ARSNAY3I (GKS (SNX¥YAy2ft238 2F GFANB SELR &dzNB¢
developed, posflashover firesvhere the compartment shows a very limited oxygen concentration.

4.3.9 Connectors

In timber structures, connector@&lso referred to as fasteneraje generally used to connect multiple
structural members. In mangasesgconnectors can ba part of the structual 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 suctural 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 effecimpare 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 welhsulated locations. This may increase the risk fegroavth of a fire
that was considered extinguishefee4.4.22

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 duethe large variation of the density in cressctions

and for simplicity reasonslowever, 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 dl, 26&9
RSyaAide KFa | adNRy3 Ay Tt dzSycd &ndshén cana@alvate lowR A T F dza A
density woods) or delayhighdensity woods) the start of charring/burningowever it seems obvious

that under high heating rates (as durindir@), unexposed wood starts charring very rapidly, indicating

OKF G GKKS GoALyNESE LK aS Aa G22 aK2NIU FT2N RSyairde G2 ¢

Influence on fire dynamics-):

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

such as timberReyler et al. 201) Wood with a higher density therefore can lead to higher combustion
energy.However,it isknown that wood with higher densities char slower, when exposed to fire. There
are no known experimental stigb 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 resisanc

conditions is minimal, because the increased combustion energy per volume is to an extend
compensated by the slower charring behavidain. suggests to set the heat of combustion L to

21.0MJ/kg

4.3.11 Extinction

In general, extinction is reached when ooiethe four elements from the fir¢etrahedron (oxygen, fuel,

heat, chain reaction) are removed. Further information is given below in this and the following sections.
The combustioprocessof aburningtimber specimen, &urningtimber member or aurning timber
structure camautomaticallystop 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 sulering 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 extinctionwith the emission of flames, light and heat, (B) glowing combaostio
extinction¢ with the emission of light and heat, and (C) smouldering combustion extingtidgth the
emission of heat. The extinction process can be reached with or without manual intervention. From
recently conducted experiments, it appears importéamhighlight 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 studiemly theflaming extinction has been addressed. It is of increased
AYOGSNBadG a FtryYSa YAIKEG | LILISIE NI y S| Nddiatingfdheo S NI &
member and influencing the fire exposure of otheembers.Points, whickare strongly related to the
extinction of structural timber (compartments):

Qx

w Failure in bond line integrity (GLIF, sometimes referred to as debonding or delamination in the
fire situation) has occurred for layered wooden material. (g T), exposing virgin wood to heat flux ,
which led to a second flashover in some cgaeventing theselfextinguishment (McGregor 2013,
Medina Hevia 2015, Brandon and Ostman 2016, Hadden 2017, Su et al. 2018 and Terrei, 2020).

() Encapsulation failurefhe faloff 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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w Other phenomenon may lebto sudden exposure of previously unheated (structural) fuel to
high compartment temperatures or incident radiant heat flux (Brandon 2018b), e.g. failure @ (non
structural elements protecting other structural elements, furniture fixed to structurahelets.

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 floxto the wood surface. Extinction of flaming combustion,

however, does noindicate 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 glowinghabustion

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 extinctiemotildering and
glowing combustiortan be described as thend 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 estimatd tfdhe

mass loss atertain exposure conditions, e.gbout 3.5kW/m?in cone calorimeter testat ambient
temperature Crielaard 201p Recently, a significant scatter of such tests results were observed, among
others on the orientation (vertical or lizontal), see Arnosson 2020, and the gas velocity at its surface.
This is in accordance to Schmid et al. 2020. Typistdigdardconecalorimeter tests (CEN 2015, ISO
56601) are stopped too early (e.g. after 1266c) or do not represent fire exposuresfire

compartments. The questiosif the classic fire resistance ratings do accounttfar selfextinctionin
non-combustible enclosure€hoe et al. 2020).acking is the application of knowledge derived from
small and medium scale tests and expagnts in larger scale. While cowalorimeter tests show a
specimen size of Orh x 0.1m and roughly defined fire exposure conditions (gas flow at the surface),
FANCI tests (Schmid et al. 2020) provide with 1350.25m still a limited area.

Influenceon 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 glowingpmbustion can ever be guaranteed under a reasonable time (e.g. 6 h after
accessibility of the compartment by specialists). Consequdhitirecognsedthat firefighting

intervention and water application is needed to get to a zero fire. This is ngtrelated 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 withstand a full fire duration. Furthermore, limited changes of

the building design (e.g. refurbishments) during the lifetime of buildings would tixelympromise a
0dzAft RAy3dQa loAfAdle (2 LINBGSyid 02y disgcyssed bova cad dzf RS NR
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 semea required

4.3.13 Flamingcombustion
Inthe fire design ér timber structures, flames are associated with the combustion of gasecus by
products of wood pyrolysis. Flames can set on when an appropriate mixture of gaseous fuel and oxygen
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is present. For smadicale firesgasesan be auteignited at high gas tengratures, 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 morettigesmouldering

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 tine 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].ypically, it is assumed that a gap of mamr has insignificant effect on

the charring. For Clroducts,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 exfargr{ge area) the

charring may affected, e.g. by an increase of the notional charring depth or the consideration ef multi
sided heat exposure of the element. Sigleing of adjacent elements with heat resistant glues may
address this issue sufficiently. Ntudy is currently available with respect to the heating effects of the

virgin wood beyond the char line. The likelihood of overlapping gaps in-laydtied 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 exceedimgri2width. It can reasonably be assumed
that this abko 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 Bend line integrity failure(fire induced) debonding or fr

(induced) delaminatiofhe integrity of bond lines of glued timber products can be compromised in fire
conditions. Weakening of the bond line can result in thed#lbf lamellas and layers, which can
significantly increase the combustion of the wodtltljs the charring rate within the timber element and
influence the fire dynamics of enclosure fires (Brandon and Ostman 2016, Su et al. 2018). Whether glued
products exhibit bond line integrity failure is dependent on the fire exposure conditions assik# a
material parameters, such as the thickness of the exposed layer and the adhesive product. The failure
modes of the bond lineduring afire are not currently well understood. The impact of important
parameters such as the loading need to be documeénieests 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 (uncharregiber surfaces to high heat fluxes (or radiation temperature),

the heating rate of timber suddenly increases, which leads to an increased mass loss and gaggntial
heat release (Brandon 2018b). Experimental studies have indicated that the effectgmifinasitly

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 tempgrand 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 nexeifjuishment wee

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 coclusion 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 tindaxe 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 mayaffect the faltoff 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 (}/

Depenaknt 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 precistoemvmachining 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 fabff

Fire protection systems of gypsum boards can be tisgutotect 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 Ostman 2016). Predictions of theffalf gypsum boards in fire
resistance tests is generally done using empiricabfélimes (Ostman 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 tothe sudden exposure of previously unexposed but eventuallynea&ted timber surfaces to high
temperatures (gas and radiation temperature and convection), the heating rate of timber suddenly
increases, which les toignition withan increased mass loss and potentighheat release (Brandon
2018b). The effect of the fatiff of gypsum boards on enclosure fire dynamics was first observed in
experiments by Hakkarainen (2002), where a single layer of type Argypsards failed in protected
plane timber elements already after about &8nutes (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 sameompartment lead to a different behaviour during fire (heat release,
temperature, charring, duration of fire). See particularly the difference between the t&sirid the test
1-6. We propose thm to be less conclusive her&he fire dynamics showed asemblance with those of
a similar compartment with all mass timber surfaces were initially exposed, which was presented in the
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same publication. It should be noted that the performance of passive protections (time of protection,
time of falloff) is also dpendant 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 litezand some standards and building
regulations suggests to rather use values of incident heat flux (elkVIi&?) at ambient gas

temperature. The temperature limit seems to be difficult to link with physical phenomena (Babrauskas,
2002)and a significantcatter has been observed (see e.g. Bartlet et al. 20@8pme publicatios (e.g.
White & Dietenberger2001) ignition is not only linked to flaming combustion but also to smouldering
and glowing combustion. Typically, the ignition temperature has bagtiex at ambient temperatures

with radiation emitting test setupg/ith and without pilot ignition source. Consequently, testing
conditionslimit the relevance for higher gas temperature environments. However, for untreated timber
products, the time of igtion 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 ISGcompartment with very limited dimensions (< 1&mom). The igition 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
2T GKS 02y OSLI 25/ aoACIS/NINESIAR SynitiomBvitdridSdMelexpeted 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 reathiors wi

fire exposed sample or specimen. For example, it is used to verify thexsieljuishment.

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 fyetthat 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 losstlé structural timber might be related to either material

conversion or material loss (see e.g. Schmid and Richter et al. 2021). Thus, traditiorlalsmass
measurements in compartment fires fail to cover the accuragsadiption 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 heatontent). Thus, no appropriate measurement tools are currently available to

estimate the meaning of recordedass loss for the fire dynamics.

Influence on enclosure fire dynamics (++/0):

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

conversion to char. As it is the measure of other factors describing the combustion of the material it can
0S OflaaAFASR a4 abbée 2N az2éad /2yaSldsSyidtes GKS
contribution o the fire dynamics in fire.
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4.3.20 Modification with fire retardant treatments

Wood madification 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 creatbusdiinle 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 unlessreactive fire protective system is applied (compare Nussbaum 1988). It
should be highlighted that the measurements were done in ecalerimeter tests and not

compartment tests where other effects (delay of surface flame spread, delay ofdiesh maybe

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 Hertmiding
treatments (surface treatment or impregnati) 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 onljamater
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-itu) silicificationof wood material (Merk 2016). However, it

is not clear if only the charring rates aslanged 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, Ostman 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 etcisivery likelyto 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 exhibibsture 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 increasedM€ results of the fire tests

with different initial moisture contents (ONb6, 6M%, 12M%, 18M%) showed that an increase in

moisture content of about 1 M4 led to a decrease in the charring rate of 1 %. After 120 min of standard
fire exposure, a difference in the charring depth of 20maswbserved between the kiried test
specimen (0 M%) and the test specimen with a wood moisture content of 286MT his findings can be
confirmed by other authors (Mikkola 1990, Huntierova 1995 and Schaffer 1967).

However the investigation revealed thfmr 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 difficli to ignite than drywood, 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 meisturcentration on
enclosure fire dynamics.
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4.3.22 Lamellae dimension (layer thickness) of CLT

Engineered timber is generally made of wemaked elements or lamellas. The lamellas thicknesses can
vary (in product standards starting from 6 mm, in fire design sl 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 aCLT (Klippel et a. 2018) and potentially glued laminated timber (Andersson and EK2017).
example, it is considered mosevere forthe adhesive and the timber to test aply CLT with 2thm

thick lamellas than a-ply CLT with 3&nm thick lamellas (@ft et al, 2018).

4.3.23 Layup of CLT

CLT comprises of layers that are glued in a engss 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 CLproducts with different layups. 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 onine ddiyhe
CLT.

4.3.24 Pyrolysis temperature

The temperatue 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, cellulesgichllulose), 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 Euraade 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 contradicttbistiimit, however, for the structural fire
design for posflashover compartment fires with the exception of smouldering fires, the use of 300°C as
the limit canappears to be appropriate.

4.3.25 Smoke creation

Combustion creates reaction products, among ofwmbustible volatiles, flame, heandfurther

moreda22l0 FyR aY21S® LG FLIWSFNE dzaSTdzAg G2 RAAGAYIdzA a
SEKI dzad 3148480 YR (KS &aY21S 6KSNB FdzZNIKSNJI | AN RA
volume cepending 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 structiifuel 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:

W § S (6 I (5.2
where
W § gas volume at 20°C created per scgiateter, in ni/m?;
1 is the time dependent charring rate; in mm/min;
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i is the stoichiometric burning ratio, 5.14;

is the energy release factor considering the combustion behaviour of struct
timber, for the fullydeveloped burnig phase in ventilation controlled fires, a
factor of 0.4 may be assumed.

Influence on enclosure fire dynamics (++/0):

A significant influence of combustible surfaces (e.g. ceiling soffit) on the smoke production can be
stated. This is due to the (inogplete) 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 ftmixe 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 degradatiathugts of solid wood (mainly
char) and gaseous oxygen associated with the-exiatence 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 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 soliflese, see Boonmee 2005.

Furthermore, smouldering combustion may imply a risk feigrétion 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 tfdeadly) 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 giffhme construction may be

more sensitive to smouldering combustion which appeared also when prefabricated wood modules with
(improper) or no cavity insulation was designed, Ostman et al. 2014. It should be noted that in several
cases the fire spread wabserved downwards (Lulea 2013, Salzburg 2010) from the fire origin, which is
often believed impossible by designers and, consequently, not further considered in the design. Test

A0FyRINR&E 6KAOK Yl & 0S NBf Sl y lforanulderiig cOmMdugiidch | LINE
are:

w DIN410215andmc G . NF YRaAOKI OKGGSaitaeg ODSNXIyeo

w  CAN/ULES12915 ¢ Basket method (Canada)

() BS 58031 1985 (UK) Thermal insulation for use inipétd roof spaces in dwellings

Methods for determining flammability anesistance to smouldering

w NT FIRE 035 (Scandinayia)

w  ASTM C7393 (USA)

w 16 CFR 1209.7 (USA)

w  Adhoc experimental setups in research projects
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Figureb: Initial phase of the European smouldering test EN 16733 [Photd].TU

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 sttural 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 wardormed, it was shown that for the

limited areas tested (up to about 503nfire services have no problem to account the extinguishment of
smouldering combustion in timber structures. Howevers dppeared that the firefighting technique

may be adpted 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 theesdihguishment and burnoutehaviour of
compartments with structural timber. Components which surfaces undergo smouldering or glowing
combustion should be accessible for extinguishment work 4sé22

4.3.27 Surface flaming

Surface flaming is considered as fleaning 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 evedicelated to

the received heat flux to the surface of the combustion material and net rateeofieat transfer and,
furthermore, the oxygen concentration in the compartment (location) and may only be predicted in the
context of a tool to predict the copartment oxygen concentration (e.g. muttbne or field models). In

the decay phase, all members regardless their combustibility have stored energy (heat) angtmill re
the heat to the compartment and, thus, delay the cooling of the compartment. Homveueface

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.
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Influence on enclosure fire dynamics (++):

Surfae 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 openimgsinotoverpower 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 specimétisdifferent wood species. They did not find a
direct correlation between charring rate and density (range 8360kg/m?); in that case, species, or

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

Influenceon enclosure fire dynamics)

Thermagravimetric 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 aftgyrolysis 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 reductigchange of mechanical properties)

Strength and stiffass reduction due to heating have been directly investigated for constant

GSYLISNI G§dzNSa 60a20Sy (Satatdv gKSNBE Fd2NIKSNI STFFSOida
GKSY Ay @SadA3alraAay3a fFNABSN aSOGA2y mosartB,NJ (NI yaisSy
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 3). Z@pically, the

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

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

comprised furnace testi® standard fires andparametric firesareinitially unprotected and mtected

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 reductioihv® mechanical properties is done in

practice by means of the effective cressction method (ECSM) where a zsteength layer (ZSL)

accounts for the losses of strength and stiffness.

Influence on enclosure fire dynamics){

There is no influence ohe 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 protectiorsystem

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 noombustible structures (e.g. applicability of the reduction of the
fire load by a general factor of 0.61 in EN 1:999), how spray sprinkler may change the overall risk
assessment and how various arrangements (e.gofatistance between sprinkler headsd 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. Howeer, 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 routgzptem assembly

LRAYGd . fO02yASa YIlIe OG Fta aKASEtR (42 RSGFOK FI cel
designed from combustible materials, increased vertical fire spread may be enabled. Some qualitative

design rules are available in guidertwooks (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)

Burrout ¢ or a likely burnout; 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 20R€CTE: 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 ineitems 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 sdtioelow and
Mindeguia et al, 2020). A construction or a product made from layextsfail (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 reg ofthe fire, eventually a further flashover and risk for cycling. A
pre-condition for enabling successfully executed manuatdkxgnguishment 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, desigfor burnout

This design objective should no¢ mixed up with burn down, i.e. the combustion of the movable fuel

and combustible structure. Design for burnout is understoothasiesign for likely auto

extinguishmengwhich 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.
RSLISYRAY3 2y (GKS YSYOSND&E FANB SELRAadINBE Ay GKS 02
constant value nor solely material dependent lautnatter of the compartment design. Currently, no

common terminology exists (compade4.3) ® . dzZN}y 2dzi Yl & 06S RSAaONAOGSR dziAy
SEGAYIdzZAaKYSYy(ié¢ 2F | O2YLI NIYSyd 2 NJpanemdzOG dzNI £ G A
However, the term seléxtinguishment is complex when smouldering and glowing combustion should

be reduced to a minimum or to zero (compa.19. The product choice may be considered as

necessary basis for the burnodésignbut the overall parameter is the compartment design with its

ventilation and the sum, (relative) location and orientation of the combustible surfddess, in general,
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it is recommended to design for burnout as it supports the manual suppressiivMitias 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 undetia&enanual suppression

(at a certain limit) and the likelihood for burnout. It appears tounreasonable for any structure to give
a guarantee for likely burnout (compare Choe LI&(20), apparently the risk for smouldering
combustion remains for items of the movable fuel and particular areas of the structural timber (e.g.
details, narrow edments, 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 thedwfined

burning rate of the suctural 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 (++/0):

The burmingratemay® G NJ} yatl GSR (2 (KS | ww ¢6KSy (GKS Yl aa
of all materials involved in the fiie known. According to the SFPE handbook, the HRR of a structural
timber component (comprising of virgin wood and char) can be described by:

OY'Y 30 ta 30 ta (5.3)
where

oYY is the heat release ratper square meter, in kW,

30 is the heat content of the materia2MJ/kg;

a is themass loss rate (MLR) of the matei€kg/s;
X X is the index for wet wood,;

AE is the index for the char layer material;

NOTE 1: for wet wood aD%, a heat content of 15M8J/kg can be assumed, for the (dry) char layer
material, a heat content of 3#J/kg can be assumed (compare CEN 2002, Schmid 2021).

NOTE 2: For the application of Eg?3), the conversion of wet wood to the char layer needs to be
considered.

4.4.6 Compartment size
The appearance of localised firgghich change their location within the compartment is called
GGNI @St t Ay 3 pedraNd af F i9 cir@itipundeKdicussioh when structural timber

33(189)



ks

TimFix

surfacesare 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 yJoiEdsiburgh.

Exposed combustible surfaces may lead to the appearance of severe fires depending on the
compartment size. For very small compartments (gf]) the effect is limited (compare Studhalter

2013) but for larger compartmentie presence of exgsed combustible surfaces at the soffit may

induce the appearance of other types that pdistshover 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 currentlyrigeconducted on that topid=ire tests at CERIB 2021
aK26SR FTANB INRBSGK NI G1S5a S mlshathenavittedpbsedNILT T &Gé A
ceiling(see online reference in expectation of a journal publicatiGxH.

Influence on the fire dynamics (++):

The compartment size affects the fire dynamics and the fire growth. Traditionally, the time to flashover
has ben investigated for limitedsmall compartment sizes(<100mEveryrecent 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 (safétable 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. S8&#3 #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 {Jignition of combustible building components may occur.
Geneal 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 wexgorted 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 qualépnagement (by others than the
contractor) at the building site appears to be required

4.4.9 Cauvities
Cavities (voids) may represent risk for r@eognisable fire spread within construction. See also
Subsections 23, 35.
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Influence on the fire dynamics (+/0):

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 calbedpartmentation.
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. flooraa) are given in building regulations. Typically, floor limitations

consider areas on the same floor as one compartment but also deviating approaches wittewallti

fire compartments are available (e.g. office occupancy in UK). Increased alloweddaonay relate to
increased exposed structural timber. For mislibry 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 influkace

fire dynamics; all of this will impact analyshethods needed to evaluathe 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 tempature 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 ventilatwovigled. For structural

timber, this consideration is challenging as the structural fuel is activataduation of the thermal
exposure of the timber structure. Thus, for compartments with significant surfaces of structural timber,
in the phase aftethe consumption of the movable fuel, the timber structure may further contribute to

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

the appearance or noappearance of a in the phase after the consuinptof 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 suggest€ddikl-2, CEN 2002) and

thereafter. Thus, for simplicity reass, it is suggested that the appearance of a decay phase can be
stated when the HRR (e.g. described per floor area?)r@duces taa certain degree or absolute value
within a certain time. Based on a large number of compartment experiments (e.g. M@ilra

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 prodsieind components, rgrowth 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 poefining the standard fire ascomparative measure
regardless the building material. For more complex design cases, project or compartment specific fires

35(189)



ks

TimFix

are evaluated and consequently used as design fire. Currentiptermational standard is available. The
DIN 18009 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 fifpsol 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 indieft also shown in first experiments of larger
spaces (CERIB 2021). Current practice is the definition of fire designes, whichmight 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 madkern
designsas shown in Law 2010, Rackauskaite 2018)

4.4.13 Draft

Draft is the movement of gas due to (natural) pressure difference. Consequently, it may iafthenc
heat transfer to surfaces, the movement of hot gases and the fire spread. Atrium gesgrincrease
the draft situations in adjacent/concerned fire compartments.

Influence on enclosure fire dynamics (+):

Draft may interfere with the seléxtinguishmeat when superimposed with the accidental loading case
fire. The effect on sefxtinguishment has been observed by Crielaard et al. 2019 and quantified with
respect to the expected change of the charring rates by Schmid et al. @@b@lusions 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 ventilatioontrolled fires, in the
steady state phase, the combustiblelatiles created by the pyrolysis of fire exposed structural timber,
cant burn insidalue to the lack of oxygelnut burn outside the compartmentit should be considered

that a fuel controlled fire in a nenombustible (NC) compartment may become a veritlatontrolled

fire whenc in the same compartmentstructural timber surfacesould be exposed and consequently
involved in the fire dynamic$4ultiple observations are available in literature (e.g. Hakkarainen, 2002,
Bartlett at al. 2019) where the hefltixes opposite the compartment and the heat fluxes from the
plumes onto the fagade were greater with the presence of combussibtéaces within the
compartment.Quantificationshowsthat 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 characteristicste structural timber (Schmid et al. 2020c)

which might be utilized by the model of Lee [2012] introduangrtual burner attached to the

O2YLI NI YSyld 2LISyAy3as O2YLINB CAIdz2NE od ! aAy3d (GKS
combustion capacity by the air inflowhe exterior heat release ratean be determined.
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Figure6: Application of a virtual lirner (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 siedle CLT compartments of ca. 0.5m x 0.5m x 0.3m
(Gorska 2020).

Influence on enclosw fire dynamics (++/0):

There is a significant influence of the fire dynamics on the external flamingrd®éy, no meaningful
statement can be made.

4.4.15 Extinction (definition)

It appears that extinction is understood as zero combustion after a fire exaranly 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 sustasmouldering 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 titmeré 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 5G0loor area and 4 m height can be
predicted, compare also SFE&dbook.

4.4.16 Fire exposure
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influenced by the gas characteristicSohmid et al. 20081t appears useful for the description of the

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

only the thermal exposurbut alsothe environment in the compartment understood as oxygen

concentration and the movement of the gand its turbulence§chmid and Frangi 20R T he fie

exposure appears taffectthe combustion of the char lay@nd, consequently, the heating of the

compartment and the uncharred timber section, respectiveirge differences in charring rates in

furnaces may be due to the different fire exposures deesthe 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 ():

Currertly, a limited common understanding is available attributing the description of the fire exposure
on the fire dynamics.

4.4.17 Firefighting

Firefightingis an important element of the safety chain available (operative measure). The increased
exterior flaming forstructural fuel isaconcern for mass timber projects. Firefighting guidance is
available in various countries. For UK, this is available UndéRS.conConcerns of fire fighters are
spread currently also on social medéag.LinkedIn Some guidance fahe fire fighters has been

derived, e.g. Smolka et al. (2018urrently, there is no common understanding if a structure shall
withstand a fire event without intervention ohe 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 onlthegoclass.

Influence on enclosure fire dynamics (+/0):

There is ainfluence of the fire dynamics on the firefighting approach. Reversely, no meaningful
statement can be made. Firefighting techniques may be challenged in timber buildings tthge to
hidden charring and smouldering and glowing combustion,4ée2

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 limitedatter 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 sudace a

Influence on the fire dynamics (++):

The relative arrangement of the structural elememdich remain unprotected are relevant for the
structural fire design. Although all enclosure surfaces will have an increased temperature in the fire
event, thecombustion of a structural timber may result in the exceedance of the effect to other
elements by radiation of surfaegear combustion or flaming combustion. Fire load has an important
impact on the allowable ratio of exposed timber surfaces and theémtaition 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 n@mombustible compartments, it fails to describe the physics in this case. The
flame extension prediction may be required by tathorities 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 Eurdc¢@@E&N 2021) gives a

suggestion how the external flaming can be calculated as Eurdcedggests an improper calculation
(disregarding the amount of fuel).
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Influence on the fire dynamics (++):

The flame extension is heavily influenced by the fire dynamics, especially initzaT surfaces are
exposed (for ventilation controlled firedkternal 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 tle gas characteristics (concentration of oxygen, velocity and degree of turbulence at
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combustible materials, see fire exposure.

4.4.21 Heat release rate (HRR)

The HR describes the combustion of the available fuel. A total heat release appears in the context of a
compartment fireand may occur inside the compartment or, additionally, extetibrdertakingthe
experiments with structural timber it appeared challengiogneasure the share of the external and
internal heat release, which describe together the total heat releasepare Schmid et al. 2018 and
Bartlett et al. 2020Apparently, the MLR is not a proper measure for the HRR when several materials are
involvedin the fire (e.g. timber and the char layer material), compé&res Thus, improved robust
techniques are needed for further model developmdadRR of structural timber is typically studied in
cone-calorimeter tests at ambiertonditions (normal temperature, oxygen rich environment) which is in
contrast to typical compartment fire environments. Schmid et al. (2019) described the HRR of structural
timber asa function of the charring rate and the combustion behaviour (understasthe 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:

'OY'Y p ¢ty f (5.4)
where
oYY is the heat release rate, in kW,
i Isthe variable charring rate, in mm/min;

Is thefactor to consider thépartly) releaseenergy
from the char layer and the (temporary) energy storau

NOTEL: the charring rate is typically considered as function of the thermal exposunghlysically,
furthermore, the consideration of the heat generation in the char layer should be done.

NOTR2: the factort ; gvas observed during compartment experiments by Hakkarainen 2000 (about 0.5),
guantified by Brandon 2018 for compartment exjpeents (about 0.4 for the steadstate 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 whelmathiayer 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 existgrd. 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:

0] Accessitd charring: this comprises initially exposed (visible) combustible surfaces or initially
protected surfaces after failure of the fire protection. Ideally, only-dimaensional charring appears.
These areas can be directly reached by an extinguishmentgiater

(i) Indirectly accessible surfaces: this comprises charring behenfire protection systemswvhere

during some phases of the fire charring may occurred (i.e. after the encapsulation ability has failed).
These surfaces comprise initially protecteémbers 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 falbff. Consequently, these surfaces may contribute tgrewth offire

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 compifisesharring behindhe
encapsulationwhere 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 bec&led 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 thighother componentge g. steel

works supports)wherethe charring has started during the fire. Undetected fire spread may occur, also
detected fire spread that was impossible to extinguish was reported (Ostman et al. 2014, Ostman 2017,
Just et al. 2017). As a rule of thumbgcapsulation 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 tithéer)

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 comparent 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 compartmentsafiére

(b), may be addressed by proper design of compartmentation by fire resistance rated compontrggroof

gtta O0aFANB gltfté oAlGK YSOK-B)yhaudihgan ilmpfaddOrierich B2 G F 002 NRA
(mechanical resistance exceeditgtstandard classification according to EN 138D1The criterion M describes

the resistance to a defined dynamic impact after fire resistance testing.

Influence on the fire dynamics (++):

Seed.4.1Q

4.4.24 Robustness

Robustness isonsidered 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 situatiorwhere failureof 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 bsidered as 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. roblinnels), of sppression (zone
division) or escape routes or other measures.

Influence on the fire dynamics (++/0):
The robustness and a corresponding analysis may be part of structural fire design of structural timber buildings.

4.4.25 Sprinkler system; installati@nd avalability ofsprinkler systems

Various sprinkler systems exist with respect to the water supply, in houss éarfgupported by) the public fresh

water system, reaction time (dry or wet pipe), activation temperature, reliance (redundant water feedingspump

and piping) and installation (detached or ndt).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 facbr 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 survivasha be verified fothe 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 strudural 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. Howevdrewthe 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 cuyamttier development limiting the amount of
exposed timberSome 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 mmprehensive 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 mmmn exposed surfaces get involved in the fire dynamics. While
limited exposed surfacareas (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 regé#rilssnear or

plane membersThe 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 scanio that are applicable. Rediation 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 custidecay
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 beenyided [Schmid et al. 2019]. Elementghich 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

Ventilationopenings 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 surfacestaacsame 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 heeelease factor of the thermally modified structural timber (i.e. the char layer)

implemented in the current draft of the fire part of Eurocodedb,, . It is believed that there is a

systematic appearance of this relative shareh# teleased 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 fothe fire dynamics/the behaviour in the fire situation exis$satistical analysis by
Brandon 2021 (Annex) may help to limit the required analysis.

Influence on the fire dynamics (++):

A significant influence on the available desigrundaries on the fire dynamics can be stated. It is
expected that a set of input values can be derived for the compartment combustion behawjpur
depending on the ventilation openings and the share of exposed timber surfaces.

4.4.28 Themal 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. Thirgsides 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. Wickstrém 2016, Schmid et al. 2018.

Influence on the fire dynamics (+):

The coefficient oheatexchange (convection especially) will have a significant influence on the heat
diffusion tothe 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, Heidd 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 reba@sultsare currently discussed (Nothard

et al. 2020). Limited travelling fire tests in large timbécompartments are available, see Richter et al.
2020. Travelling fire with higher spread rates are more likely to appear when the soffit is cdréusti

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. 2020Based on accidents andpetiments, currently, the appearance of travelling fires in
compartments with significant shares of exposed timber surfaces is questionable.

Influence on the fire dynamics (+®):

Travelling fires are fuedontrolled fires, which have significant acces®xygen. 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 ashtbrizontal 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 thewse and renovation work needed after a fire. In an
indicative study (compartment size <r2?), Matzinger et al. (2020) found techniques to measure the

smoke damage and proposed renovation measures. A Swedish study showed thatifeeake

compartment volumes (modular structure) was possible (report not publicdjlable). Data requested

by industry and designers includes information abitwét water damage by sprinkler, accidental

activation, associated damage by sprinkler and manual suppression systems, and increased damage risk
assessment for dry vs. wet pipe tiakkation, local and global damage.

4.4.32 Wind

The effects of wind on the fire ventilation of tall buildings has been researched fecormabustible
structures. Chow 2017. Some information about the effect on compartment tests is available (Brandon
and Andersso2018). 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 amipticin 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 cdad 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
standardtime temperature curve, e.g. according to CEN 2012, ISO 1999 or ASTM. The availability of
dedgn tools for norstandard fire exposures is limited.

The aim of this section is the identification and evaluation of current approaches and tools available for
mass timber desigim fire. The purpose of the design tools is to predict the thermal impadtarctural
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 lisgare and that are well documented and applied in industry

and standards and experimental case studies are discussed. The documentation aims of developing an
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understanding of current techniques available for facilitating-fiaée design of mass timber
construction. Potential shortcomings and developments for future approaches will be addressed in later
parts of this document.

5.2 Availableapproaches and tools

In the followingsubsectionsvarious approaches and tools are listed in approximate order of coitplex
of the calculations and the motivation for their inclusion is given together with refereiggsoaches
can be distinguishefbr the estimationbetweenapproaches to estimate the compartment
temperature, the charring behaviour of timber members in tmmpartment and the reaction of the
member with respect to its loatlearing resistance.

Currently, to estimat@accuratelya compartment fire in which timber is exposed, a simulation model

usually bases on an iterative approaelguiring to simulate mulfile compartment fires over their full

duration; alternatively an explicit Fanalysis with small time stedlows to omit iteration by including

GKS KSIFGd NBtSIFasS 27 ofthélastitinyioctementyile.tSheat reléage) itNS | Ol A 2
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particular the structural HRR is influenced by the area of exposed timber and the mass of fuel consumed

(kg of timber). Typically, calculatiortsug 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 timioet fs consumed.

Consequentlya significant feedback loapeeds to be addressed. This proceduambe challenging

when modellingcompartment fireswith exposed timber ands a typical error in provided fire design

5.3 Main structural é@sign approaches
Asshown in Figuré®, three major steps of verification can be observed and described with sub
elementsin current approaches to predict the structural response of (mass) timber

(1) a design firgprediction of the timetemperature curve)
(i) charring raes (prediction of the charring depth, i.e. the residual cresstion)

(iii) and structural calculation@rediction of the mechanical response of a section)
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Figure7: Methods and approaches for mass timber design, and they can be coupled
to predict structural behavior. The elements are described below.

Normalized fires are considered asomparative measure. However, furnace tests fail in general to
simulate fuelcontrolled fires and the decay phase. Physiehdlgal firesdefine/calculate/simulatethe
compartment temperature as a function of timeovableandthe 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 Ewcodes, i.e. EN 19912 (CEN 2002) and EN 1982 (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 membeor ompartments with
structural timber, these fire predictiongly onthe prediction of the timber charring rates and,
consequently, the residual crosgction. The latter, i.e. charring rates, charring depths and the residual
cross section, may be predictegding empirical models, pyrolysis models or within FE nsodel

Zone models and CFD models gitgsically basefire curves, as some simplified models, e.g. the
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FE moddingis not a direct method to determine the charring and/or structural response. FE is a
numerical tool, but not a physical description of a giplenomenonor behaviour but a powerful

solver. IEM may be used for charring determination by means of thermal simulatieniving the

position of the 300°C (@nyother temperature) isotherm. This kind of simulation is also possible by
other means than FE: finite differenogethod, analytical modelajse of experimental measurements of
temperature. However, FE model can also be used to simulate pyrolysis (see comprehensive literature,

e.g. Mindeguia et al. 2018).

Theabovementionedstatement with respect to FEM and thermal modelling is also vatithi®
simulation of the structural response: besithee ECSM method, every calculation tool could be uged,
not only aa FE model. For instance, an analytical compasitéi-layermechanical model can be used
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for CLT (e.g. Mindeguia et al. 20203hauld be highlighted that the visualization showrFigure7
implies some limitations, e.g. when using temperatdependent properties in FEM, no explicit
charring definition (temperature) is necessary. Correspondingly, pyrolysiglmuse 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-esxii®n can be analysed
with respect to the loaebearingcapacity. Here, the temperature profile within the section is
determined and eventually referred @san effective crossection (ECS) assuming timber material
properties as at ambient temperatures.

FEM often implement soalled effective material propess (see e.g. Schmid et al. 2012), which account
for effects that are not explicitlpnodelledin the FEM. An example is the movement of the moisture
inside the timber structure during fire, which affects the thermal and mechanical behaviour, e.g.
Dinwoode 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 phenomem. 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 combustiatdegol

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 timberhik point requires a coupling between the fire curve and the
YFEGSNRLFE Qa NBIFOGAZ2Y (2 T AawdB coupling éf the tihbey pyrol\sis R2y S 06 @
(comprising the charring behaviour) and the reaction of the compartment temperature or by an

iterative approach.

In general, depending on the methods indicatedrigure?, the fire load and the thermonechanical
response of the timber is addressed, neglectedéhaplicitly considered. Furthermore, some methods
canpredict the contribution of the fire dynamics directly 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 deaf 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-fisghstructures). The
smouldering and glowing cgbustion may be critical for the operation of fibeigade 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, accordingabdkementioned
grouping inFigure?, this aspect is addressed for all tools. Thereby, different elements under the same
group are referred to with capital letters A [, eventually available sublements are further indicated
with numbers 1 to 5.

i-Al: Normative fires: EN/ISO standard fire

A standard fire has been defined by a default titamperature curve in the beginning of the20

century. Thstime-temperature curve is today implemented in various standards, e.g. ISO 834 @80 19

or EN 1363l (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 overpress(@@ 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, adarger of

test results is available for this type of exposure. Among others, the charring rates of spruce are well
establishedor standard fire exposurerhe EN/ISO fire may be compared to a ventilation controlled
postflashover fire (Schmid et al. 2018pr fire resistance testing of solid timber panels, the fuel

provided by the furnace burnemmounts to50%compared tatesting concrete panels. Partly, the

burner fuel is topped up by the tested specimen (between about\Wsm2 and 9kW/m2 depending

onthe fire exposure in the furnace;\t the same timeless energy is needed due to the reduced thermal
inertia of timber compared to concrete.

However, the methodology of a prescribed fire does not condigedesignof the compartmenithe

timber membersandothers. 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.,2086re one CLT ceiling panel
failed 29 hours after the onset of heating, which can be attributed to timbers low diffusivity and large
temperature sensitivity.

Topredict the structural thermal response of mass timbeased on alesign fire curvethe predicted
time-temperature relationship has to bhategratedin atemperaturedependant modehs a further
step. Prescribed linearly increasing charring rates are commonly foselis purpose, often
correspondhgto the standard fire exposure arkingbasal onfitted 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).
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Figure8: 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 (maiekponsible 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 timéemperature curve iglistorted, compare Wickstréom (2016). The validity of the
modification is baed on the observations of the typical shape of the temperature developments. This
assumption was made from measurements of fommbustible structures where similar shapes were
observed and the duration of the fully developed fire was about 20 min (lateleimented 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 ¥ 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 proposedabygdr (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 zonenodel simulations, empirical relationships were developed as found for dhenpetric

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 destgavelling fires, e.goy TFMITFM/FTFM (Hdari et al. 2020)Typically,
the flame front and the end of the flaming zone are modelled and compared.

i-C: Zonemodels

Zone modelslivideone ormore compartments into homogeneous zones wihergyconservation and
transfer equations between them. Zemodels 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 singtae (SHimFire, see Brandd016) to
multi-zone (BRISK, Wade et al. 2018). Compared to CFD madels,modekimulations can be
comparatively quicker and simpler, providing ease of use and design. However, complex designs and
geometries (e.g. nonectangular compartments) are chetiging to model using this approach and may
require additional consideratiaand submodels 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
highlichted that the combustion characteristics of failed layers implementedRidR, however, are not

yet researchedThecouplingbetweenthe fire development andhe contribution of structural timber in

these models assumes a uniformly distributed timbertdbution inside the compartment volumd&ue

to this simplificationit is challenging to predict the fire load withore complex timber surfaces or to

predict transient phases such as extinction. Schmid et al. (2021) proposed a methodastadd

typicaly used zonemodels, 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 i@ routinely used in the design practice for noombustible structures (e.g. concrete,
masonry or steel)where thefire dynamicscan be decoupled from thienpact on the structure. In
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general, the presence of the structural material has only limited ihpacdhe fire dynamics due to its
impact on the relevant thermal properties of the liningscontact with the fire environment (thermal
absorption) Althoughsomeof zone modelfiave been applied for prlashover fire predictione.g.
OZone (Cadorin et.a&2001) they are more applicable to pefiashover fire modelsThe models are
typicallysensitivity to assumptions regarding time to glass breakage, potentially resulting in-under
estimating ventilation conditiondecisive for the prediction

i-D: Comptational 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. €D 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 nhot able to properly considpytbigsis of structural timber

correctly. Furthermore, the structural responsannotbe predictedcorrectly. CFD models are typically

used to simulate pool fires and pfiashover fires while they are less reliable for piashover fires.
Consequentlythey cannotbe 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.e2G09).

Method applicability for other materials:

Like zone models, CFD is routinely used in the design practice famonabpustible structures and the
structuremainlyhasanA Y LJ- OG 2y ( K S NJYY |For the astinfaod gin@and dNe&daje Ndi A S a &
smoke controbnd outsidestructural fire design, CFD models are routinely uséalvever typicaly

postflashover fire scenarios are not generatipdelled inCFD modeldue to multiple reasons

(validation, time consuming simulation).

ii-Al: Empirical mdels 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.g. gaps, grain direction or metal connectors increasing the charring rates. Using the
effective crosssection methodthe structural resistance dbad-bearing elements can be predicted (e.g.
the structural loading of timber beams and pillars are givenuaserous worked examples by Porteous
and Kermani (2013)). For separating walls, the separating function method iggidesign for
compartmentationunder standard fire exposur& he separating function method assumes a summative
function (each protectie 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 componentexposed tgparametric design fires.
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ii-A3: Empirical models for charring under parametric fires

The approach implemented in the future reviseddtwode 5 is in context with the method for the
development of parametric fires in Eurocode 1, Annegénsequentlyboth the timetemperature and

a residual crossection will be determined. It should be highlighted that parametric fires can only be
usedif 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 notégresentative 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 stepf 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 dimendioas of
compartment and openings (expressed via the opening factor, as shdwgLire9) 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 observestandard fires, which are modified for the particular
parametric fire. In reality, charring ratestimber 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. Henwthe
method is poor at predicting decay andderestimateghe charring in the decay phase. Therefore,
parametric fire curves may not be accurate for predicting exposed timber compartment temperatures;
consequently, conservativeness needs to be addiseeordingly. Furthermore, both parametric fire
model (EC1) and especially charring model for parametric fire (EC5ppheabilitylimitations. For
instance, the charring model given by EC5 for parametric fire curve has been shown inapplicable to
predict charring in the case of a ventilati@ontrolled experiment (because the parameter 40 min)
compare Mindeguia et al. (2020).

1:;2‘%”‘""’ rel Annex A of EN 1991-1-2
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Figure9: Examples of Eurocode parametric fires for a range of opening factors froi
Vassart, 202. This shows that higher opening factors result in quicker calculated
temperaturetime 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 timlssraacro
range of scales. Thesgodelsrange in complexity, from single step reaction mechanisms, to retdfi
mechanismsPyrolysis modelsommonly assume decoupling of the fagnamicdrom the pyrolysisso
the timber responsenust be assumed e.g. agpaametric fire However pyrolysismodelsdo not
permitto predict the extinction oflaming-, smoulderingand glowingcombustionor the fire intensity
enhancement by timber flaming.he key elements that need to be considered are shovkigarelO.
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FigurelO: Key heat and mass transfer processes at
surface of a burning mass timbelement(Quiquero,
2018). Implementing these processes into a pyroly

Figurell: Reaction scheme of the
chemical kinetic suimodel (Richter et
al. 2020)

model, parameters including the charring belaw
and contribution of timber to fire behaviour can be
determined.

Typically, pyrolysis models fail to model all elements showigarelO. A pyrolysis model is only able

to simulate ahermally activatedeaction. Itdoes notallow for simulating water transport, readiation,
convection, conduction, gas migratidRichter et al(2020)described the scheme for the alysis with
multiple submodels, sed-igurell. 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 iscrucial to identify which reaction is the more relevant to calculate charring. Available,
general tools to solve the described reactions are PATQs(//pato.ac/index.php/author/jear) or
GPYRO({tps://www.sciencedirect.com/science/article/abs/pii/S0379711209000332?via%3Ditaub
biomass pyrolysis simulation. Determining thaterialparameters must belone with care (see

ongoing rounerobin study about TGA sponsored timg International FORUM of fire research directors),
as they can lead to very scattered values. These parameters are highly dependeatiorber species,
treatment and everthe growthregion. For these reasons, an advanced pyrolysis model must be
reserved for welcharacterised timber structures (eventually considering the particular product) by an
appropriate validation process. Smouldering in timber has a major impact on the stymtstfire and
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may be critical for the operation dfie 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 optingd kinetic parameters and a mukttep reaction scheme to predict the
behaviour of traditional and smouldering timber fires at mesale and timber slabs under a range of
prescribed traditional and travelling fires (Richter et al. 2020a).

Simplified pyrofsis models have been coupled to CFD or zone models (see Girardin 2019 or Lardet 2018)
to modelthe gas and solid phase interaction during pyrolysis. These models assume that pyrolysis is
governed by surface thermal phenomena, by a pyrolysis activatitariar{temperature or heat flux),

and a mass loss rate. These models permit to inc&add#lythe 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 Baoff) 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 contdbut the fire dynamics when a
combustible solid is heated.

iii-Al: Effective crossection method for EN/ISO fire:

The effective crossection method was developed from a simplified approach for simply supported
glulam beams that were fire exposed for Bin, see Schaffer (1984). Schaffer estimated the effective
crosssection 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 structusatiimizer

element in a fire provides no lodukearing capacity, reducing the lodéearing crossectional area of the
element to only the uncharred timber minus a zestoength layer. By doing this, an effective cross
section can be determined by couplingdiarring models (e.g. prescribed charring rates, pyrolysis
models, or FEM), to determine the point in time at which the timber element willdaa given load

This is a simple method that allows for versatile coupling between fire curves and stiuespanse to
predict how design fires will influence the structural timber elements over timgeneral, thezSL

depends on the kind of design fire, the mechanical state and the type of producflfeAd,f dzf | YX U0 ®
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Figurel2: Depiction of a charring timber beam with defined cregstions from Schmid e
al, 2015. This assumption defines how much of a charring timber elements@ossn
can be considered as providing strength to support structural loading.

iii-A2: Effectiw crosssection method for general design fires

In the current draft of the revision of Eurocode 5, a method is proposed to modify theszermgth
layer provided for standard firfor the application withheating and cooling ratefsom general fires. The
method is based on the observation that the zetoength layer is about of the thickness between the
position of the 300°C and 90°C isotherm.

iii-A3: Effective crossection method for selected parametric fires

Lange et al. (2015) developed this furttosrprescribing two zerstrengthlayer thicknesses (15 mm for
longer lowtemperature fires, 8 mm for short highéemperature fires), based on a series of timber

tests, allowing structural loading calculations to estimate the loading capacity of a giveerti

structural element. The reduced cressction method, as highlighted by Brandon et al. (2018b),
assumes homogeneous mechanical behaviour of the timber elemmrer the whole cross section
meaning that this method is not appropriate for members withomogeneous 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 norstandard fies such as travelling fires. The reduced cross section method assumes a
mechanical behaviouas at ambient temperaturbeyond a certain depth inside the section. For a long
fire duration, the timbef law thermal diffusivity can lead teemperatures abovembientdeep inside

the structure long after the end of the firét. might reach an extent wherany pointin the cross section

is significantly heated (>50°G)Jowever, the material reduction curves developed for standard fire
exposure are considered napplicable at this stage of cooling.

iii-A5: New effective crossection method for parametric fires

This method further develops the effective cresection method, removing the assumption of constant
zero strengthlayer and charring rates. The charrisger is estimated as a function of the compartm@réd
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opening factor and thermal inertia and will linearly decrease to zero during the decay phase.
Furthermore, this method modifiethe mechanical properties with temperatwdependent reduction
factors. Tle method does not require homogeneous mechanical propeidier the cross sectign

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 stractasponse of mass timber in a
standard fire, while still offering a level of complexity that allats$mplementation inwidely available

tools such as Microsoft Excel (Brandon et al, 2018byvever, he presented models implies limitations
with respet to the type of fire, ventilation conditions and the compartment size.

One of the key assumptions of this approach, similar to the reduced-sext®n method, is that the
crosssection is uniform (homogeneous) across a particular element; irsteomdad 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 acrosssitsface meaning that the reduced crosgction 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/s1069920-010720) and Cast3m
(https://www.sciencedirect.com/science/article/abs/pii/S09500618173238Fey ardools that

provides high flexibility for structural design in genemadifor timber construction. FEMackages can

be used to calculate the heat transfer processes in the timber tlamdtructural response of loaded
timber elements. To achieve this, FEM require further information regarding the fire behaviour
(specifically a prescribed local compartmeetriperature at each time step, the local convection
coefficient, andhe potentially temperaturedependent thermal andnechanicamaterialproperties),
which can be sourced from the previously discussed thermal models, depending on the level of
complexity equired. 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 challesgeréctionmodels is the
consideration of the increased heating of sections when metal connectors are installed.
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Figurel3: Example of how FEM can be used to predict the heat transfer and charri
behaviour of a mass timber eteent, compared to experiment samples (Thi et al, 2017)
FEM model is shown to successfully predict a charred timber elementszoten.
NOTE: Here, the 300i¢bterm was used to predict the location of the char line which n
be a limitation.

In fire design, FEM mainly focusestbe 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 codelieectly but considered indirectly by effective
material properties. Currently, the availability fofly coupledthermo-mechanical models is limited

(Cueff et al. 2018

Method applicability for other materials:

FEM software packagégpicallyhave impémented material propertiefor 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 researthritéra

less so in design practice. As solid eleméypicallyneed to be used and thermal expansion to adjacent
members is not critical for concrete structures, common applications consider single elements rather
than completelythe entire frame behaviar, e.g.the punching shear of prensioned 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-selinpacting concrete and high strengtbncrete.

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 materialslaadifficult
repreduction of thebrittle failurein finite element analysis.

Steel:Steel is probably the widest implemented material with respect to FEM for the fire situation.
Typical applications are whole frame behavianalysido capture load redistribution, modelling of
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