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Summary

CrossLaminated timber (CLT), and other engineered timber products, are under high demand due to
their prefabricated nature and environmental benefits. A key concern surrounding the application of
CLT in buildings is its combustibl nature and subsequent contribution to a compartment fire.
Previous research has shown that exposed CLT, under certain circumstances, can achieve self
extinguishment. This research aims to further experimentally investigate the fire performance of

smallscale compartments containing exposed CLT.

The focus of this study is threefold, namely to investigate: i) the influence of (commercially available)
adhesives used in CLT panels on fire behaviour; ii) the influence of CLT panel configuration on fire
behavour and iii) the ability of design guidelines to predict experimentally obtained fire behaviour.
By investigating these aspects, a detailed investigation into fire behaviour of compartments with
exposed CLT is presented to characterise the influence ofo@lehclosure fire behaviour and assess
the ability of CLT to reliably seféxtinguish.

A series of small scale (0.5m x0.5m x 0.5m internal dimensions) compartment tests was used to
investigate compartment fire behaviour. All compartments were constrottedelamineurea
formaldehyde (MUF) bonded CLT panels and fvombustible boards. An identical experimental
methodology as implemented by Crielaard (2015) (who investigateeupetliyane (PUjbonded CLT

panels) was used in this investigation. By varyimg adhesive type between investigations, practical

adhesive comparisons were formulated.

Based on the experiments tisaught to investigate thiefluence of adhesive typan fire behaviourit
wasobservedhat in comparable compartment experiments with two exposed CLT side walls, panel
burnthroughbehaviour(andthe occurrence of 2™ flashover) was observed PU bondedanels as
opposed to sekxtinguishment ilMUF bondedCLT panels. It was further skrvedin these two
compartment experiments, thiae testedlUF bondedCLT panels experience a processazfal char

fall off, as opposed to a process of delaminatimihplanks) in the investigatedPU bondedCLT

panels. In another comparable®U bonded CLT side wall compartment experiment, self
extinguishment was also recorded. When comparing the charring rates observed in CLT side wall
compartments that seditinguished, it was founded that lamella charring rates were 14.1% to
19.4% higher irPU bordedpanels as compared MlUF bondedCLT panels.

When considering the influence of CLT panel configuration on compartment fire behaviour, various
conclusions were drawn. It was found that both compartment temperatures and the heat release rate
(HRR) did rot change with varying CLT panel orientation. Furthermore, compartments with only one

exposed CLT panel as opposed to two CLT panels, displayed shorter decay phase durations (i.e.



achieved selextinguishment faster). In addition, with one exposed CLTasatfthe contribution to

the total HRR by the CLT alone was half the contribution by the CLT in compartments with two
exposed CLT surfaces (regardless of CLT panel orientation). Additionally, the most predictable fire
behaviour (i.e. fast achievement offsextinguishment) was achieved in compartments constiuct

with only an exposed ceilingeB-extinguishment was recorded between 21and 27 minutes after the
initial fire was stopped. It is hypothesised in this study that this accelerated decay phiairiiedat

to a lack of available oxygen to drive the combustion process, due to the accumulation of combustion
gases at the ceiling. This hypothesis, however, requires further verification. It was further shown that
relative CLT panel orientation in compaueénts containing two exposed CLT surfaces also proved
influential. Facing CLT panels as opposed to adjacent CLT panels demonstrated a prolonged period of
elevated compartment temperatures, which delayed the attainment -ektgeduiishment. Two
adjacent CT panels were found to seditinguish faster. It is hypothesised that this is dudirect

mutual crosgadiation of heat between facing CLT panels.

In addition to the smakcale compartment experiments, a furnace test was performed which
subjectedfour MUF bonded horizontal CLT panels to a 90 minute standard fire curve (SFC)
exposure. An averaged panel charring rate of 0.59mm/min over 90 minutes was measured. Charring
rates were recorded over multiple lamellas and in all instances were compairhel® 85 mm/min
charring rate stipulated by EN199% for solid softwood timber. Due to the similarities in charring
rates and fire behaviour between MEIF bondedsmallcompartment tests and the SFC furnace test,

it is deemed that the conclusions drawm the compartment tests are also valid for longer initial fire
durations (i.e. charring due to burning of the initial fuel load beyond the first lamella) as well as

standard fire exposure conditions.

The investigation into the ability of a design gelide by Brandon (@18b) to predict fire behaviour,
namely a Parametric Fire Curve (PFC) calculation method that includes the contribution of exposed
CLT to the fuel load, provided mixed results. The investigated guideline was able to conservatively
estimae the charring depth of the various CLT panels, but parameters such asethge
compartment temperatudeiring the heating phase a figecay phase duration and amount of energy
released by the combusting CLT were not predicted well. The discrepancy between predictions and
experimemal results were least in compartments with only an exposed CLT ceiling. These findings
suggest that further research is required to first quantify the contribution of exposed CLT to the fuel
load and then accurately include this contribution in desigsmeeendations. The investigated design
guideline may, however, be used to conservatively estimate charring depths, despite not accurately

predicting smalcompartment fie behaviour.

Based on the conclusions drawn in this study, it is recommended thah®atthesive typeand CLT

panel configuration should be selected with caution in order to achieve predictable and reliable fire



behaviour by means of saktinguishment. This research, along with its recommendations and
conclusions in Chapter 9, contrieuto a better understanding of predictability and reliability of fire
behaviour in compartments with exposed CLT elements. It is recommended that the findings of this
research, which are based on smsallle compartment experiments, are further tested/alithted

for larger fire compartments.
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1) Introduction

Due to itsprefabricated, aesthetic asdstainable nature, engineered timber has beeomepular
construction materialBartlett et al, 2016) CrossLaminated Timber (CLT) is an example of
engineered timber by which the inherent anisotropy of timber is effectadlyessedto create
structural setions. CLT consists oboard#planksthat are arranged in panel configurations Hreh
adhesively bonded on top of each other in a enase manne(Johansson and Svenningsson, 2018)
Sincetimber isinherently combustible, the full use of exposed CLT in construction, especially high
rise structures, has been limitexdtil now (Bartlett, Hadden and Bisby, 2018)

In practice, timber buildings are commonly designed according to prescriptive regulations when
considering firesafetydue to the fire risk posed by the combustible nature of timbesansequent
uncertainties regarding its fire performanges such, several European countries impose maximum
height restrictions on timber buildings due to these uncertai(@issnan, Brandon and Frantzich,
2017)These prescriptive guidelines are generally inadequate to allow timber products to be utilised to
their full potential and often require the use of fire rated gypsum bdar@scapsulate timber
elements A new trend is emerging in fire safety design and researgbre focus is placed on the
characterisation ohctual fire performance ofimber produts (especially CLT)in realistic fire
scenarios anthe investigation ofts performancgBrandon, 2016)Furthermore, specifically when
consideringhigh-rise buildings there is limited access available to the fire brigade durirfigea
Additionally, highrise buildings are to be designiedEurope in accordance witbonsequence Class

3 (CC3)of EN1990 (2002)This leads to the heightened need for thkability of building materials

in fires, as CC3 is the highest level of reliability defined in EN1990 (2002) which requinesvist
probability of faiure as specified in the standaltds against the background of a rise in CLT demand
and the ned for research to characterise the fire behawvwobr combusti bl e CLT, t heé

Thesis research projectdenducted

In essence, the research perfornmiedhis thesis isa continuation and extension of the research
conduced by Crielaard (2015) | n hi shedMaGitlaand ingestigated the parameters and
conditions leading to se#xtinguishment of CLT. His research indicated that-eglinguishment is
possible if the heat flux received by the CLT is below 5 to 6 KiIm addition he faind that
depending on its CLT panel configurati@epictal in Figurel below), smaltscalecompartmentnay
undergoself-extinguishment or full CLT burn throughFurthermore, it was concluded that self

extinguishment is likely to occur below 6 kWimhenadditiorally exposed tanairflow of 0.5m/s.



Internal dimensions: 0,5 x 0,5 x 0,5 m.
I Opening: 0,18 x 0,5 m.

Non-combustible
compartment 1 compartment 2 material

1 CLT back wall 1 CLT back wall & 2 CLT side walls

Cross-laminated
timber 20/20/20/20/20

| Cross-laminated

timber 40/20/20/20/40

compartment 3 & 4 compartment 5

2 CLT side walls 2 CLT side walls, additional thickness

Figure 1: Compartment configuration as implemented by Crielaard (2015)

The aim of the researchas presented in thiseport is to extend the available data of CLT fire
performance to additionally characterise the influence adhesive type andcompartment
configurationon fire behaviourThe influence of adhesive type on fire performamnes practically
investigated. Experimeéawereperformedon CLT panels with an identical layp, lamella thickness,
strengthgrade and timber species as compared to CLT panels used by Crielaard (2015). The only
differencewasthe type of adhesive used. These experimerte thercompared to th experimental

results of Crielaard (2015) to characterise the influence of adhesivertyipe behaviour.

Furthemore, the effect of exposed CLT panel configuration within a compartonefite behaviour

was investigated by constructing smalicale ompartments with various CLT panel configurations.

In this mannerpoth the orientationof exposed CLT paneldaf example awall as compared ta

ceiling), as well as thénfluence of increasing the number of exposed CLT panels (i.e. 1 or 2 CLT
panels)were investigatedAll fire tests conducted as part of this research project were performed on
smallscale enclosures. These tests were not carried out on real compartment scales due to
experimental and time limitations. The extrapolation of the resultscandlusions listed in this

document to larger enclosusealess to be verified by future research.

Subsequent to this, ttability of parametric fire curve calculations to predict the contribution of CLT
to the overall heat release rate (HRR) in the compartmeastested By implementing the current
design guidelines pertaining to exposed CLT in fire, the potentialdemuatelymodel CLT fire
behaviourwas assessedlhaefore, theapplicability of design guidelingsuch as those proposed by

Brandon(2018b), wasinvestigated

In general terms, experimenigere carried outon CLT compartments t@omparethe conclusions
drawn from compartmentests to conclusions drawn by Crielaard (2018ggarding adhesive

2



performance in fire conditionsFollowing this, the influence of CLT panel configuratiomvas
investigatedandthe ability of current timber fire design recommendatiovesassessetb determine
their ability to predict overall fire behaviour. These degigidelines if improved upon furthemmay
improvethe confidence in designing exposed CLT constructions.

Furthermore, toassess the validity of colusions drawn from these smatlale compartment
experimentgegarding charring rates and fire behaviour, an additional indicative test was performed.
This test subjected a set of horizontal CLT panels to a standardised fasuexjior a period of 90

minutes to determine fire behaviour based on an extended fire exposure duration.

Especially considering the reliability considerations of Consequence Class 3 iRid@Buildings,

the reliability of CLT as a building material severely impacted by its fire performance. By
investigating fire performance of CLT panels subjected to a fire exposure, the response of the building
material is investigated which augments the body of knowledge pertaining to fire behaviour of this
combusible material.



2)Research Outline

To quantify the scope of this research projéus section of the repopresets a discussion of the
researckproblem,-relevance -goals,-questions andnethodology as well as limitations imposed on

this study Eachwill be described individually.

2.1) Problem Description

One of the main barriers to constructing enclosures with exposed CLT (and other timber products) is

the uncertainty regarding the contribution of the construction material itself to the overall enclosure

fire behaviour(Ostman, Brandon and Frantzich, 201The contribution of combustible timber is

required to be accurately and reliably predicted if CLT is to be usectwitidence as a construction

material. Various studies, as outlined in the literature study section of this report, have attempted to
quantify the contribution of combustible Cltd enclosure fire behaviour Thi s Mast er 6s Th
to further address ocerns regarding the use of combustible CLT as a building material. In particular,
methods tgpromote the achievement of reliable seltinguishmentvill be a focus of this research

project

Furthermore, guidelines such as thpsavided by Brandon (20b3 have beemraftedto characterise
the contribution of CLT panels to thwverall heat release ratdHRR) within an enclosure. A key
concern is to test theaccuracy of such guidelines with respect to diffent compartment

configurations.
The problem desiption, to be addressed by this research, is stattallaws:

Due to the combustible nature of exposed timber, CLT panels contribute to the fuel load and
fire behaviour of an exposed timber compartment. It is not clear what the influence of the type
of adhesive usedas well as panel configuration @ fire behaviour.As such, ocertainties

exist regarding therelationship between the adhesive uspdnel configurationand the
potential toachieveseltextinction Additionally,the potential of current design guidelines to
characterise thecontribution of CLT toa fire is still an active field of research requiring

further verification.

In the interest of clarity, CLT se#xtinguishment (also referred to in literature as -@tmction) is
defined as follows (based on thesearclof Crielaard (2015))

Seltextinction of CLTis obtainedwhen a sample transitions from smouldering combustion to
extinguishment after the initial fuel load has been depletSeHextinguishment is chieved by
avoiding a second flashover as caused by the occurrence of delamination whichs estgpse

timber.



2.2) Relevance of this research
Ostman, Brandon and Frantzich (2017 )vévdighlighted the need tohoroughly investigatahe

potential of buitlings constructed of timber products to undesgdi-extinction. By obtaining a
fundamental undstanding of the process of selttinction and the conditions required for its
achieement, the confidence of desigg structures with engineered timber progu(such as CLT)

may beimproved Furthemore as will be illustratedn the literature study section of this report
compartment fire tests hayeredominantlybeen carried out on CLT panels bonded wgthly-
urethane(PU) adhesives. A gap in the current research surrounding this topic isflirence of
different kinds of adhesives ondibehaviour. The key scientific relevance of the research proposed
in this document lies therefore in its aim to characterise the pitehtmelaminebasedadhesively
bonded CLT panels to undergo sektinction. The influence of adhesives on fire behaviour has only,

to the knowledge of the author, been studied on element (amel not compartment leveby
Brandon & Dagenais (2018)vhere 1.5m x 05 x 0.175m CLT panels were tested in a horizontal
configuration. From their study, it is evident that PU adhesively bonded CLT is prone to heat induced
delaminationFurthermore, Frangit al. (2009)illustrated in their study that CLpanelsbonded with

a MelamineUreaFormaldehyde (MUFadhesivedisplayedimprovedfire performanceas compared

to PU adhesivedjased on experimental tests results on horizontal panels exposed to a standard fire
curve. The researcpresented in thieeportseeks tduild onthe work of previous researchers to both
characterise the contribution of CLT to the ficadl as well as the influence aflhesives on self

extinctionon compartment level

As will be discussed later in this report (see Section 3.4), various resedraherstudied the impact

of compartment configurations on fire behaviour. However, a full series of compartment
configurations was to date not tested in a single study, highlighting the relevance of this study. The
key aspects and compartment configuratimsted by previous research are listed in the literature
study of this reportThe fire behaviour induced by an exposed Gidiling as compared to an
exposed CLT wall, as well as the influence of combining a CLT ceiling with a CLT wall will be

guantified as part of this research.

Finally, by verifying the ability of a design guideline to predict enclosure fire behaviour with exposed
CLT panels, the confidence in designing structures containing exposed timber surfaces will be

improved

In summary, by testing a less investigated structural adhesive, performingrtestsous exposed

CLT configurationsas well asguantify the ability of design guidelineso predict fire behaviourthe
currentbody of knowledge pertaining to exposed CLT compartment fire behaviour wékpanded
allowing for a more fundamental understanding of enclosure constructed of combustible materials.

Due to expdaments only being conducted on smsthle compartmentsthe results of this study
5



should be usedas a basigo conduct further studies which investigate fire behaviour at real
compartment scales.

2.3) Research Goals

To address thaforementioned resedrproblem the following overall research goalf@@mulated

To contribute tothe current body of knowledgelatedto compartments containing exposed CLT
panels with the aim of increasing the confidence of designers and regulators alike, in building
corstructions with combustible materials

Due to the wide scope of the abovementioned overall goal, a specific researhfgoallated as
follows:

To experimentallyinvestigate, by means of smatlale compartment fire testie differences
in fire behaviour between two differagpes of adhesives (MUF and PU) ahe influence of
CLT panel configuration on compartment flsehaviour, as well as investigate thkility of
design guidelines to pdéct experimentally measur@dmpartment temperatures.

2.4) Research Questions

When considering the specifiesearch goal as stated above, aman research questiorart be
formulated. In addition, Sub questions are formulated which seek to systematically answer the main
research gestion. These questions are showikigure 2, along withthe sectionsof this report(i.e.

Parts 1 through 3) that address these questions.

Main Research Question:

Which conditions are required to reliably achieve seHextinguishment of
small-scale compartments constructed of exposed CLT panels?

1) What are the fundamentals of enclosur
fire dynamics as well as timber combustion? ™\

Part1: Theoretical Backgroung

2) What is the current state of the art y
regarding selextinguishment of CLT?

3) What is the influence of adhesive type ¢n
compartment fire behaviour? Y

Part 2: Experiments

4) What is the influence of exposed CLT ]
panel configuration on compartment fire
|behaviour?

N

Part 3: Investigating Design

75) Are current prediction models able to] —> )
simulate the experimentally obtained fire Recommendations
behaviour?

Figure 2: Main and sub research questigras well as the report parts that address eachaquibstion



2.5) Methodology

To answer the research questions stated in the previous section of theaegystematiadesearch
methodology isfollowed. This section is divided into threeps (according td-igure 2) and these

will also be used to divide the entire research projecttidesamehree partsnamely:
1. Literature review,

2. Experimentdo characterise the influence adhesivaype am panel configuration
3. Testing theaccuracyof design guidelines.

The research methodology relevant tacke subsection will now be discussed individually with

reference to theub-questions listed ifrigure2.

2.5.]) Literature Review

SubResearch Question What are the fundamentals of enclosure fire dynamics as well as timber

combustion?

To answer this question, a literature review pertaining to fire dynamics as well as timber combustion
is conducted. This will serve as thkeoreticalbasis of this research, such that fire dynamics
principles can badequatelybserved and assessed dusnogsequent experiments.

SubResearch Question Bvhat is the current state of the art regardsejfextinguishment of CLT?

By performing a literature study of research work carried out setfextinction of CLT
compartments, knowledge gaps will be idiéed thereby effectively substantiating the scientific

rel evance of the research carried out in this

2.5.2 Experimental Characterisation

As seen inFigure 2, the main research questions requiring experimental verification are those
corcerning the effect of adhesive type and panel configuratimompartment fire behaviouBefore
discussing the experimental sg1 thatwas used toaddressthe research questions, a discussion

regarding the choice of adhesive will be presented.

After an introductory discussion with Dr Daniel Brandon from the Research institute of Sweden
(RISE), it was established that the current stance ritsv&LT fire design (as well as scientific
research) is to focus on utilising ndelaminating CLT in order to obtain more predictable behaviour.
To address the inherent variability resulting from adhesive performance and heat induced
delamination, it wastherefore, decided that an adhesive which displays improved fire performance

compared to a PU adhesive, is to be used in this study. Delamination fundamentally alters burning
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behaviour due to its exposure of virgin timber previously protected by theatingulchar layer.
Furthermore, due to its unpredictable nature and exdef@minationproves difficult to model using
software as well as current design guidelines. Moreover, delamination leads to widely varying
charring rates as well as the possibleun@nce of a second flasiver which cause fire behaviour to
significantly deviate from what would be expected with the charring of a solid piece of timber. By
experimentally testing and verifying that a CLT sample manufactured using a certain adhesive typ

does not delaminate, stable fire performance can be demonstrated and modelling can be simplified.

A discussion of the various types of adhesives used in CLT manufacturing and their influence on fire
behaviou is presented in Section 308 this report. As previously stated, the overall research goal of
this study is to increase the confidence of designers and regulators alike, in building constructions
with combustible materials. Attention will, therefore, be focused on commerciallialaleaiCLT
products and to quantify the fire behaviaf these timber products. Ire&ion 33, mention is also

made of Phenol Resorcinol Formaldehyde (PRF) as well as Emulsion Polymer Isocyanate (EPI)
adhesives. These adhesives were not considered weldruthis research project since they are not
commonly used in Europe to adhesively bond timber lamellas in CLT panels. In contrast, based on the
commercial availability of PU and MUF/MF adhesively bonded CLT panels in Europe, these
adhesive types wereonsidered as most valuable to characterise experimentally. When considering
PU or MU/MUF adhesives, it has been substantiated that PU adhesives are prone to heat induced
delamination resulting in sustained flaming or flaminggmtion via a second flasker (Frangiet

al., 2009; McGregor, 2013; Medina Hevia, 2014; Crielaard, 2015; Brandon, 2018a; Su, Ladtance,
al., 2018) Delamination leads to unpredictable fire behavi@dopkin, Anastasovand Brandon,

2017) and if avoided will result in more predictable and reliable CLT fire behaviour. In contrast CLT
panels bonded with a Melamit@rmaldehyde (MF) adhesive have displayed improved fire
performance as compared to PU adhesives by mdaghslaimination avoidance (Brandon (2018a).
Furthermore, CLT panels bonded with a Melamine Wreanaldehyde (MUF) adhesive were also
proven to not significantly delaminate and therefore display improved fire performance as compared
to PU adhesively bonde@LT panels (Frangi et al., 2009). Due to the (albeit limited) previous
research on MUF/MF adhesives (Frangi et al., 2009; Brandon and Dagenais, 2018), théhisse of
adhesivaype proves to bea promising means by which to avoid delamination. In ordsubstantiate

the selection of a MUF/MF adhesivEable 1 displays the benefits and drawbacks associated with

three CLT adhesives namely commercial PU, thermaBistant PU as well as MUF/MF.



Tablel: Summary of adhesive types and associated benefits and drawbacks

Commercial PU MUF/MF Thermally Resistant PU
Benefits:
1 Widely Available 1 Commercially ll Sameben_eflit;'j\s
(Crielaard, 2015) avaliable commercia
1 Improvedfire
1 Susbtatntial scope performance as Il I&elssp(on?to S
of eperimental compared to PU Le ammat\ '?n (Su,
work already (Frangiet al., Zgrl%uxe al,
conducted 2009; Brandon, )
2018)
1 Formaldehyde freg
Drawbacks:
1 Prone to heat 1 Contains 1 Not commercially
induced formaldehvde available inEurope
delamination y

The CLT panels used in this research are supplied by W. u. J. Derix GmBH. & German

producer of CLT and Glue laminated Timber products). Their CLT panels are adhesively bonded

using an MUF adhesivet hi s speci fic adhesiveds product i nfc
B.3) and are therefore believedo displayimproved fire performance as compared Rt bonded
panelsbased on the results of previous reseafafangi et al., 2009; Brandon, 2018 Therefore,

subsequent to the aforementioned consideration regarding adhesive types as wsfi@ssthrshif

MUF bonded CT panelsby Derix GmbH MUF was selected as the adhesive t@kgerimentally

investigated in this research project.

A key concern when considering MUF (and MF) adhesives is the formaldehyde component in these
adhesives which is commonly associated wigk to human health and the environm@aihart and

Hunt, 2010) In response to this possible drawback, it has been established that there are emission
regulations (in Europe) on structural products, which restrict the emission of volatdbsas
formaldehyde. The results of a standardised emissions test on a timber sample adhesively bonded with
the same adhesive type that i s used during proc
Appendix D of this report. The emission tests results indicate that the emissions are within the

all owable I imits as stipulated by the APrinciple
as publ i stheerdmabny Itnhset ifi ute for Structur al Enginee
DIBt). Admittedly, the emission tests were carried out oneddminated (Glulam) timbesamples

and not CLT samples, but it is reasoned based on the fact that the same aslhesdeto produce

Glulam andCLT productsby Derix GmbH, that these emission results are also applicable to CLT



samples. Therefore, the testeédUF bondedCLT panelsare deemed safe for udee to compliance

with emission restrictions

Returning to the research questions concerning experimental characterisation, a discussion of the
experiment to be carried in this research project is presdftpdrimentsaverecarriedoutto quantify
the influence of adhesivéygpe and panel configuration.

SubResearch Question 8Vhat is the influence of adhesive typecompartment fire behaviofr

To answer this question, small scalempartmentexperiments (0.5x0.5x0.5m internahensions

with a single opening measuring 0.18, x O)5were carriedout to characterise the difference in
obtained fire behaviour between theperimentsonducted by Crielaard (2015) using a PU adhesive

as compared to a MUF adhesivithesesmall scale xperiments wereconducted in an identical
manner as compared to Crielaard (2015) to ensure comparability of results. Since the CLT panels
tested by Crielaardre of the same species, lap and lamella thickness as compared to the CLT
panels supplied by D& GmbH, apracticalcomparison can be made betm the adhesives (PU vs
MUF). The producespecified CLT panelensitiesare also comparable (namely 470kg/amd
450kg/nt in the PU andMUF bondedCLT panels, respectively).

All fire testswereperformedat EfectisNederland B.V. in BleiswijkThe samples were placed under a

gas extractionhood which was coupled to an exhaust gas analyser (wpitiorns oxygen
consumption calorimeter measurementdetermine the overall HRRBy measuring the flow ratef o
propane gas supplied to the propane burmdiish delivered the input fire in the compartmette

initial fuel load was quantified and as such the contribution of CLT panels to the overall Wi&R
calculated Additionally, thermocouplesereinstalled & various depths within the CLT samples and
locations within the compartments, to determine charring rates and enclosure gas temperatures
respectively Figure 3 illustrates the test setup as implemented by Crielaard (20d%¢h was
replicated in the experiments performed as part ofMlass t ehesis.NoteThat a heat flux sensor in

the opening of the compartment was utilised in this study since it restricts the flow of oxygen into

the compartment, thereby reducing available ventilation.
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SBI hood and exhaust —————
gas analyser

thermocouples propane supply

heat flux sensor in protective casing;
to be place in compartment opening

laptop thermocouple and heat fluxdata  datalogger burner bed setpoint mass flow mass flow controller

Figure 3: Experimental instrumentation as implemented by Crielaard (2015)

Based on the results of thesgperiments and subsequent comparison to the results of Crielaard
(2015), thenfluence of adhesive type on fire performamaescharacterised.

SubResearch Question 4: What is the influence of exposed CLT panel configuration on compartment

fire behaviou?

When considering compartment configurationith exmpsed CLT(both on larger and smadtale)
compartments with three exposed CLT panels have displayedhryough behaviour and failed to
self-extinguish in past compartment fire tests due to mutuakcaskation between exposed CLT
panels (McGregor, 2013; Crielaard, 2015; Haddeh al, 2017; Su, Lerouxet al, 2018) It is
therefore expected thaelf-extinction is unlikely to occur with three expospdnels even when
employing a thermally superior adhesive, due to mutual cross radiation. Compartments with at most
two exposed CLT wallsvere thereforeinvestigatedn various configuratios, including replicatios

based on experiments conducted by Crielaa@d g2 involving compartments with an exposed CLT
back wall or both CLT side walldn the interest of clarityFigure 4 depicts the panel naming
conventia that is usethroughouthis report
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To answersubresearchquestion4, a series of compartments with varying exposed CLT panel

‘Front Walls

Figure 4: Panel naming convention

configurationswere experimentally tested. Iaddition tothe replication experiments performed to

characterise adhesiveeqformance threemore configurationsvere investigated.All compartment

configurations, as investigated in this research progeet listed inTable 2, and the configuration

naming convention depicted in this table will be used throughout this répeitual representation

of the various compartment configurations is presentégpendix A

Table2: Compartment configurations

Panel Configuration Configuration Configuration Configuration Configuration Configuration
MUF-BW: Back | MUF-2SW: MUF-SW-1: MUF-SW-2: MUF-C-1 and | MUF-BW+C-1
Wall Two Side Walls | One Side Wall | One Side Wall | MUF-C-2: and
Ceiling
MUF-BW+C-
2. Back Wall
and Ceiling
Non- Non Non Non-
Wall combustible combustible combustible combustible
Left Non-combustible Nor- Non- Non-
Side combustible combustible combustible
Wall
Right Non-combustible Non- Non- Non-
Side combustible combustible combustible
Wall
Ceiling | Non-combustible | Non- Non- Non-
combustible combustible combustible
Floor Non-combustible | Non- Non Norn- Non- Nor-
combustible combustible combustible combustible combustible
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In Table?2, experiments are labelled according to the following general conveatithesive Type
Exposed CLT Panel($) Sample Numbemote that Configurations MUBW and MUF2SW were

only performedonce, and as such do not state a sample number. Furthermore, SW refers to a CLT
side wal| C a CLT ceilingand BW a CLT back wall.

To facilitate the comparison of adhesive types, comparable experiments contdihbmndedCLT

panels as investigated byi€laard (2015) are assigned similar labels as compared MURebonded

CLT panels investigated in this research project. Crielaard tested a compartment that contained an
exposed Back Wall, as well as three compartments that contained two exposed €walsdand

are labelled to as follows:

PU-BW : Exposed CLT back wall

PU-2SWA1: Two exposed CLT side walls (demonstrated btimough behaviour)

PU-2SW-2: Two exposed CLT side walls (demonstrated-eglinguishment)
PU-2SW-40mm: Two exposed CLT side ilsa with thicker (40mm) outer lamellas
(demonstrated se#xtinguishment)

=A =4 =4 =4

By testing these configurations, a detailed investigation intantieence of panel orientation wa
performed. To the knowledge of the author, no other research has focuseds txtémt, on
characterising the difference between an exposed CLT ceilirgpmpared to CLT wallable7 (in

the literature study section of this rep@iimmarises # configurations tested by other researchers, as
well as the configurations which will be investigated as part of this thesis which were not tested in the

particular study

By systematically investigating configurations with ceilings and/or walls, thewwiy hypothesis
can be tested:

Anexposed CLT ceiling displays beneficial fire behaviour as compared to an exposed CLT wall.

The background to thisroposecdhypothesis is found in the reseamdnductedoy Bateman, Bartlett,
Rutkauskas, & Hadden (2018h which it is hypothesised that an exposed ceiling, which would be
engulfed by a hot smoke layer during a compartment fire, would effectively not contribute to the
formation of an additional hot combustible surface (as dvbel the case with an exposed CLT wall).

In compartments with exposed walls armlexposed ceiling, the hot smoke layer at the ceiling would
form a hot surface in addition the hot surfaces provided by CLT walls after being ignited. By using
only an expsed CLT ceiling, a single hot surfaiscreated. Thisvasinvestigaéd by comparing the

results of onfiguratiors containing only one exposed CLT surface

Furthermore Table 3 summarises additional comparisons that will be drawn from the fire tests and

the relevance of each comparison.
13



Table3: Comparisons to be drawn between configurations

Compared Configurations | Relevance

MUF-BW and MUF2SW | Charactersing the influence of adhesive type (MUF
vs.PU-BW and PU2SW PU) regarding fire behaviour of compartments contair
exposed CLT

MUF-BW vs MUF-SW vs | Influence of varying the position and orientation a&f
MUF-C single exposed CLT panel (back wall vs side wall
ceiling). The hypothesis of a second hot surface forr
with only an exposed wall, compared to a single
surface with an exposed ceiling, will also be investigat

MUF-2SW vs MUFSW Influence of crossadiation between two facing expos¢
walls as compared to only one exposed side wall

MUF-BW vs MURBW+C Influence of adding an exposed CLT ceiling to an expq
back wall

MUF-2SWvs MURBW+C | Difference between two exposed side walls and
exposed ceiling andack wall

Table4 lists the number of testhatwere performed per compartmeabnfiguration. Configurations
BW and 2SW were only tested once sindeey weredirectly compared to the results obtained by
Crielaard (2015). Other configuratiomgeretested twice. In total, 8ompartmenexperimentsvere

conducted.

Table4: Number of tests performed

Configuration Number of tests tbe
performed

MUF-BW 1

MUF-2SW 1

MUF-SW 2

MUF-C 2

MUF-BW+C 2

2.5.3) Additional experiment to assess the validity of conclusions

Following the experimental methodology implemented by Crielaard (2015) in his compartment tests,
the initial fire load (i.e. the propane burnevas extinguished once the first CLT lamella has been
charred. Based on these compartment test results, camdusere drawn. To assess if these

conclusions are applicable to longer periotifire duration (due to the initial fuel load), an additional
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experiment was conducted to record charring rates and fire behaviour of CLT panels exposed to a
SFC exposure fd@0 minutes. This additional test, and the conclusions drawn from it, is documented

in Appendix| of this report.

2.5.4) Assessing Design Guidelines

SubResearch Question Bire current prediction models able to simulate the expenitally obtained

fire behaviour?

Subsequent to the experimental tests, verification studi@® performed to determine if the
recommendations proposed IBrandon (2018b)(see Appendix C) are able topredict the
experimentally obtained enclosure temperature development aarwell as HRR contributionyb
exposed CLT panel$n addition, the applicability of the charring rates as suggested in liteeatdre
normswill be compared to the experimentally obtained charring ratewilA®e discussed later in

this report the parametric fire curve is unable demonstrate delaminatioBelamination should
therefore be avoided and proved to not occur during experiments in order to perform meaningful
verification calculationsAn investigation into design recommendations concerning lamellaffall

(as suggesteldy methods such agjuivalentgypsum board falbff in Frangiet al. (2009) will not be

assessed due to tfaeus of this research which ispeevent heat induced delamination.

2.6) Research Scope Limitations

Due to theextensivescope associated with the overall research goal presented in Section 2.3 of this
report, research limitations anesre imposed to ensure a clear research fadus limitations are as

follows:

1 Focuswason post flashover fire conditionas this phase mssociated with high temperatures
andsubsequerstructural degradatioof timber members

1 Loading conditionsvere notconsidered in this research project. Unloadechpartmentsin
which only the configuration of exposed CLT is variadyetested.

1 Theinfluence of active fire protection systems, such as sprinklersamake alarmsystems
wasnot investigated since the main research aim is to characterise the conditions required to
achieve CLT selfextinction in a reliable mannemased on material andeg@metrical
parameters only

1 Only CLT panels that are commercially available in the Europeayer construction market
were considered to be experimentally tested. Novel adhesives such as heat resistant PU do
show potential but are not currently beindiséid commercially in Europe anderetherefore
not considered in this research project.

1 The difference between timber specaswell asstrength gradeand densitie®f the base

timber and their associated effects on fire performance falls outsideoje af this research.
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A literature study on the different types of adhesiwes performed to the extent that the

main adhesives types are identified and charactereedvelltheir associated benefits and
drawbacksre identified

The mainparameterghat wereinvestigatedexperimentallyin this research project are the
configuration of CLT panelsadhesive used to bond the CLT panasyvell as the amount of
exposed timber.

The influence of structural omections on fire behaviour wast investigéed in this research
project. Conneabns in the compartments wedesigned such that thelyd not fail during fire
conditions and therefore didfluence fire behaviour.

A literature study on fire dynamics, timber combustiord &CLT compartment fires was
carried out to the point at which it is deemed adequate to address the aforementioned research
goals.

The effect of experimental scaleas not investigated. Due to this limitation of performing

tests at small scale only, the results obtained from thierémental work are unable to
directly predict compartment fire behaviour at real compartment scales. Effects such-as cross
radiation between exposed CLT panels are expected to induce other phenomena at larger
scales, especially when considering the changdistance between exposed timber surfaces
across scales. Thus, the research conducted as part of this Thesis serves as an experimental
basis on which to perform future research at larger experimental scales.

Design recommendations wesaly comparedagainst the results of smadkcale experiments.

Due to its simplified nature, thenhancedparametric fire curve verification investigation
proposed asapt of this research work wadso not expected to accurately quantify all aspects

of compartment fire dwaviour. It is alsaunable to directly predict fire behaviour at larger
scales since it does not account for radiation between exposed panels, nor does it account for
panel orientation. Future research is to investigate more advanced models such as zone
models or Finite Element modelghat account for crogsanel radiation and include heat

transfer models, as recommended by Hopkin, Anastasov & Brandon (2017).
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2.7) Sections of the report addressing the research questions

In the interest of clarityTable5 below presents as an overviewtloé sections of this report dedicated

to answering the research question andcgidstions postulated Figure2.

Table5: Overview ofsections addressing the research questions

Section Reference
Sub-Question 1 Literature Study §3.1 andg83.2
Sub-Question 2 Literature Study §3.3and83.4
SubQuestion 3 Analysis §7.2
Sub-Question 4 Analysis §7.3 andAppendixG
Sub-Question 5 Investigating Design 88
Recommendations

As a general wafinder to this report, the flowchart presented on the next page will guide the reader
through the various sectionstbie reportThe same flowchart will be presentaithe start of each of
the 3 report arts.

Theresearch suguestions listed in the Table above are assignédet8 reportpartsas follows(as

demonstrated ifrigure?2):

1 Research Suluestions 1 and 2 are addressed in Part 1 (Theoretical Background)
1 Research SulQuestions 3 and 4 are answered in Part 2 (Experiments).

1 Research SuRQuestions 5 iaddressed in Part 3 (Investigating Design Recommendations)
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PART 1: THEORETICAL BACKGROUND

Chapter 1:
Introduction

y

Chapter 2:

Research Outline

Fart 1: Chapter 3:

Theoretical Background

Literature Study

[
N \: V! V! V.

Chapter 3.1: Chapter 3.2: Chapter 3.3: Chapter 3.4: Chapter 3.5 and
Enclosure Fire Combustion of CLT Adhesives CLT Panel Appendix.C:
Dynamics Timber Configuration Design
Research Recommendations
| I
Chapter 4:
Selecting Experimental Parameters
Fat: Chapter 5: Chapter 6: Chapter 7:
Expetiments Experimental Results : Analysis
Methodology
Chapter 6.1 and Appendix I:
Appendix E &F: SEC Furnace
Compartment Tests Test
v v \4
Chapter 7.2: Chapter 7.3 and Chapter 7.4:
Adhesive Appendix G: Influence of
Performance Compartment Char-Fall Off
Configuration
Part 3: Chapter 8:
Investigating Design Design Recommendations
Recommendations
Chapter 8.1: Chapter 8.2:
One Exposed CLT Two Exposed CLT
Panel Panels
Chapter 9:
Conclusion and
Recommendations
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3) Literature Stugl

In this section of ta report, the fundamental theorteshind enclosure firdynamics, combustion of
timber, the influence of adhesives on fire performanaed finally the current fire design
recommendations pertaining to CLare discussedThis serves as a background against which this

researclprojectis presented.

The literature summarised in this section of the report seeks to answer the first {gestibns of

this investigation as stated figure2. Thesewo questions are:

Q1) What are the fundamentals of enclosure fire dynamics as well as timber combustion?
This research sufuestion will be addressed in Section 3.1 and Section 3.2.

Q2) What is the current state of the art regarding-saffinguishmentfaCLT?

This research sufquestion will be addressed in Section 3.3 and Section 3.4.

3.1) Enclosure Fire Dynamics
To introduce the fundamentals fife dynamics a description of the various stages present during an
enclosurefire is presented bew, followed by a discussion pertaining t@rious enclosure fire
concepts.Unless referenced otherwistgchnical data presented in this section is sourced from
Karlsson & Quintiere (1999)

To sustain a firethree fundamaal components are required, namélgl, oxygen and heat. The
combustion process is interrupted onlife of these components is removE&dgether thesehtee
componets form a fire triangle, adepicted in thd=igure5, indicating the interelated nature of all

three components during a fire.

Figure5: The fire triangle (Elite Fire, n. d.)
Fuel refers to theavailable combustiblenaterialpresent The specific properties of the combustible
material have a major influence tre fire behaviour thadevelops. Densduels (for exampleheavy

wood) result ina more prolonged firaiith aslower heat development ratascompared tdessdense

flammable material €.g. flammable liquids)that result ina more rapid fire development initially
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followed bya faster fire decay phaskEleat is required to bring the fuel to the conditions suitable for

ignition (either by pilotedor selfignition), andoxygenis required to sustain the combustion process.

Once all three elements of the fire triangle are presmhicanditions are suitable, theag of a fire
commencesThere are five phasewudng the development of an enclosure firamely: ignition,
growth, flashover, fully developed phase awkntuallydecay (depicted ifrigure 6, and discussed
individually below).

Flashover

—

Temperature

3 ? T ? Time =

Decay

Ignition Exowth
Fully Developed

Figure 6: The five phases of a compartment {ifartin, 2005)

Prior to discussing each of the fire development phatsissfirst noteworthyto mentionthe limiting
factorsrestricting fire development, nameludl and ventilation conditions. A fuebntrolled fire
refers to combustiothat islimited by the availability of fueldenerally during the growth phase). In
contrastaventilationcontrolledenclosure fire refers tbtombustiorthat is restricted by the amount of

oxygen availablégenerallyduring the fully developed phase of the fire).

Ignition: this phase commences witihe onset of the combustion processnd compartment
temperature start to increase above that of ambidgrtition itself is facilitated in one of two ways:
piloted ignitionor spontaneous ignition. Piloted ignitimtcurswhen fuelis physically ignited by
arother sowce (for an examplea matchor propane burngy whereas spontaneous ignitias
facilitatedif enough heat is available to result in ignition of the produced pyrolysis gases without a
pilot flame. Energy is releaseduring this stagewhich heats dditional combustible materiathich

convertduels irto gasegWalls and Zweig, 2016)

Growth: the combustion of fuel occurs during this phase wherelgbaistion products are released
in a gaseous form frorfuel. These gases are referred tacambustion gaseand theyriseto the top
of the compartmentiue to their ligker density in comparison to aiforming a layer of elevated

temperatureréferred to as hot laye). As fuel is heatedpyrolysis gases are produced via a chainic
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decomposition process (referred to @mgolysig during the combustion procesEhe combustion
process is sustained as long there are sufficient amounts of each of the three components of the fire

triangle present within the enclosure.

Flashover: this phase serves astransition phase betweedhe stages of fire growth aral fully
develped fire It is characterised by theeansitionfrom a few fuel sourcesombustingwithin an
enclosure, to the rapid engulfment af entire erclosure andsubsequentcombustion of all
combustible materiaivithin it (Svensson, 2002)Flashover is attaineds follows the hot layer
containingcombustiorgases accumulates during the growth stdpes hot layemgrowsand descends
down the height of the enclosure duethe continuous combustion of fukleat is transferredyb
means ofradiation and conductionfrom thehot layerto the lowercold layer This in turnresults in
the heatingof more fue] release of pyrokis gases andubsequent ignition of other combustible
materials within the enclosur®nce compartment temperatures in the tajerare raised to that of

the hot layer post flashover, a single hot layer is formed throughout the whole enclosure

Fully Developed Fire: this phasdollows afterflashover, ad is identifiedas the stage during which
the total energy release mand temperatures within the enclosure are at their hightist stage is
sustained as long as there is sufficiergl and oxygento drive the combustion process. Generally
speaking, a typical enclosure fingay producetemperatres rangingfrom 700 to 1200 °@uring this
phase

Decay if an enclosure fire is left toombust without the introduction of new fuel,point will be
reached Wwen theavailablefuel is depletedSince the necessary components required to sustain the
fully developed phase are no longer availaltesmperature drop (Buchanan and Abu, 2017)
Generally speakindire conditionstransitionfrom ventilation controlled to fuel controlled conditions

during the fully developed staged the decay phase, respectively

To more clearly illustrate the various stages associated with an enclosuFagiime, 7 is presented

(from Svensson, 2002Note that for a fire to be sustained, sufficient oxygen is requikbith in
enclosure fires is generally supplied via openings such as windowoorsln Figure 7, flashover

would only be attained if the oxygen supply to the enclosure is sufficient, which would not be the case
in a fully encloseacompartmentith a closed door such as in thgufe below.
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Ignition Growth

Figure 7: Fire development stagfrom Svensson (2002)

Various modes of heat transfer are presaming the development of a firdhesemodesare
radiation, convection and conductioRadiationrefers tothe proces®y which heat is transferred via
electromagnetic wave$or example heat is radiatedrom onefuel sourcego another fuel sourge
Radiation is particuldy important since its the main modéy which heat is transferred from the hot
layer to enclosure surfacdsom flames to adjacent fuels afrdm one burning encloseitothe next.

In contrastconvectioris the transfer of heat vidaé movemenbf a fluid (.e. gases and liquids). Heat
is either transferred tar from, a material due to this motion, as for examplering the upward
transfer ofhot gases viduoyancy withinthe fire plume. Finallyconductionrefers tothe transfer of
heatbetween solids. Heat transfer in this mode is characterisedh@at flux wheretemperature
moves from aegion of high temperature to onélower temperature. It is thidearthat all three of
these modes are presentan enclosure firesalthough radiation and convection generatyvern
enclosure firdbehaviourDrysdale, 2001; Buchanan and Abu, 2017)

Oxygen starvation This occurs inenclosureswhere there are insufficiergpeningsvia which to
replenish oxygen to sustain tbembustion proces#\s the hot layer grows and descendsvn the
enclosurefuel becomesentrapped within the hot layéwhich contains very little oxygen arfdgh
levels oftoxic fumesand combustion gasedhis entrapmentesults in fire decague to starvation of

oxygen.

3.2) Combustion of Timber
Fire dynamicswithin an enclosurés also affected by the nature of the combustible material within it.
A discus#on pertaining to the fundamentals of timber ignition and subsequent combustion will now

be presented.

Timber does not burn directly undtéve influence of a heat source, but first undergoes pyrolysis,
which, as mentioned in the previous section, referdhe process during which fael undergoes

decomposition due to exposure to hibwne, 1958) When a timber element is heatéte natural
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polymersof which the timber is composgdill be degraded and pyrolysis gases will foatong with
inorganic ash, liquid tars and a carbonaceous char Vaytera low thermal conductivity and density
(appraimately anly 20% the density of the unaffected timb@faddenet al, 2017; Bartlett, Hadden

and Bisby, 2018)The formation of char is generally assumed to commence &C3@Mhd the
pyrolysis of timber commencing approximately at 20@Bartlett et al, 2015) Under appropriate
conditions (refer to the aforementioned fire triangle), the pyrolysis products are ignited and result in
flaming combustion of the timber. An important parameter is the critical heat flux to ignite timber.
Under pilotedignition the critical heat flux is 12kW/mand 28kW/m for unpiloted ignition
(Drysdale, 2001)

Before discussing the phases associated Wathpyrolysis, the chemicaktructure of wood is
presented. Generally, wood chemically consists of the folloviregetpolymerscellulose(accounting
for 50% of the chemical composition}jemicellulose(25%) andlignin (25%) (proportions vary
between specieqDrysdale, 2001)Wood also contai absorbed water anitk moisturecontent
depends on the relative humidity aexposure conditions to which timeaterial is subjectedach of

the three polymers will now be discussed individually.

Celluloseis a polymer compound which is builp from glucose molecules. The moleculegral
themselves, due to their linear structure, into bundles (called microfibrils) which are primarily
responsible for the strength and rigidity of the cell wall (and hence the wéeaijicellulospossesses

a similar structure to celluloskignin, on the ther hand is a far more complex chemical constituent.
During the growth of the plant, hemicellulose and cellulose are jdigelignin via a process of
lignification. Drysdale (201) statesthat the pyrolysis temperature of the three constituents are as
follows: 206260°C for hemicellulose24G-350°C for cellulose and 28800°C for lignin.

As wood combusts ehar layer is formed. The decomposition process generally leax25%4 ®f the
original timber mass in the form of char, of which1®% ariginates from the lignin components. The
yield from cellulose and hemicellulose is, however, more variable and infeieheeburning
behaviour of wood (reinforcing theotion of natural variability associated withthis material)
(Drysdale, 2001)

During pyrolysisand subsequent combustiotimber undergoes three magombustionphases
namey (Browne, 1958)

1. Up to 200°C the timber undergoes dehydration during which free water within the timber
evaporatesas water vapourThe rate of pyrolysis is low if not zero, and small amounts,
additional to the evaporated water, of carbon dioxide and carbon monoxide are released.

2. In the range oR0C°C to 300C the polymers of wood are pyrolysed, releaspygolysis
gases.
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3. 300°C to 500C is the range in which active pyrolysis takes place, and the rate of pyrolysis
greatly increases. Char is rapidly formed in this range rasdlts in a higher degree of
thermal insulation since the thermal conductivifycbar is much lower than the unaffected
wood. The wood below the char layer is insulated from high temperatures beyond the char
layer.300°C is considered the temperature at the base of the chafWyiez, 2016) Above
300°C the physical structure woodis broken down and cracks appesssea in Figure8.
Volatiles can escape through these cracks leading to an increase in the rate of pyrolysis. As
the char layer depth increases, these cracks become more pronounced and result in the
characteristic ficrazedd cr ackd asareferred to asas s oc i

alligatoring/crocodiling Drysdale, 2001)

HEAT FROM EXTERNAL SOURCE

ORIGINAL SURFACE \h
RESIDUAL
CHAR
FISSURED
ZONE
. PYROLYSIS
= ZONE
UNFISSURED {§=
ZONE = -
—————— = == = —e——————————— | UNPYROLYSED
=< DIRECTION OF GRAIN INWOOD & ————=—— WOOD

———————— s ==

e o — Y q—

Solid arrows indicate probable directions of
movement of volatile products

Figure 8: Graphical representation of the timber pyrolysis process, fRoberts (1971)

4. Above 500C secondary oxidation of chars occurs whereby the thickness of the char layer is

reduced and results in further pyrolysis and additional heating of the wood.

The various zones within a pyrolysing and combusting wood saanpiBustrated inFigure 9:

note the chatayer, the char baseyrolysis zoneas well as the unaffected waolls mentioned
before, the temperature at the base of the char layer is assumed to beT3 Il be used

during experiments to calculate the depth of char and subsequently the charritigsteield,
however, be noted that a certain depth below the char layer is subjected to an elevated
temperature (later referred to EN19951-2 as the ero strength layergdl and is labelled the

pyrolysis zone irFigure9.
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— Char layer
Char base

Pyrolysis zone
Pyrolysis zone base

Figure 9: Zones within combusting timb@/\/hite, 2016)

The fire resistance capability of exposeaiber is summarised in the following statementtbg
Society of Fire Protection EngineefsT h e-resistivie eharacteristics of exposed wood members are
due to the insulative characteristics of the char layer and the sharp temperature gradient lle@eath
base of t h@Vhitel2G18) | ayer . 0

A distinction is also to be made when considering ¢thesssectionalsize of structural timber
elements when exposed to a fidccording toGerard, Barber and Wolski (2013ost forms of
timber products are generally divided into two categories, naigéltimber frameandheavy timber
frame members. Light timber frame members encompass structural members with-sgo$sns
ranging from 50mm x 100mm to 50 x 300mm. In contrast, heavy timber frame members possess

crosssectional sizes of 150mm x 150mm and greater.

Light timber frame members are gedlly wall members consisting ofimber studs andloor
members composed of joist members. The general design philosophy pertaining to these timber
members is to fully encase themith non-combustible boards (such as gypsuoards) to obtain

satisfactory fie performance.

Heavy timber frame members include solid sawn sections as well as engineered timber products such
as Gluelaminated (Glulam) wood, Laminated Veneer Lumber (LVL) as well as CLT. The

satisfactory fire performance of these members may be\athiby encapsulation or by relying on
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natural insulative nature of combusting timber via the formatiancbirlayer,as discussed earlier in

this section of the report.

3.3) Influence ofAdhesiveson CLT fire performance

As a general background to this section of the report, an overview of the manufacturing process of
CLT panels is presented kppendixB.1 of this report. The type of &ésive used to bond panels
within CLT elements during manufacturing has a significant influence on fire performance, and will

be discussed in this section of the report.

The type of adhesive used in CLT has been proven to be an influential factor aeriisgthe

occurrence of delaminatidifrrangiet al, 2009) Delamination is defined IASTM D907 (2015)as:

ithe separation of | ayers in a | aminate because
0

r at the interface of the adhesive and t he adhe

Before discussing the results studies into the influencef adhesiveon CLT fire performancea
discussion of the different adhesive typefirst presented.

Currently, the most widely used adhesive during the produ@loh (in Europe)is Poly-Urethane

(PU) (Johansson and Svenningsson, 2018). PU adhesives are attractive due to their fast curing times
at ambient temperaturdBU adhesives are generally single component adhesives which do, therefore,
not require premixing before applicatiddelamine Formaldelyde (MF) is less frequently used to
adhesively bond CLDoards, since the addition ofelamine in MF adhesives is expensiv&isThas

led to the addition ofrea to creatélelamine Urea Formaldehyde (MUR)o reduce production costs

(Pizzi and Mittal, 2003)Emulsion Polymer Isocyanate (EPJ)are two component adhesives that
display favourable wood to wood bonding properties and do natreequring at high temperatures
(Johansson and Svenningsson, 20EB| adhesives are generally not used to bond lamella layers in
CLT products, but some producers such as Stora EngtogrizPI| adhesives tedgebond individual
plankswithin a panel(Crielaard, 2015)Phenol Resorcinol Formaldehyde (PRR¥ a dark brown
adhesivewhich makes it less aesthetically pleasing than colourless adhesivemnitimnly used in

North America duringthe production of Glulanbeams. PRFshows good structural performance,
longterm performance, strength at elevated temperatures as well as being a cheaper adhesive to

manufacturgJohansson and Svenningsson, 2018)

The performance of different types of adhesiieediscussed in the report lBrandon & Dagenais
(2018) In their studyseveral CLT samples, produced usuagious adhesive types, were tested in an
intermediate scale furnace (1.0 x 1.0 x 1.0m). The CLT samples were tested in a horizontal
configuration which represents the layout most prone to delamindi@nCLT samples were all
identical except for the &esive used and measuredm dy 0.6m with 5 lamellas each 35mm thick,

totalling to a thickness of 175mrRour types of adhesives veetested including: PU; MF; EPI and
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PRF. An additionaiodified(i.e. thermally resistanBU adhesive type (labelled PU&3as also tested
and compared against a commercially available PU bonded CLT elements (labelled B&sEsSS its

effectiveness to avoid delamination

The exact formulation of the adhesives tested in this study is not stipulated. As such it is adivised tha
the results and conclusions drawn from thésticularstudy are only valid for thepesificadhesive
specimens tested, and as such the results are not representative of all PU, MF, EPI and PRF adhesive

types.

CLT samples were subjecteddamaturalfire temperaturgime curvewhich included a growth, fully
developed and decay phase. The targetexpérimentalgastemperaturdime curve(on which the
investigation was based displayed inFigure 10. Test1-4 in the legend oFigure 10 refersto the

study by Su et al. (2018) on which this particulandhesive study was basékest 14 by Suet al.

(2018) consisted of an enclosure (9.1m x 4.6m x 2.7m (width x depth x height)) constructed of PU
adhesively bonded CLT panels. All the walls as well as the floor of the enclosure were protected from
fire by gypsum boards, whereas the CLT ceiling was lefposed. During the experiment,
delamination and a subsequent second flashegezrecorded anareclearly visiblein Figure10. In

short, the fire exposure conditiossipulated in the adhesive comparison study by Brandon and
Dagenais (2018) were based on the experimental compartment temperatures obtainezt by Su
(2018), although the experimental occurrence of a second flashoveras neglected Plate
thermometers istalled inside the furnace at 200mm and 150mm distances from the CLT specimens

were used to calibrate the obtained fire exposure.

Note that anatural fire temperature curveeeks to address the shortcomings of the Standard Fire

Curve (SFC) since the SF@oes not include a decay phase and does not account for compartment
geometry, ventilation opening sizes, fuel load nor the thermal properties of the compartment
boundaries. Natural fire curves are generated by including the aforementioned factors in the

edablishment of a temperature vs. time fire cuikarlsson and Quintiere, 1999)
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Figure 10: Target and (an) achieved temperatui@e curve as reported lBrandon & Dagenais (2018)

In their studyBrandon and Dagenais (2018sumed thahe depth of the 300°C isotherm withireth
thickness of the specimen wase pointat which thetimber was transformed to char via the
combustion processdsigure11 depicts the experimentally obtained (average) charring depth vs time
curve for the 5 different adhesive types. It is important to note that a sudden increased rate in charring
represents lamial delaminationas seen ifrigure 12 (this was also recorded by Crielaard (2015) as

well as Franget al.(2009) in their experiments involving PU axdfively bonded CLT panelsDue

to the performed averagirgg all the individual experiment resultdistinct charring rate peaks are not

as evidentn Figurel1l, but it isillustrated thata commercially available PU adhesive (PU1) performs

poorlyin comparison to MF, EPIl and PU2.
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Figure 11: Charring depth vs time per adhesive type, as reported by Brandon & Dagenais (2018)

Johansson & Svenningsson (20&8joreported on the findings of the same investigatieferred to
previously. Delamination isoreclearly illustratedn Figure12, since individual experimental results
depicting average charring rate vs. time, per specsetare showntwo samples of eacldhesive

were tested).
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Figure 12: Average charring rate per sample set, as reported by Johansson & Svenningsson (2018)

Figure 12 indicates for specimen set 1 that Aype 1 (the commercially produces PU bonded
sample) displayed the highest charring rate. Note that the naming convention of PU1l and PU2, as
reported in Bradon & Dagenais (2018), is changed to PUR A and PUR$pectivelyin Johansson

& Svenningsson (2018). In addition, it was reported following visual observations that the entire first
lamella delaminated in both PType 1samples, and the second lameBanell in the first sample of

PU Type 1 A summary of the visual observations of delamination is shown beldwhie6. From

this table it is clear thaPUl (commercially available PU) displayed a higher occurrence of

delamination, whereas MF and PRF were resistant to delamination.
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Table6: Visual observation of delamination, as reported by Johansson & Svenningsson (2018).

Specimen [ Observed

[ Comments

Delamination?

Time until visually observed
delamination [min]

Complete delamination of first
and second lamella

52 nun (first lamella)
2 h, 43 mun (second lamella)

Complete delamination of first
lamella, partial delamination
of the second lamella

50 min (first lamella)
2h, 58 mun (second lamella)

Larger part fell off towards
the end, no 1gnition of the
underlying laver

1h, 24 min (parts of first lamella)

3.4) Overview of CLT compartment fire behaviour research

To substantiate the scientific relevance of the resgamebentedn this report, an overview of the
current state of the art pertaining to the fire behaviour of compartments constructed of expoged CLT
presented.Table 7 presents an overview of previous research conducted on this specific topic.
FurthermoreTable7 alsolists the exposed CLT panel configuration tested by the various authors. To
illustrate the relevance of the compartment configurations tested as part of this study, the

configurations which are imstigated in this thesis which were not tested in the particular study are

also listed.
Table7: Overview of research CLT compartment fire behaviour
Author(s) Title CLT Exposed CLT | Compartment | Configuration not
and date adhesive surfaces Size (Wldt_h X | Addressed
depth x height)
type
McGregor | Contribution of PU Fully unprotected | 3.5m x 4.5m x | No partially
(2013) Cross Laminated CLT compartment | 2.5m exposed CLT
compartments
Timber Panels to
Room Fires
Medina Fire Resistance of| PU Back Wall and ong 3.5m x 4.5m x | No exposed ceiling
Hevia Partially protected side wall 2.5m tests
(2014) CrossLaminated Both Side walls
Timber Rooms One Side wall
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Crielaard Self- PU Back Wall 0.5m x 0.5m x | No exposed ceiling
S 0.5m tests
(2015) extinguishment of Back and both sid¢
CrossLaminated walls
Timber Both side walls
Li et al. | RealScale Fire PU Same adicGregor | 3.5m x 4.5m x | Same adicGregor
. (2013)andMedina | 2.5m (2013)andMedina
(2016) Tests on Timber Hevia (2014) Hevia (2014)
Constructions
Hadden et | Effects of exposed PU Back and one sid{ 2.72m x 2.72m | No direct
al. (2017) cross laminated wall X2.77m Eomparlson
etween an expose
timber on Back wall and wall and an expose
ceilin ili
compartment fire g ceiling
dynamics Back wall, one side
wall and ceiling
Bateman et | Effects of Fuel PU Back and one sid¢ 0.64m x 0.66m | No direct
al. (2018) Load and Exposec wall x0.64m comparison
between an expose
CLT Surface Back wall and And wall and an expose
' L ceilin il
Configuration in g 0.58m X 0.66m ceiling.
ReduceeScale x 0.70m
Compartments
Su et al.| Fire Safety PU One side wall 9.1m x 4.6m x | No comparison
2.7m between two
(2018) Challenges of Tall Ceiling exposed side walls
Wood Buildingsi .
Ceiling and one
Phase 2: Task 2 & side wall
371 Cross
Laminated Timber
Compartment Fire
Tests
Su, Leroux,| Fire testingof Thermal Back wall and 10% 4.5m x 2.4m No comparison
et al, | rooms with resistive of ceiling x2.7m between tv_vo
3 exposed side walls,
(2018) exposed wood PU (brand | Ceiling and an exposed wa
. . vsceiling
surfaces in name Both side walls and
encapsulated mas| HBX) ceiling

timber

construction
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A discussion of each of the research items listed@ahle 7 will be individually presated in this

section of the report.

3.4.1) McGregor (2013): CLT Room Fires

McGregor (2013) performed a series of 5 experiments that sought to determine the contribution of
CLT to fire development, fire duration as well as fire intensity. The CLT paned irs the
experiments were 105mm thickpBy panels and were used to construct either fully protgtyedvo

layers of gypsum boardsy fully exposed compartments. The initial fire load was supplied via either

a propane burner or furniture. The compariteeall measured 3.5m x 4.5m x 2.5m (width x depth x
height) and contained a single door measuring 1.07m x 2.0m (width x height), resulting in an opening

factor of 0.042 . An overview of the 5 experiments is presentefidhle8.

Table8: Tests performed by McGregor

Test Number 1 2 3 4 5

Fully Protected (FP) /| FP FP FU FP FU
Unprotected (FU)

Initial Fire Load | PropaneBurner | Furniture Propane Burner| Furniture Furniture

Source

HRR, enclosure temperatures and charring rates were recorded during each of the exp@ehbients.

9 displays the input heat release (in M¥/for the 5 experiments as well as the observed heat release
(also in MJ/M). Tests 3 and 5, which involved unprotected CLT enclosures, demonstrateteth

CLT panels increased the observed heat release during the experiments. In Test 3, the propane burners
supplied an input heat of 182 MJ/iend the CLT panels contributed 408M3/iim Test 5, the input

furniture fire load was measured at 366MJandthe CLT panels contributed 612 MJ/riTest 5 was
prematurely extinguished, suggesting that the actual total heat release during the experiment would be
higher if allowed to burn further. In order to compare the propane and furniture input fuel sources, it
was estimated that propane fires resulted in 68% of the fire load imposed during the furniture initial

fuel load tests.
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Table9: Heat release values as recorded by McGregor (2013)

Propane Furniture CLT Total
Actual Fliniaive Measured Estimated Calculated Heat
Heat 3 Heat . Heat S5
) equivalent ) Fire Load ) Release
released (MJ/m?) released (MJ/m?) Released (MJ/m?)
(MJ/m?) ' (MJ/m?) - (MJ/m?) s
Test 1 486 710 - - 200 686
Test 2 - - 379 533 - 379
Test 3 182 266 - - 408 590
Test 4 - - 364 553 - 364
Test 5 - - 366 529 612 978

A key finding from this study was that when theaaing front reached the adhesive layer, the PU
adhesive debonded and resulted in delaminatiowhole CLT lamellas Delamination led to an
increase in the fire intensity after the depletion of the initial fire load and extended the fire duration.
Additionally, when comparing the fully protected vs unprotected compartments, the exposed CLT
result in an increased fire@yvth rate and the time to flashover was reduced. When comparing the
HRR, the fully exposed CLT compartments resulted in approximately a doubled HRR as compared to
the protected compartments. To illustrate the contribution of exposed CLT to total hese Fétpire

13 shows a comparison of the Total energy Released (VER)ne curves for the 5 experiments. The

fully unprotected compartments (Test 3 a)ddisplayedapproximately double the TEBf their
comparable protected compartment tests (Test 1 and 2 respectively). Test 3 resulted in an overall
charring rate of 0.63 mm/min, whereas Test 5 yielded a charring rate of 0.85 miidineirto the

occurrene of delamination which exposed virgin lamellas in the CLT panels)
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Figure 13: Total HRR as reported by McGregor (2013)
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The main | imitation of Mc Gregor 6s research is
extinctionsince experiments were extinguished prematurely. A systematic study of the achievement
of seltextinction was also not recorded. It was however concluded that the fully protected
compartments achieved selktinguishment after the depletion of the fire dpavhereas self
extinguishment was not achieved in fully exposed CLT compartments due to delamination.

3.4.2) Medina Hevia (2014): Partially Protected CLT Timber Rooms
Medina Hevia (2014) continued the research of McGregor (2013) by investigating the adffe

partially protected compartments on compartment fire behaviour. The overall aim of the research was
to determine a suitable panel configuration that allows for the maximum exposed CLT area in the
compartment whilst still resulting in similar fire hour to a fully protected CLT compartment.

Three tests were conducted to characterise these effects, and are refabbellia.

Table10: Experiments carried out by Medina Hevia (2014)

Test Number 1 2 3

Fire Load Furniture and Clothes

Unprotected Walls Rear and one | Both side One side
side wall walls wall

Unprotected area as a percentage of the| 28.8 % 32.4% 16.2%

total interior surface area (excluding the

door opening)

The partially protected CLT compartments measured 3.5m x 4.5m x 2.5m (width x depth x height)
and were constructed (in Test 1 and 2) from 105mm thipky LT panels (identical to the CLT

panels used by McGregor). Test 3 made use of a differplie® CLT panel: each ply was also

35mm thick but the individual planks per ply were wider. Both types of CLT panels were
manufactured using a PU adhesive. A single door, measuring 1.069m x 2.0m, was also placed on the
shorter front wall, resulting in an openingcfor of 0.042 M. The fuel load was kept constant

between the three experiments and was estimated to be 531.6 MJ/m

It was found that the HRR in tests involving 2 exposed CLT walls resulted in a much higher HRR as
compared to the experiment containiogly one exposed CLT wall, and also led to a slower
temperature decrease rate. Furthermore, it was recorded that the HRR in Test 2 was higher than that of
Test 1, suggesting that exposed panels that face one another experience greatatiatiossthan
adjacently orientated exposed panels. During Experiment 1 and 2, delamafiatioole lamellasvas

observed and caused spikes in the recorded HWRih prevented the occurrence of self
extinguishment In contrast, Experiment 3 with only one exposed CLTI wigd not undergo

delamination and sedxtinguishment was observed. It was concluded that a compartment with one
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exposed wall displayed comparable fire behaviour to the fully protected compartment fire tests
performed by McGregor (2013). Furthermore, #weraged charring rate of Tests 1, 2 and 3 were
0.69, 0.77 and 0.71 mm/min respectively.

3.4.3) Crielaard (2015): Se#xtinguishment of CLT

Crielaard studied the conditions under which CLT may undergeestifguishment Two sets of
experiments were caed out to quantify the heat flux (and air flow conditions) resulting in
smouldering extinction of CLT as well as the influence of compartment configurations on the

achievability of selextinction.

In his first experimental series, Crielaard tested ksaahples, measuring 100mm x100mm x 500mm
(width x breadth x height) in an ISO 56&Qertified cone calorimeter and a separate cone heater. The
cone calorimeter was used to subject the CLT sample to an initial heat flux of 75 kiiha char

layer of Zmm had formed. Subsequent to forming this char layer, the samples were transferred to a
separate cone heater and exposed to a heat flux ranging between 0 and 10Additional to the
lower heat flux imposed in the second stage of the experiment saalied airflow over the sample
surface to quantify the influence of airflow on the achievement oeséliguishmentBased on these
tests, Crielaard concluded that the threshold heat flux resulting irexéliguishmenbf CLT is in

the range of 5 t® kW/nf. Furthermore, it was found that an air flow speed of 1.0 m/s and a
secondary heat flux of 6kW/mesulted in bursirough of the sample. It was subsequently postulated
that an airflow speed of 0.5 m/s in combination with a heat flux lower than/GkWsults in self

extinguishment.

In his experimental series, Crielaard additionally investigated small scale compartments (0.5m x 0.5m
x 0.5m internal dimensions, with an opening of 0.18m by 0.5m, yielding an opening factor of
0.042m®) to further quatify the conditions required to achieve seitinguishment of CLT. The
compartments were constructed with 100m thigybPU adhesively bonded CLT panels. The floor,
ceiling and certain walls per configuration were constructed ofcnambustible boardd$n addition, a
compartment constructed of CLT panels with thicker outer lagyelldmm instead of 20mm) were
tested to demonstrate the potential of a thicker outer lamella to prevent heat induced delamination.

The 4 different tested compartment configimas are displayed iRigure14.
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Internal dimensions: 0,5 x 0.5 x 0,5 m.
Opening: 0,18 x 0,5 m.

Non-combustible
compartment 1 compartment 2 material

1 CLT back wall 1 CLT back wall & 2 CLT side walls -

Cross-laminated
timber 20/20,/20/20/20

Cross-laminated
timber 40/20/20/20/40

compartment 3 &4 compartment 5

2 CLT side walls 2 CLT side walls, additional thickness

Figure 14: Compartment configurations as tested by Crielaard (2015)

A series of 5 compartmefire tests were carried out by Crielaard, and are summariSeablall.
The table also lists the experimental names assigned to compartments ¢hatestigated in the

adhesive comparison analysisMf s t e r 6reseafch @agect.s

Tablell: Compartment experiments, reproduced from Crielaard (2015)

Experiment CLT Panels Remark Experiment Name

Number assigned in this report

1 Back wall - PU-BW

2 Back and both side wallg - -

3 Both side walls - PU-2SW-1

4 Both side walls Repetition of Experiment 3 PU-2SW-2

5 Both side walls Thicker outer lamellas PU-2SW-40mm
(40mm instead of 20mm)

The input heat in the compartmeests was supplied by a bed of 7 rows each with 5 burners. The
propane mass flow to the burners was adjusted in each experiment to obtain a HRR of 41kW. Note
though that in the®lexperiment, the input propane HRR was 62kW but was adjusted after 12sgminute

to 42 kW. The HRR supplied by the propane burners as well as the contribution of the CLT panels to
the fuel load is illustrated iflable12. The propae burners were switched off when a charring depth

of 20mm was recorded.
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Table12: HRR as recorded by Crielaard (2015)

Experiment Propane Input | Average Total | CLT Increase

[kW](/m ? [KW](/m 2 contribution

floor) floor) [KW](/m ?

floor)

1 62 (248) 78(312)
1 after 12 21(164) 57(228) 16(64) 26:39%
minutes
2 41(164) 110(440) 69(92) 168%
3 41(164) 102(408) 61(122) 149%
4 41(164) 95(380) 54(108) 132%
5 41(164) 79(316) 38(76) 93%

Thetotal energy release rates (in MJ) were also measured, and are displapbdeih3.

Tablel13: Energy release measurements by Criete¢015)

Experiment Propane Total CLT Increase

[MJ](/m 2 [MJ](/m ? contribution

floor) floor) [MJ](/m 2

CLT)

1: Back Wall | 112(448) 169(676) 57(228) 51%
2: Back Wall | 77(308) 386(1544) 309(412) 401%
and Both Side
Walls
3: Two Side | 55(220) 240(960) 185(37) 336%
Walls
4: Two Side | 62(248) 183(732) 121(242) 195%
Walls
5: Two Side | 63(252) 134(536) 71(142) 113%
Walls”

" Test5 involved a thicker outermost lamella that was exposed to the fire (40mm instead of 20mm)

Crielaard recorded an averaged charring rate of 0.77mm/min in the compartments thatrbugied
Compartment 1, 4 and 5 sektinguished, whereas experiments 2 and 3 burned through via sustained
flaming combustion and a second flashover respectivelyastalso concluded that delamination had
a severe influence on fire behaviour and resulted in a smouldering CLT panel being reignited and
reverting back to flaming combustion, or in the continuation of flaming combustion. Additionally,
exposed CLT panelmcreases the HRR and the total energy released during a fire as well as
increasing the fire duration.
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3.44)Li et al.(2016) RealScale Fire Tests on Timber Constructions
In this study, the results of McGregor (2013) and MadHevia (2014) are summarised and analysed.

The following conclusions are drawn:

1 Experiments with exposed CLT panels resulted in increased fire growth rates, reduction in the
time to flashover, but did not increase the enclosure temperature in tageop |

1 The total energy released (TER) the fully unprotected compartments was approximately
double that of the fully protected compartmeshiising the fully developed phase of the fire

1 Delamination occurred in the fully unprotected compartments as well as compartments with 2
unprotected CLT walls, but not in compartments with only one exposed wall. Delamination
had a serious effect on the fire behaviour of the CLT compartments asedasadrthe
measured energy release rates and extended the fire duration.

9 Delamination and subsequent secondary flashover occurred earlier in the compartment test
with two facing walls as compared to two adjacent walls due to directi@disdion between
two facing CLT panels.

1 In a compartment with only one exposed CLT wall (accounting for 29.7% of the total wall
area) seHextinguishment was achieved and this compartment displayed comparable fire
behaviour to the fully protected compartment test.

1 It was recommended that further studies should investigate the behaviour of CLT panels
manufactured from a more heasistant adhesive, especially adhesives with melting points
higher than 300°C.

3.4.5)Hadderet al.(2017) Effects of exposed CLT on compartmén

dynamics

In this study, the influence of exposed CLT on compartment fire dynamics was investigated by means
of experimental tests and analysis. Three compartment (labelled Alpha, Beta and Gamma)
configurations were tested in compartments construofeglasterboard and exposed CLT. The
compartmentsd internal di mensions were 2.72m
geometrical configurations, as displayedieible14. The opening factor of all the compartments was
0.042 mM®. The input fuel load was supplied by wooden cribs, measured at 56kg in all the experiments

and yielding a fuel load of 132MJfm
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Table1l4: Expeimental configurations as tested by Hadden et al. (2017)

Experiment Name Alpha Beta Gamma

Number of Repetitions | 2 2 1

Exposed CLT surfaces | Back and side wall Back wall and ceiling Back wall, ceiling and
side wall

Exposed Timber Area 15 14 22

()

Two main conclusions were formulated based on the experimental results. Firstly, delamination
severely inhibits the potential of CLT compartment to achieveeséifiction since virgin timber
becomes exposed to high heat flux leading to flaming combuéti®rseen in experiment Beta,
repetition 2). Compartments with two exposed CLT surfaces were able texsefuish unless
delamination occurred. Secondly, compartments with three exposed CLT panels did not self
extinguish due to radiative heat exchangénseen the exposed timber surfaces, preventing heat flux
in the compartment to drop below the threshold for-eginguishmentit was observed in the first
Alpha configuration experiment that localised char-&dil occurred in the ceiling panel, which

resulted in partial delamination of the ceiling panel, as seen in the image below:

Figure 15: Localised char faloff on the ceiling panel. Froidadden et al. (202)

Other conclusions included:

1 Char falloff is likely to occur earlier in exposed panels that are horizontally orientated as

compared to vertically due to the influence of gravity.
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1 Maximum compartment temperatures are not significantly different between compartments
with exposed timbrewalls and compartments constructed of-combustible materials.
9 Ceiling CLT panels experienced lower char depths than back wall panels, possibly due to

lower oxygen availability at the ceiling which lowers the pyrolysis rate.

It is also noteworthy tanention that plasterboard encapsulated walls in the Adphéiguration
experiments experienced extensive-&dfl during the fire tests, whereas this was not observed in the

Betaconfiguration experiments.

3.4.6) Batemaret al.(2018) Effects of Fuel Load and Exposed CLT fage

Configuration in Reduce&cale Compartments
In this study, Batemaet al (2018) attempted to continue the work of Haddeal.(2017) by further

investigating the effect of varying the initial fuel load as well as the effect of varying compartment
configurations. This was done by conducting experimental tests on two compartment configurations,
labelled Alpha and Beta. The (smaflale) compartments with dimensional parameters as listed in
Table15.

Tablel5: CLT compartment experiments conducted by Bateman et al. (2018)

Experiment

Width (mm)

Depth (mm)

Height (mm)

Exposed CLT
Area (nf)

Exposed
CLT
Panels

Opening
Factor (n1)

Alpha

637.5

660

637.5

0.83

Back and

0.043

Right Side
Walls

Back wall | 0.042
and

Ceiling

Beta 575 660 700 0.78

Two fuel load sizes (namely low and medium) were investigated by placing two different wood crib
sizes within the compartments. The Alpdwperiments were subjected to both a low arediiumfuel

loads, whereas compartment Beta was tested using both tieé$ésafls as well as an additional high
fuel load. The low fuel load totalled 47.26 + 9.42 M?/the medium fuel load 104.39+ 1.22 M3/m

and the high fuel load 277.19+ 4.22 M3/rthe general results of the 5 experiments are listed in
Tablel6.
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Tablel6: Visual Observations by Bateman et al. (2018)

Experiment Time to Flashover | Time to fuel Time to Secondary | Auto-extinguished?
[minutes:seconds] | burnout [min] Flashover

Alpha Low 5:00 16 43 No

Alpha Medium 5:30 30 90 No

Beta Low 5:00 20 - Yes

Beta Medium 5:30 27 - Yes

Beta High 5:30 70 - No

In general, compartment configuration Beta, with one exposed back wall and ceiling, underwent self
extinguishment whereas in configuration Alpha (back and one side wall exposed) a second flashover
that prevented the attainment of seitinguishment due tsustained burning. Additionally, self
extinguishment was not achieved in the Beta configuration subjected to a high fuel load, especially
since the fuel load occupied a significant volume of the compartment, required more time to burnout
and led to the bm through of the CLT panels.

Batemanet al. (2018) hypothesises that configuration Alpha displayed worse fire behaviour as
compared to configuration Beta due to the accumulation of smoke at the ceiling which acts as an
additional hot surfaceAs smole accumulates at the ceiling, anypesed CLT surfacéhat does not
coincide with the eiling would experience heat exchange with the hot smoke layer. If the exposed
CLT surface coincides with the ceiling, the formation of aditionalii h o t sur featede 6 i s
Furthermore, in the two Alpkeonfiguration experimentsamelladelamination was observed at the
instance the charring depth reached the adhesive line. Delamination resulted in the exposure of
uncharred timber and the fire behaviour revertingamfhg combustion. It was recorded, as was also
done by Haddeewt al. (2017), that ceiling panels displayed lower charring depths and as such were

less prone to delamination.

34.7)Suet al. (2018} Cross Laminated Timber Compartment Fire Tests
In this study, CLT compartments measuring 9.1m x 4.6m x 2.7m (width > depeight) were

constructed from 175mm thick-f@dy CLT. Two ventilation opening sizes were tested by testing
compartments with door sizes of either 1.8m x 2.0m or 3.6 x 2.0m, resulting in an opening factor of
0.03nf® and 0.06 M respectively.Table 17 displays the details of the 6 compartment tests. The
initial fuel load, in all 6 experiments, was supplied by furniture and was measured toetagen

548 and 556 MJ/f The performed experiments are listed able17.

42



Table17: Compartment tests as performed by Sal.e2018)

Experiment Exposed CLT surfaces Opening Factor (m)
1 Fully protected 0.03
2 Fully protected 0.06
3 One side wall 0.06
4 Ceiling 0.03
5 One side wall 0.03
6 Ceiling and one side wall 0.03

Experiment 1 and 2 (fully protected compartments) served as baseline tests. The ventilation opening
sizes were varied between the two experiments. With its smaller opening, Test 1 displayed a longer
fully developed fire phase. The large opening in Tesicifated faster burning of the fire load and
resulted in a shorter fully developed fire. Test 2 also resulted in more external flaming suggesting that
compartments with larger openings result in more severe external fire conditions but legs sever
condiions within the compartment. When comparing these two baseline tests with the partially
exposed compartments, flashover occurred earlier in experiments 3 through 6 compared to
experiments 1 and 2.

When comparing experiment 3 and 5, an increased ventilagiening resulted in an increased HRR
and increased external heat flux. More heat was entrapped in the compartment with a smaller opening
(experiment 5), and after the occurrence of delamination a second flashover was observed.

Experiment 5 also yielded@times more volume of charred CLT as compared to experiment 3.

All compartments with exposed CLT surfaces, except experiment 3 with the increased ventilation
opening, did not undergo sedktinction due to either sustained flaming conditions or a skcon
flashover due téamelladelamination. This is displayed Figure 16 which compares the HRR of the
various experiments. Experiment 6, with an expasslihg and one side wall did not display a decay
phase, whereas experiments 3, 4 and 5 experienceredirewth during the decay phase due to

delamination.
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Figure 16: HRR of the 6 experiments as recorded by Su et al. (2018)

The contribution of CLT to the peak HRR was also quantified. A distinction was made in test 5 and 6,

since unexposed surfaces became involved in the fire at specific times in the two tests (after 70

minutes in Test 5 and 75 minutes in Test 6). Two regnedmes are reported for the two tested

ventilation conditions, and are depictedrigure17.
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Fitting to data with the 1.8 m x 2.0 m ventilation opening:
f, =-0.00230 +0.151A, - 0.000553A .

Fitting to data with the 3.6 m x 2.0 m ventilation opening:
fo=0.102A,

Figure 17: Estimation of tle contribution of exposed CLT surfaces to the peak HRR, from Su et al. (2018)

Experiment 4 and 5 displayed severe second flashovers with the HRR rising sharply after the

occurrence of delamination during the decay phase. In contrast, Experiment 3 (csedesigde wall

with a larger ventilation opening) displayed less severe peaks in the HRR despite observed

delamination.
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3.4.8) Su, Lerouxget al, (2018) Fire testing of rooms with exposed wood

surfaces in encapsulated mass timber construction

This study demonstrated the potential of a novel thermally resistant PU adhesive to prevent the
occurrence of heat induced delamination. CLT compartments, measuring 4.5m x 2.4m x 2.7m (width
x depth x height) with a door of 0.76m x 2m (resulting in an opening factor of ®))3were
constructed from 175mm thick@ly CLT panels bonded with a therlyaresistant PU adhesive. 5
experiments with various exposed CLT panel configurations were carried out, and are displayed in
Table 20.Partially exposedGlulam beams and tmns were also installed in Experiments 3 and 4

but will not be discussed in thigport. It is, however, important to note that Experim&nvas
conducted with protected CLT panelsd partiallyexposed Glulam beams and columns. The initial

fire load was supplied by wooden cribs with a calculated fire load density of 558MDha

composition of exposed panels per experiment is depicfEahile18.

Tablel18: CLT Compartments as tested by Su, Lerdat.€2018)

Experiment Exposed CLT panels Exposed Glulam beams/columns
1 Fully Protected N/A

2 Back wall and 10% of the ceiling N/A

3 Fully Protected 11.5% / 24.5% of the perimeter

4 Ceiling 6.4% / 12.6% of the perimeter

5 Both side walls and theriling N/A

All compartment tests with exposed CLT panels did not display signifidelamination when the
charring frontpassed through the glue line of the thermally resistant PU adhesive, and thereby greatly
improved fire behaviourAdditionally, a general observation was made ththe charring rate
decreased as the charring depth increased. Initially, the char rate was in the orddr.@hgnin
and subsequently reduced. Settinction was recorded in Experiment 1 (the baseline fully protected
compartment), 2 and 4. With both side walls and the ceiling exposed in Test 5, the two exposed side
walls were reignited late in the decay phase and resulted in a sharp peak in the enclosure temperature.
This study demonstrated the potential of a new PU uoidathe occurrence of heat induced
delamination and the achievement of seffinguishment in compartments with (approximately) only
one exposed CLT surface (either a wall or a ceiling). These conclusions are enforced by the
compartment temperatutne airves as shown ifrigure 18. It was recorded that even with the
occurrence of a second flashover in Experiment 5, that char remained intact on thar@lsTgven
after the charring front had passed through the adhesive line, demonstrating the ability of this
adhesive to resist delamination.
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Figure 18: Temperature Time Curves as recorded by Su, Leroux et al. (2018)
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3.5 A review of fire design recommendations

Now that the fundamentals of fire dynamics and timber combustion have beem d@sgription of
current desigmecommendations related to compartments containing exposed timber can be presented.
In Appendix C of this report, description of various types of fire curves is first presented, followed

by the Eurocode codification of timberarhing, a design recommeatiibn that seeks to characterise

the contribution of combustible CLT to the overall fuel load, and finally a brief description of zone
modelling.

These design recommendatiaiscussed in Appendix @ill be investigated in Chapter 8 of this

report

3.6) Chapter Conclusion

This chapter provided the theoretical basis on which the enclosure fire espixiof this research
project were conceived and analysed. The fundamentals of enclosure fire dynamics, timber
combustion, fire performance of CLT adhesives,vadl as recent research on compartments
containingexposed timbewere presentedy discussing these theoretical topics, the first two sub
research questions of this study (as presentEayirre2) were addressed.

In general terms, enclosure fire dynamics is a complex andreiteed system which depends on
various parameters, one of which is the presence of combustible materials (such as exppséd CLT
turn, the fire performance of exposed CLT is influenced by the type of adhesive used to bond lamella
with CLT panels, as well as the relative orientation of CLT panels within an enclBasearch has

been conducted into the aforementioned fireireg®ying topics, and the experiments conducted as
part of this research project aim to further broaderattaglablebody of knowledge pertaining to the

performance of CLT in fire.

In addition, by systematically reviewing design recommendatielsedto the design of timber
elements subjected to fire, thieoretical foundation is laid for the design recommendation

investigation presented in Chapter 8 of this report.
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4) Selecting Experimental Parameters

Based on the literaturgtudy presented in the previous chapter of this report, the rationale behind the
selection of experimental parameters used in this investigation, are substantiated. The main
parameters include the selection of CLT adhesive type to be investigated as thellconfiguration

of exposed CLT panels within compartments. And will be discussed individually.

4.1) Adhesive Type

Based on the imirmation document in Section 3iBis clear that the adhesive type usetdad CLT

lamella during production has a significant influence on the fire behaviour of CLT samples. It is
therefore desired that a commercially available CLT product is to be tested as part of this
investigation. Since melamidwmsed adhesively bonded TLpanels have been reported to
demonstratémprovedfire performance as comparedRbt) bondedCLT panels, it was decided to test
MUF bonded CLT panels. Concerns regarding formaldehyde emissions of MUF bonded CLT panels
are addressed in Section 2.82wel asAppendixD.

4.2) Exposed CLT Panel Configuration

Based on the review of previous compartment fire testseggtfguishment is unlikely to occur in
compartmentsvith 3 or more exposed CLT surfaces. As such a restriction of a maximum of two
exposed CLT surfaces is implemented in this study to investigate the influence of adhesive type and
panel configuration on the attainability of sektinguishment. To facilitatthe comparison between

two adhesive types (namely MUF and PU), the compartment configurations as teSiadldagrd

(2015) with at most 2 exposed CLT panels are replicated in this investigaisnchthe following

compartment configurations will bevestigated:

1 Compartment cdiguration with an exposed CLT baclal; as also investigated by Crielaard
(2015)

1 Compatment configuration with both side alls constructed of exposed CLT, as also
investigated by Crielaar@015)

Various researchers havevestigated the influence of CLT panel configuration on enclosure fire
behaviow, as documented in Section 3cf this report. Based on these gesthe following

compartment configurations were selected as most pertinent to investigate further:

1 Medina Hevia(2014) demonstrated that an enclosure with two exposed CLT side walls
display longer fire durations as compared to an enclosure with only one sid€oa@hfirm
this assessmentpmpatment configuratios with only oneCLT side wall (Configuration
SW-1 and $V-2) and two CLT side walls (SW2) amevestigated.
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1 Based on the research bladdenet al, (2017) and Batemanet al, (2018) it is suggested
that @iling panels experience less charring thanosgd walls (back or side walls)o
investigate this observation furth@mpartment configuratiawith only an exposed CLT
ceiling (Configuration G1 and G2) aretested irthis investigation.

I To assess the influence of panel orientation in compartments containing two exposed CLT
panels, an additional configuration containing an exposed CLT ceiling as well as CLT back
wall was selected. Based on the worlBatemaret al, (2018) it is suggestd that a
compartment configuration with an exposed back wall and ceiling, dispiaysvedfire
performance as compared to a compartment with an exposed back wall and one side wall.
Based on this indication from previous compartment tests, it was d¢ocideadstigate a
compartment configuration with a CLT back wall and CLT ceili@gnfiguration BV+C-1
and BN+C-2) as an additional compartment configuration.
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5) Experimenal Methodology

In this section of the reporthe experimental setp of a series offire testsis documentedAs
mentioned in Section 2 of this report, the methodology implemented by Crielaard (2015) was
followed in this investigation. The general methodology is that small scale compartments constructed
of combustible CLT andhoncombustible panels in varying panel orientations, are subjected to an
initial fire, allowed to transition to smouldering combustion and then assessedektseifuishment

of the exposed CLT occurs.

According to the followed methodology, the compaatts are subjected to a 41kW design fire. This
amount of energy was experimentally determined by Crielaard (2015) such that the amount of
external flaming occurring at the opening of the compartment was kept to a manageable level as to not
damage any ot experimental equipent. All compartments amxposed to this design fire until a
charring depth of 20mm is achievatthe centre oéll exposed CLT panels. This level of charring
reflects the formation of char layer in a CLT panel in a real fire.rembfire, Crielaard hypothesised

that after the formation of a 20mm char layer, the initial fire load present in a compartment would
have been consumed. Upon the decay of the initial fire load, the exposed CLT panels are the only

combustble material avéable to fuel thdire.

By performing experiments that follow the methodology of Crielaard (2015), as well as by using CLT
and norcombustible panelsomparabldo those used by Crielaard, it is possible to draw a practical
comparison between the results @rielaard and this study. This facilitates the comparison of
adhesive performance in CLT panels exposed to fire conditions. Furthermore, additional CLT and
norrcombustible panel configurations are tested in this study as compared to Crielaard (2@tb), whi

allows additional conclusion pertaining to the influence of compartment configuration to be drawn.

In this section of this chapter, a discussion ofaheipment usedhe specimens that wepeepared as

well as the experimental procedure that waWddis presented.

5.1) Equipment
The equipment used to capture data during the various experiments included a burner bed fuelled by a
propane gas bottl@ gas extraction hooahd associatedxhaustgas analysis equipment to perform
oxygenrconsumptioncalorimetry, thermocouples to record CLT and compartment temperatures

timber moisture content sensas well as a video recorder.
Burner Bed with propane gas supply

To deliver the design fire of 41kW, a burner bed with 7 rows each containing 5 b{gaehnswith a

capacity of 26kWand headliameterof 40mn) was used. The burner bed encompasses a square area
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a)

of approximately 0.4m by 0.4m. The burner bed is elevated from the floor by pla@ngap of
concrete blocks. Additional concrete bloaksreplaced around the burner bed on which the various
compartments were placed. The burner bed was allowed to protrude througbnitembustible

floor panel of each compartment. This was done by drilling 50mm holes in the floor panel of each
compartment ira pattern that corresponds to the burner Béglre 19.a) depicts the burner bed as
well as the concrete blocks, wher&agure19.b) depicts the protrusion of the burner bed through the
floor panel of a compartmentloreover, 6 ensure that no additional ventilation openings are created
by drilling hdes in the floor panel that are larger than the burner head diameter, a lageamic

wool was placed on the floor on the inside of each compartment, as shbignri@l9.b).

Ceramic wool to prevent air from entering the

compartment through oversized holes

Figure 19: a) Burner bed and concrete blocks to facilitatacement of compartment. b) Burner bed protruding through the
floor panel of a compartment

Gas extraction hoodndexhaust gas analyser

A gas extractiotnoodand coupled exhaust gas analyser wesed in these experiments to determine

the total HRR as gplied by the design fire and the contribution of the combustible CLT to the fire.
The gas analyser was used to perfanxggen calorimetry which is used to measure the total HRR
during the experiments. Care was taken before each expetimmensure thathe gas analyser was
calibrated to predefinedoncentration®f CO, and Q, such that reliable gas analysis was facilitated.

As a background, oxygen calorimetry invadwbe calculation of total amount of heat being released

per unit time (i.e. total HRRYased on the amount of oxygen being consumed. A relationship exists
between oxygen consumptiamd HRR, and additional gas measurements (such gsc@&®be used

to account for incomplete combusti¢idrysdale, 2001)The compartments were placedtop of the
aforementioned burner bed and positioned in such a way that the rising combustion gases were

extracted into the hood during the various experiments.
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Thermocouples

Type K mantle thermocouples, 1mm in diameter, were placed inside the depth of @GLF grawell
as inside a compartment in each tests. The data obtained from these thermocouples are used to assess
the ability of the CLT to extinguish per configuration, as weltasulatethe charring rate peCLT

panel

To record enclosure temperatyrdgermocouples were placed in the middle of each compartment and
suspended to a height of 0.2m and 0.4m from the floor of the compartment. This is illustrated in
Figure 20. In Configuration2SW, SW-1 and $V-2 additional thermocouples (also elevated to 0.2m
and 0.4m from the floor panahd along the centre axis of the compartestre installedn front of

the left and right panels to be able to quaritiy crosgadiation between exposed side CLT panels.

n

Figure 20: Position of thermocouples to record enclosure temperatures

To record the charring rate of an individual CLT panel, thermocouples were embedded at the centre of
CLT panel. These thermocouples were installed at different depths as measured from the inside of the
compartment (henceforth referred to as the fire sidedles were drilled from the outside (cold side)

using a 2mm drill bit to a depth of 20mm, 30mm, 40mm, 50mm and 60mm as measured from the fire
side. These holes were spaced closed to one another to obtain the charring behaviour at the centre of a
CLT panel Figure 21.a) displays a thermocouple group installed in a stid wall as well asa
thermocouple group installed in front of the CLT panel to quantify eaxdistion. Figure 21.b)

depicts the typical configuration of a thermocoupleugrévhere depths of thermocouples are quoted

as the distance between the tip of the thermocouple and the fire exposed side of theTlpanel).

thermocouples were installed in a circular pattern as indicated in the Figure (all dimensions in mm).
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Figure 21: a) Installation of thermocouples inside the compartment as well as wlit@idepth of a CLT pandb)
Thermocouple group configuration as installed at the centre of a panel

It is acknowledged by the author that temperature recordimgrs may be recorded since the
thermocouples were installed perpendicular to the CLT lamedizad of parallel, as suggested by
literature (Fahrniet al, 2018) The CLT panels were prefabricated amht to the testing location,
which prevented the installation of thermocouples within the CLT panel glaathe lamellaluring
production As such associated shortcomings of thihermocouple installation procesare
acknowledged namely a underestimation of temperature within CLT samples (due to a cooling
affect by which heat is transferred away from the tip) and possible underestimation of the charring
rate by 10%

Moisture content sensor

An electronic moisture content sensor was useglitmtify the moisture content of CLT panels upon
delivery as well as before testing. Care was taken to ensure that the electronic sensor was calibrated
according to thembienttemperature at the timaf measurement as well as the species of the wood
thatwas measured (namely European Spruce). The two pins of the sensor were driven into a depth of
40mm from the surface of a specific panel to ensure that surface effects would not influence the

results. Figure22 displays the moisture content sensor as a measurement was taken.
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Figure 22: Moisture content sensor being employed before testing a compartment
The moisture content of each exposed CLT panel was measured at panel delivery as well as directly
prior to testing. The results of these measurements are summarisaoléri9. From the table it is

recorded that prior to testing, the moisture content of the CLT panels were in a range of 12.2% to
13.9%.

Table19: Moisture Content of each panel at delivery and before testing.

Moisture Moisture Content
Contentat | prior to testing (%)
delivery (%)

MUF-BW 11 12.3
MUF-2SW (Left 10.2/11.8 13.9/12.7
Panel/ Right Panel)

MUF-SW-1 13.8 12.3
MUF-SW-2 10.5 124
MUF-C-1 13 12.2
MUF-C-2 12.8 13.4
MUF-BW+C-1 13.9/11 13.6/12.9
(Ceiling Panel/ Back

Panel)

MUF-BW+C-2 9.3/10.5 13.3/13.5
(Ceiling Panel/ Back

Panel)
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Video Recorder

In addition to all the data logging equipment attached to the aforementioned equipment, a video
camera was employed to record the obtained fire behaviour of each compartment. The recordings

were used to crossorrelate thermocouple and HRR results as alerify visual observations.

5.2) Prepared Samples

As mentioned in Section 2.5.2 of this report, 5 compartment configurations are @stéduration
MUF-BW and MUF-2SW are replication experiments to facilitate the comparison of adhesive
performance between these experimemnis those obtained by Crielaard (namely-BW and PU

2SW). Compartment configuratisn MUF-SW, MURC and MUFBW+C are used to draw
conclusions pertaing to the influence of panel configuration on fire behaviour. In the interest of
clarity, Table 20 lists the configurations tested as part of this wtadong with a description of the
panel configuration per configuration as well as the number of samples prepared per configaration.
the description, mention is only made of the position of exposed CLT panel(s); all other panels are
constructed of nomombustible boards. Furthermothe compartment configurations are displayed

graphically inAppendix A

Table20: Description of compartmenbafigurations

Configuration Name Description Number of | Notes
Samples

MUF-BW Exposed CLT back wal| 1 Replication Experiment to
compade to Results of Crielaar
(PU-BW).

MUF-2SW Exposed CLT facing |1 Replication Experiment to

side walls compae to Results o€rielaard
(PU-2SW).
MUF-SW Exposed single CLT |2 CompartmenMUF-SW -1
side wall andMUF-SW-2 aretested
once, each.

MUE-C Exposed CLT ceiling | 2 CompartmenMUF-C -1 and
MUF-C-2 are tested once,
each.

MUF-BW+C Exposed CLT back wal| 2 CompartmenMUF-BW+C -1

and ceiling andMUF-BW+C-2 are tested
once, each.

All Compartment configurations possessed maémdimensions of 0.5mx0.5mx0.5m. Only the front

panel contained a ventilation opening measuring 0.18m in width and 0.5m in height, yielding an
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opening factor of 0.042 ¥ The CLT layup used in all compartment configurations was identical,
namely 5 crossvise stacked layers each 20mm in thickness (resulting in a total panel thickness of
100mm). Each layes adhesively bonded to the next with MIUF adhesivésee Appendix B.2 and

B.3 for a product data sheet of the implemented CLT panels and adhesive, respettieet/panels

that were nomade ofCLT consisted ohoncombustible panelsiémely 20mm thick PROMATEGT

H panels produced fromalcium silcates, cements and aggregateish a density of approximately

870 kg/mi). CLT panels that were used as either a back wall or a side wall in a compartment, were

installed in such a manner that the panels in the outer lamellas were orieattitady.

In all configurations, the two front panels as wa$ thefloor panel were constructedf non
combustible panels.

After constructing the compartments, all joints were sealed withrdBrstant(and norcombustiblg
adhesive to ensure that lameswere able to escape through gaps between the panels. Following
this, holes for the burner bed to protrude through were drilled, as well as holes for the thermocouples
within the depth of the CLT.

To ensure comparability between the various expans) the compartments were all placed in a
climate controlled room for a period of at least two weeks. The tempeeatdnelative humidityvas
regulatedin the climate controlled roomat 23°C and 50%respectively. This was also done by
Crielaard (2015)further enabling comparison of results between this sfidglementing a MUF
adhesive) and Crielaard (implementing a PU adhesive).

As mentioned before, the moisture content of all the CLT pavedsmeasured upon delivery as well

as before testingn addition, the weight of individual compartments was measured pridraiter
performing fire tests, and subsequenttg tmass loss percentage was subsequeatbulated.In

addition, the mass loss divided by the total surface area of exposed CLT istalsollhe results of

these measurements are shownTable 21. Note, that due ta measuring error, the mass of
ConfigurationMUF-BW was not measured after testing. Howewgr estimation of the mass loss was
madebasel on measuring only the CLT back waf this configuration post testing and comparing it

to the mass of an untested CLT back wakimittedly, tis is not the same mass measurement
procedure as the other configurations but it does give an indication of the mass loss percentage of this

particular configuration.
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Table21: Mass of each compartment before and after testing.

Mass prior to Massposttesting | Mass Loss | Mass Loss
testing (kg) (kg) (%) (kg/m? CLT)
MUF-BW 54.48 - 12.7 -

MUF-2SW 53.84 39.41 26.8 28.8
MUF-SW-1 45.34 40.87 9.9 17.9
MUF-SW-2 45.64 39.16 12.3 21.9
MUF-C-1 59.55 54.46 8.6 204
MUF-C-2 59.28 54.69 7.8 18.4
MUF-BW+C-1 63.82 54.41 14.7 16.8
MUF-BW+C-2 67.34 57.00 154 20.7

“Indirectly calculated by comparing the mass of the backpealél post testing to an untested (but
conditioned) CLT back wall.

5.3) Experimental Procedure

The procedure followed prior, during and after testing is listedahle 22. This procedure was
carried out during all tests in an identical mannds mentioned before, the experimental
methodology implemented in this study is a replication of the methodology imputiedney Crielaard
(2015). The definitions of sedxtinguishment and buthrough were also obtained from Crielaard
(2015)

Table22: Experimental Procedure

Step Description

1 Before placing the compartment on the burner bedptbpane gas supplyas calibrated. This wa
done by performing a test run where the HRR obtained from the burner bed alowmerified to

ensure that 41kW is supplied as input during each t€bts.gas flow resulting in 41 kW was not
(approximately 0.8g/s) for verification duringests.

2 After allowing the burner heads to cool down, a compartment was pacegof the burner bed, an
the perforatedceramic wool sheet was placed such to prevent additional ventilation throug
openingdrilled in the floor panel.

3 Thermocouples are then installed in the depth of the CLT panel(s) as well as within the comp
itself. After installation, all holes were filled with the same aforementioneddgistant adhesive.

4 The data logging equipmeronnected to the Thermocouples and Oxygen Calorimetry system
activated and set to record data.

5 The premeasured gas flow (0.88g/s) was initiated and the burner bed was ignited, marking the
a particular test.
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Once a 20mm char layer had formed (as indicated by the position of the 300°C isotherm) in
CLT panel(s) as measured at the centre of a panel, the gas flow to the burner bed was stop
marks the start of the decay phase of the fire.

Two passible conditions were checkeddrecute termination ad tesf namelyCLT Burn -Through
or Self-extinguishment These conditions are defined as follows, according to Crielaard (2015)

Self-extinguishmentis consideredo be attained when the charring ttepo longempropagategurther
into the CLT and all thermocouples register temperatures below 200°C (as shown in Section 3
the threshold temperature at which pyrolysis gases are released). Furthermore, the HRR rec
oxygen calorimetry should be close to zero.

CLT Burn -Through is consideredo haveoccurredonce the charring depth has consumed 60%
CLT panel.This is indicated by the progression of the 300°C to 60mm from the fire side of a pan

After terminating the test, the compartment is weighed and reseltsxtracted from the data logge
connected to the calorimetry system and thermocouples. These results are tipeogessed and ca
is taken to ensure that the time is zeroed from both data sets to the same moment.
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6) Results

Theresults obtaineffom the expamental series are documentedthis section of the report. In the
interest of con@eness, only theesults of one experimental configuratiare presented. The results
of other T' series experiment{MUF-2SW; MUFRSW-1; MUF-C-1 and MUFBW+C-1) are
documented inAppendix E, and repeat testyMUF-SW-2; MUF-C-2 and MUFBW+C-2) are

documented iMppendixF of this report.

During the presentation of compartment tests results, an important distindiioheémade between
instances of char fabff and delaminationDuring all compartrant testscontaining MUF bonded
CLT panelsit was recorded that small pieces of char broke anefiefrom the CLT panelsBased

on visual observations, it was recorded thah@ instancedid an entire plankKor multiple planks)
within a lamella delammateand fdl-off (which would expose a large surface area of virgin timber).
A distinction will also be made between char -f#fi that occurred during the heating phase (i.e.
before the charring front propagated through the first lamella and reactdhbsive line at 20mm
from the fire side) and char faiiff that occurred after turning off the burner bed (i.e. after the

charring front had passed theddhesive line at 20mm).

6.1) CorfigurationMUF-BW: CLT Back Wall

This experiment investigates thefluence of an exposed CLT back wall. All other panels were
constructed from nenombustible boardsThe visual observations recorded during the test are
documented in this section of the report, as well as the recorded HRR and temperatures.

Visual Obsewations

After ignition of the burner bed (and as such supplying the 41kW initial HRER)k approximately
one and a halfminutes for the CLT back wall to compltégnite and release pyrolysis gasas
seen inFigure 23. Due to a technical malfunction, the burner bed unexpectedly switched offCat 3
minutes after ignition. Thi®utage lasted a total d6:30 minutes. As such, the burner bed was
reignited at 9 minutes aftéhe start of thedst. Figure 24 and Figure 25 show the state of the CLT
back wall at the moment of the burner outage and shortly befeignition of the burner,
respectively. After the burner bed switchedfoffthe £'time, it took 1 minute for the CLT panel to
cease flaming. After burnerbed reignition, it took another 2 minutes for the CLT panel to enter
flaming combustion as shown igure26, and &ternal flaming was observed as showirigure27.
After the thermocouple situated at 20mm from the fire side in the centre of the back panel registered
300°C after 47:30 minutesthe burner bed was switched difuring the period of time whh the

burner bed was switched on, small char piecesféfrom the exposed back wall, as showrigure
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28. This indicates that local char pieces broke off befeecharring front had reached the adhesive
line at 20mm from the fire exposed surface and as such did not indicate adhesive failure.

Subse@uent to this, the back CLT only ceased to glow 10 minutes after switching off the burner bed
took 174 minutesmeasured from the start of the te$ts,all thermocouples to register temperatures
below 200°C indicating the achievement of selfinguishment.

The charring behaviour was recorded after the tegtdsashown irFigure29. The first lamellahad

been charred aremall char segments fedff during thetest during the heatinghaseof the firg and

to a far lesser extent during the decay phase dirthelhe outer 4 lamelléhose furthest away from

the exposed surfac&jere, however, unaffecte@ue to handling of the compartment after the tests

was stopped, various segments of char had broken off, and as such the extent of the exposure of the
secom lamella, as shown iRigure29, is not solely due to the fire exposure. This statement is valid

for all compartment test ressijpresented in this report.

Figure 25: CLT back wall before reignition of the burner  Figure 26: CLT again entering flaming combustion
bed
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L Figure 28 Small char piecedbat fell offon the floorduring

the reating phase (as indicated by the white arrow)
Figure 27: External Flaming occuring after burner bed

reignition

Figure 29: Charring depths post testingith arrow indicating locations ofisible char fall-off

Heat Release Rates

Due to variations in the measured HRR, results were smoditigtst postprocessingof resulty

during the heating phase. The heating phasteimed in this investigation as the peribdtween
flashover(where compartment temperatures were above §0i€the moment when the burner bed

was switched offThe smodting process was performeay calculating a moving average at a certain
time period using the HRR at one time step before, one after and the HRR itself at that time step. This
was done for all HRR results in all experiments. Care was taken that no imppe@ks were
averagedut The HRR derived from the input propane fire is depicteldigmre30in blue, whereas

the total HRR (including the propane input fire and contribution from the CLT) is displayed in orange.
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Figure 30: HRR of ConfiguratioMUF-BW

As seen irFigure30, the input propane fire delivered the specified HRR of 41 kW up until the burner
outage occurredt 3:30 minutes, and supplied a OkwW HRR for a further 5:30 minutes. The burner bed
was then rgjnited. The total HRR mimicked the input propane HRR curve in the sense that the total
HRR rose rapidly to a maximum of 57kW, dropped immediately when the burner bed was switched
off, and rose again to an average of 57kW following the burner outage siitehing offthe burner

bed at 47:8 minutes, the total HRR dropped rapidly during the period of few minutes and stabilised
around 5kW. At the moment of ending the test, the HRR was below 3kW.

Temperatures

Figure31 depicts the measured temperature in the compartment during thistests the case with

the HRR, compartment temperatures also dropped dramatically at 3:30 minutes when the burner bed
wasswitched off. Temperatures rose to 810 °C at the top of the comparimessy(red.1m from

the ceiling) and 637°C at the bottormd&asured.2m from the bottom). After the burner bed was
reignited, temperatures at the top of the compartment rose to a umaafm981°C and to 882°C at

the bottom of the compartment. An average temperature of 774°Q18€ was recorded at the
bottom and top of the compartment, respectively. After switching off the burner, as was the case with

the total HRR, temperatures reddcsharply at first and then more gradually to approximately 40°C.
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Figure 31: ConfigurationMUF-BW Compartment Temperatures

Figure 32 illustrated the temperatures recorded within the CLT back panel via the thermocouples
installed at various depths at the centre of the back wallligre 32, thethermocouple depthsare

stated andare measured from the fire exposed surfacéherefore the surface of the CLT panel
exposed within the compartmenihe influence of the burner outage3a30 minutes is natvidentin

Figure 32, enforcing the notion that the outage did not have a significant influence on the
experimental results, espally the temperatures recorded within the CLT back wall panel.
Temperatures rose gradually in the CLT panel during the period in which the burner bed was switched
on. All Thermocouples recorded an approximately constant temperature increase till 106ii€hamd

zero temperature increase period was recorded. This zero temperature increase period corresponds to
the period of time required for moisture to evaporate from the &3 particular depthOnce the
moisture had evaporated, temperatures rose shagppecially at 20mm and 30mm depths. Once
300°C was registereat the 20mm thermocouple at 4@ :@inutes, indicating that the first lamella had

been charred, the propane burner was switched off.  Aftectsmgt off the burner, the 20mm
thermocouple tengrature still increased to 313°C for a few minutes, corresponding to the period
during which the CLT panel remained in flaming combustion after switching off the burneftbed.
approximately 90minutes, a gradual increase in temperature was recordec@mtheand 30mm
thermocouples. This increase is substantiated by the visual observation that a small char piece in the
vicinity of these thermocouples locally started to undergo flaming combustion (i.e. the whole panel
did nat re-enter flaming combustion, bwnly a small char piecattachedo the 20mm and 30mm
thermocouples). After 150 and 165minutes, the temperatures at 30mm and 20mm dropped sharply
when the local char pieces ceased flaming and koéikeAfter 174 minutes all thermocouples

registered temgratures below 200°C and as such the test was stopped.
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Figure 32: Back Wall Temperatures of ConfiguratittUF-BW

6.2) Results of Compartment Tests

The results of ConfiguratioMUF-BW (containing only an exposed CLT back wall) are reported in
the previous action of this report (Section®. In the interest of conciseness, the results of the other
compartment tests are recorded in the Appendices of this report. A distinction is ebaderbthe
first configuration tested per configuration and its repeat experiment efample between
ConfigurationMUF-SW-1 and MUF-SW-2). The results of the first set of experime(MUF-2SW;
MUF-SW-1; MUF-C-1 and MUFBW+C-1) are recorded i\ppendixE of this report. The results of
the repat experimentsMUF-SW-2; MUF-C-2 and MUFBW+C-2) are recorded iAppendixF.

6.3) Summary of Experimental Results

In this section, a summary of the recorded temperatim@slRRs is presented. These results serve as
the basis on whichubsequerdnalysesreperformal. As a general observatioself-extinguishment
was recorded in all compartment tests.

6.3.1) Temperatures

Table 23 depicts the temperature trends in the compartment duhagheating phase of the
compartment fire, which was defined as the period after flashover (compartment temperatures
>600°C) to the moment when the gas flow to the burner was stopped. In additite?23 shows the
duration of the decay phase of each experiment-e&éliguishment was recorded in all experiments
and thus thelecay phaseuration réers to the time between terminating the gas flow to the burners
and selfextinguishment (all temperatures <200°C).
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Table23: Average and Maximum Compartmdmmperatures and Decay Phase Durations

Average Maximum Average Maximum DecayPhase

Temperature| Temperature| Temperature| Temperature| Duration

0.2m [°C] 0.2m [°C] 0.4m [°C] 0.4m [°C] [minutes:seconds]
MUF-BW 773.5 882.2 917.6 980.6 12620
MUF-2SW 865.3 980.3 937.0 1037.9 251:50
MUF-SW-1 765.8 853.1 949.5 1007.6 38:50
MUF-SW-2 815.0 891.8 918.6 983.1 67:40
MUF-C-1 872.5 995.6 977.3 1055.7 21:00
MUF-C-2 1025.6 1107.7 927.3 1031.1 26:50
MUF-BW+C-1 | 924.1 1035.5 932.7 1026.6 91:20
MUF-BW+C-2 | 1011.0 1102.1 1003.6 1098.1 87:20

In additionto Table23, Figure33 below graphically depicts the enclosure compartment temperatures
measured at the centre of each compartment at a height of 0.4m from the floor panel. Compartments
containing only one exposed.T panel are plotted as solid lines, whereas compartments containing

two exposed CLT panels are depicted with dotted lines.
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Figure 33: Compartment temperatures measured during all experiments
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6.3.2)Heat Release Rates

The average as well asaximumHRRs during the heating phas® each experiment is shown in

Table24. The @able also shows the average and maximum contribution @ltfiealone to the HRR

(also stated in brackets pef of exposed CLT area per compartmens obtained by subtracting the

41kW input fire load from the dhined average and maximum HRRs.

Table24: Summary of HRR results

Average HRRduring
the heating phase
[kW] (increase)

Maximum HRR during
the heating phasgkW]
(increase)

CLT only
average HRR
during the
heating Phase
[KW] (/m? CLT)

CLT only

maximum HRR

during the

heating Phase
[KW] (/m? CLT)

MUF-BW 56.6 60.4 15.6(62.4) 19.4(77.6)
MUF-2SW 73.4 79.5 32.4(64.8) 38.5(77.0)
MUF-SW-1 57.4 61.9 16.4(65.6) 20.9(83.6)
MUF-SW-2 56.9 63.1 15.9(63.6) 22.1(88.4)
MUF-C-1 59.1 63.9 18.1(72.4) 22.9(91.6)
MUF-C-2 55.0 62.6 14 (56.0) 21.6(86.4)
MUF-BW+C-1 72.9 82.1 31.9(63.8) 41.1(82.2)
MUF-BW+C-2 723 84.7 31.3(62.6) 43.7(87.4)

6.4) Overview of Results

In the interest of clarityTable 25 below presentsas an overview of the performed experiments. Per

configuration a description of the exposed CLT panels is stated as well as the nbexXparionents

andthetype of adhesiveised in each teskFurthermore, reference is made to the section inrépisrt

where the results of each configuration are preserRederence is also made to the relevant

experiments performed by Crielaa(@015) (by means of the acronym Plandarediscussed in the

Analysis Section of this reporEinally, the 90 minute SFC furnace experiment is presented and

discussed imppendix| of this report.
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Table25: Overview of experimental results

Description Number of | Adhesive Section Reference
experiments| Type
ConfigurationMUF- One exposed 1 MUF §6.1
BW CLT Back Panel
ConfigurationPU-BW | One exposed 1 PU §721
CLT Back Panel
ConfigurationMUF- Both CLT Side 1 MUF §E.1
2SW Walls exposed
ConfigurationPU- Crielaard: Both | 1’ PU §72.2
2SW2 CLT Side Walls
exposed
ConfigurationMUF- One exposed 2 MUF §E.2and 8§H
SW-1 and MUFSW-2 | CLT Side Wall
ConfigurationMUF-C- | Exposed CLT 2 MUF 8E.3and &.2
1 andMUF-C-2 Ceiling
ConfigurationMUF- Exposed CLT 2 MUF 8 E4 and &.3
BW+C-1 and MUF back Wall and
BW+C-2 Ceiling
90 minute SFC SFC charring 1 MUF 8l
Furnace Test experiement on 4
ceiling CLT
panels

"Note that only the compartment experiment conducted by Crielaard that displayed self
extinguishment with the same CLT builgh (namely experiment PGSW-2) will be compared to
MUF-2SW in Section 7.2.2. A general comparison based on the results-@SWA1 and PU2SW-
40mm is presented at the start of Section 7.2.
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7) Analysis

This section of the report will serve to answer two of the research questions formulated as part of this

study, namely:
Q3) What is the influence of adhesive typecompartment firdbehaviouf

Q4) What is the influence of exposed CLT panel configuration on compartment fire

behaviour?

Each of these questions will be addressed individually in separate seletiseeding this, a summary

of theexperimentdy measured HRRsptal energyeleasd (TER) and charring rateis presented.

7.1) Analysis of individual compartment experiments

Theresults obtained from the pgstocessig performed on each experimentitalyse HRR obtain
the TER (from the input fire as well as the contrilaut from the CLT) as well as the averaged
charring rates per experiment across various dejstdecumented

Note, in the interest of claritjthe compartmentaming conventiofs listed again (only exposed CLT
panels listed per compartment3W= Back Wall; 2SW= Two Side Walls SW-1 and $V-2 = Tests
with only one Side Wall; € and G2 =Tests with only one Ceiling; \B+C-1 and BV+C-2 =Tests
with Back panel and CeilingAll compartment testas part of this research projeatre conducted on
MUF bondedCLT panels.The abbreviationPU is used to refer to results obtained by Crielaard
(2015) where his compartments were constructedwibondedCLT panels

7.1.1) Analysing HRR per compartment experiment

The average HRR measured during the heating phasdé¢tween flashover and extinguishing the
propane burner), can be compared to the input HRR supplied by the propane burner bed (namely
41kW). The results ofhis postprocessing analysis amFesented inmable 26, and are stated as %

increase in HRR from the input fire

The average HRR recorded by Crielaard in his tests on compartments conPdihimondedCLT

panels are also listed ihable 26. HRR were averaged in an identical manner in this study as
compared to the study by Crielaahd.his CLT back wall configuration (RBW) test he obtained an
average HRR of 57 kW. In his two Configuration 2SW experiments-ZBW 1 and PU2SW-2),
Crielaard obtained averaged HRR of 102 and 95 kW. Interestingly, in a Configuration 2SW test with
a thicker innermost lamella (40mm instead of 20mm, namehl2BW-40mm), the averaged HRR

during the post flashover heating phase was 79 kW.
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Table26: Summary of HRR Percentage increase as compared to the propane input HRR

Average heating Averageheating
phase HRR increase phaseHRR increase
compared to the compared to the
41kW propane input 41kW propane input

MUF-BW 38% MUF-SW-1 40%

PU-BW 39% MUF-SW-2 39%

MUF-2SW 80% MUF-C-1 44%

PU-2SW-1 149% MUF-C-2 34%

PU-2SW-2 132% MUF-BW+C-1 78%

PU-2SW-40mm | 93% MUF-BW+C-2 76%

7.1.2 TER results

The HRRsrecorded inTable24 can also be representgcaphically asTER during a particular test
(quoted in MJ).TERs were calculated by incrementally adding the product of measured HRR and
time across measurement intdsvalhese ER graphs (displaying the inputER by the propane
burner and overall ER per tests), are shown in the graphs beldwigure 34 illustrates te TER
curves as obtained from th& af experiments, whereddgure 35 illustrates the results of the repeat
experiments. In both graphs, a distinctismadebetween the ER obtained from the input (propane)

fire as well as the totdlER (including both the input fire and energy released by the CLT).

It is clear from the graphs that tAi&R is highest in thexperimentghat contained two exposed CLT
surfaces, with the configuration containing two exposed side walls displaying the highest amount of
total energyreleased (242MJYhe lowesfTER (in both the I and repeat experiments) was obtained
from experiments contaiimy only anexposed CLT ceiling (namely 115 and 140 in Test C1 and

C2, respectively).
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Figure 34: TERof the 1st set of experiments
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Figure 35: TERof the 2nd set of experiments

The maxima of theTER graphs are also recorded Tiable 27 for comparative purposesvith the
contribution of the CLT stated separately (in MJ as well as Kidfraxposed CLT)The percentage
energy increase due to the CLT energy contribution isstged.
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Table27: Maxima ofTERcurves

MUF-BW | MUF-2SW | MUF-SW- | MUF-SW- | MUF-C-1 MUF-C-2 MUF- MUF-
1 2 BW+C-1 BW+C-2

Propane InpuTER 102 (409) | 79 (315) 81 (326) 86 (343) 75 (299) 69 (277) 73 (292) 82 (327)
[MJ] (/m? floor)
Total TER [MJ] (/m? | 180 (720) | 242 (967) | 125 (501) | 130 (521) | 115 (460) | 100 (402) | 188 (752) | 189 (755)
floor)
CLT Contribution 78(311) | 163 (326 | 44(176) | 45(178) | 40(161) | 31(125) | 115(23Q | 107 (213
[MJ] (fm? CLT)
Increasedrom the 76 207 54 52 54 45 158 131
propane inpu¢%)

FromTable27, it is shown that th@ ER from the propane burner varied from 69MJ to 102 MJ. The
input TER from propane burner delivered in the back wall experiment was an outlier. As discussed in
the resuls section of this report, a technical error during testing lead to the burner bed being switched
off for a period of 5:30 minutes in the back wall configuration experirfditF-BW). During that
outage, it was noted that the CLT back wall had ceased flasinguch, it took comparatively longer

for this configuration to again be reheat@fter an insulative char layer was formea)ce the
propane burner was reignited, resultingailtonger propane fire duration as would be the case if the
technical error &d not occurredresulting in more energy being released in t&a&tluding the back

wall configuration, the input propaff&R was measured between 69MJ and 86MJ.

From all experiments it can ls®en that dower increase in energy was recorded with ongos®d

CLT panel (ranging from 45% to 76%) than with two exposed CLT panel$4181207%), when
comparing the contribution of the CLT and the propane input. The lowest CLT contribution was
recorded during experiments containing only an exposed cedivgafe of 50% across the two
experiments), followed by: one exposed side wall (53% increase on average between the two
experiments);one back wall (76%); an exposed back wall and cedlirgagingl45%) and finally

two exposed side walls (207%)0n averagewith one exposed CLT panel the combusting timber
contributed 47.6MJ, as compared to an averaged contribution of 128.3MJ in compartments containing
two exposed panels (representing an increase in TER by the CLT alone by a factor of 2.7)

Crielaard also reeded the TER in his comparalf®J) bondedCLT compartment experimentfable

28 lists the TER by the input propane burner, as well as the TER by the entire compartment (which
includes both the energy released by the propane burner and combusting CLT). By subtracting the
two aforementioned TERs from another, the contribution by tmebaosting CLT to the TER is
calculated. The table below quotes the TERs in MJ as well as MJ per floor area (indicated in
brackets). The contribution by the CLT to the TER is quoted in MJ and MJ per area of exposed CLT.
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Finally, the table also lists the pertage increase in TER due to the combusting CLT, as compared to

the TER of the propane input fire.

Table28: TERmaxima inPU bondedCLT compartments

PU-BW PU-2SW1 | PU-2SW-2 | PU-2SW
40mm

Propane Input TER | 112(448 | 55(220) | 62 (248) | 63(252)
[MJ] (/m? floor)

Total TER [MJ] (/ni | 169(676) | 240 (960) | 183 (732) | 134 (536)
floor)

CLT Contribution 57 (228 185 (370) | 121 (242) | 71 (142)
[MJ] (/m? CLT)

Increase (%) 51 336 195 113

ThesePU bondedCLT TER results will be compared to tMUF bondedCLT results in Chapter 7.2.

7.1.3) Charring Rates

The position of the 300°C isotherm was used to determine the charring r&@keTppanel Since the
thermocouple positions were positioned at fixedrvels, these positions (i.e. depths) and the time for

the 300°C isotherm to progress to this depth determined the charring rate. The depth to the first
thermocouple in all tests was 20mm, and to subsequent thermocouples was 10mm deeper, up to a
depth of ®mm from the fire sideTable29 andTable30 summarises the obtained charring rates per
experimen@ndper thermocouple depth. Note that in ConfiguraBdM, a burner bed outage of3d

minutes occurred. Charring rates for this expenitneere calculated including the outage as well as
excluding it vith the latter indicated in round brackets). Furthermore, 300°C was not recorded at

any thermocouple situated at the connection between the ceiling and back panel of Compartments
MUF-BW+C-1 andMUF-BW+C-1, and as such are not listed in the tables belavthe table below,

dashes are usetb indicate that the charring front did not propagate to that specific depth.
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Table29: Charring rates per configuration pehermocouple depth. W= left wall; RW= right wall;

Charring Rate MUF-BW PU-BW MUF-2SW MUF-2SW PU2SW1/ | PU2SW1/ | MUF-SW-1
[mm/min] PU-2SW2 PU-2SW2
LW RW LW RW LW
0-20mm 0.43 (0.48) 0.52 0.64 0.62 0.94/0.73 0.85/0.74 0.61
20-30mm 0.11 (0.11) - 0.41 0.29 0.6+ 1.76/0.56 -
30-40mm - - 0.33 0.16 0.27+ 0.26/0.24 -
40-50mm - - 0.11 0.18 0.63¢ 0.49¢ -
50-60mm - - - - 0.39¢ 0.17+ -
Average 0.27 (0.30) 0.52 0.37 0.31 0.570.73 0.71/0.51 0.61

Table30: Charring rates per configuration per thermocouple deg@ontinued. C = ceiling; BW= back wall

Charring Rate MUF-SW-2 MUF-C-1 MUF-C-2 MUF- MUF- MUF- MUF-
[mm/min] BW+C-1 BW+C-1 BW+C-2 BW+C-2
RW
Cc BW C BW

0-20mm 0.58 0.66 0.71 0.68 0.69 0.83 0.60
20-30mm - - - - 0.40 - -
30-40mm - - - - - - -
40-50mm - - - - - - -
50-60mm - - - - - - -
Average 0.58 0.66 0.71 0.68 0.55 0.83 0.60

Graphical representations of these charring rates are presem{pdendixH of this report, and are
discussed therdn addition Appendixl documents and discusgbe charring rates obtainéwm the

90 minuteSFC exposuréurnace TestThe results of this additional test will be used to assess the
validity of the charring rates and charring behaviour recorded dtimgompartment tests for an

extended initial fie exposure period.

7.1.3 Propagation of the charring front and time required teesdlhguish

As stated in Section.3, theposition of the 300°C isothermas used to determine the propagation of
the charring front. Based on this, the depth of chamaasured experimentally at the centre of

individual CLT panels, is recorded irable31:
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Table31:

Charring depths based on tipeopagation of the 30T isotherm

Compartment Test 300°C Charring | Compartment Test | 300°C Charring
Depth [mm] Depth [mm]
MUF-BW 30 MUF-C-1 20
MUF-2SW 50/ 50 MUF-C-2 20
(Left Wall/ Right Wall)
MUF-SW-1 20 MUF-BW+C-1 30/ 20
(Back Wall/Ceiling)
MUF-SW-2 20 MUF-BW+C-2 20/ 20
(Back Wall/Ceiling)

It is important to note that the charring depths stated in the above table are only representative of
charring that occurred at the centre of individual panels and are therefore not representative of
charring deths that occurred over the entire pamalditionally, the charring depths stated in the
table above are not to be directly compared to the images in SectiéppehdixE andAppendixF,

which depict CLT panelpost testing As mentioned in the Literature Study Section hi$ freport
(namely Sectior.2), a pyrolysis zone is formed below the char base (i.e. position of th€ 300
isotherm), in which the timber is subjected to elevated temperatures. Subsequently, the charring
depths obtained from the position of the 3D0Asotherm do not represent ploadi charring depths,

but do facilitate comparisons to be drawn between the various compartment configurations.

Furthermore, the charring depths listedTiable 31 were based on the positions of the installed
thermocouples alone. No interpolation was performed between thermocouple depths to determine the

position of the 30TC isotherm.

Importantly, all MUF bondedCLT compartmentsiemonstrated edf-extinguishment wherely in-
depth CLT and compartment temperatures decreased to belé@, 2@ithout thepropagatiorof the
p thiskhessqi@.%0mmnfof thee motal 1@0em thickbess). The time

required to achieve sed#ixtinguishment after removaf the initial fuel load in eactMUF bonded

charring front

CLT compartment tests is listed Tiable 32
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Table32: Time required to seléxtinguish as measutdrom the moment the burner bed was turned off

Compartment Test Time to self Compartment Test | Time to self
extinguish extinguish
[hours:minutes] [hours:minutes]
MUF-BW 2:06 MUF-C-1 0:21
MUF-2SW 4:12 MUF-C-2 0:27
MUF-SW-1 0:39 MUF-BW+C-1 1:31
MUF-SW-2 1:08 MUF-BW+C-2 1:27

FromTable3landTable32, with only the exception of the Back Wall Configuration (MBW®W), it is
evident that compartments withne exposed CLT paneds compared to atwo CLT panes
experienced shallower charring deptand achieved setixtinguishment sooner. The MLBW is an
outlier amongst single Cl-panel Compartments (a hypothesis pertaining to this observation is
formulated in Section 7.3.1).

Based on the results recordedlable 32, the following is observed: averaged across all compartment
experiments, a decay phase duration of 56 minutes and 143minutes was recorded in compartments
with one and two exposed ClLFanels, respectively. This indicates that on average the addition of a
second exposed CLT surface to a compartment with one exposed CLT surface prolongs the decay
phase duration by a factor of x2.6).

7.2) Influence of adhesive type @ompartmentire behaviour

Before analysing the comparable compartment resulignaraldiscussion regardindifferences in

fire behaviour is presentedt. is acknowledged that the observation list in this Chapter cannot be
generalised to all types of MUF and PU adhesives b the limitation of only testing one type of

MUF and PU adhesive. Furthermore, additional research is required to assess the validity of these
observations, due to the difference in compartment openings betweeRUhbonded CLT
experiments and thlUF bondedCLT experiments. Furthermore, the planks within a lamella of the

PU bondedCLT samples were edggued, whereas planks were not edge glued irvtb& bonded

CLT panels. Lastly, the CLT samples were not from the same producer and as such thmblease ti
was not from the same source which could induce additional variation. As such, it is recommended
that further experiments are to be conducted on identical CLT panels in which the only variable is the

adhesive type used, to verify the adhesive perfoomabservedn this section of this report.

As shown byCrielaardet al. (2019) it was recorded that the PU adhesive debonded from the timber
lamella once the 300°Sothermhad progressed past the first lamella. Thidlustrated inFigure 36

below, which shows the state of a small samplRldbondedCLT after an exposure @kW/nt in a
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cone calorimetewhich transformed the firsamella to charOnce the first lamella has been charred

(i.e. 300°C was recorded by the thermocouples installed at a depth of 20mm), the imposed heat flux
was reduced to OkW/mAs visiblein the Fgure, the char contracted horizontally and was able to be
removed by hand in one piece, indicating thas iikely to delaminate if placed in an unfavourable
orientation (i.e. as a ceiling or wall panddelamination was also observed in #hg bondedCLT
compartment experiments as tested by Crielaard (exgutie compartment that contained CLT

panels with thicker outer lamellas, namely-BEW-40mm).

Figure 36: Debonded®U bondedCLT sample, from Crielaard (2015)

The experiment on sampéeale (100mmx100mm and 50mm thick) was not repeated favitie
bondedCLT samplesised in this research projebut comparisons can be drawn based on the visual
observations recorded during therformedcompartment experimenta.process ofocal char falloff

was recorded in all compartments constructed fldf bondedCLT panels. At no instance dah

whole planksbreak off from a CLT panel in a compartment test, but rather it was observed that small
pieces of char broke offdm the CLT paneboth beforeand afterthe charringront had penetrated
pastthe first adhesive lind-urthermore, these vialiobservations pertaining tgpaocess ofocal char
fall-off was also recorded in the additional SFC exposest as documentkin Appendix| of this

report.

The aforementionebservationsregarding delamination/char faiff are summarisedvisually in
Figure37. In the Figure, reference is made to three experiments contaioihdtJF and Plbonded
CLT facing CLT side wall panelsThe general fire behaviour of each expexniis discussed

individually.

1 Solid Timber Behaviour as shan in Compartment PA2SW-40mm (ested by Crielaard).
This compartment contained two facing CLT panels with thicker (40mm instead of 20mm)
outer lamellas. InFigure 37, it is evident that the entire CLT surface is evedharred
Furthermore, the CLT walls diabt experience delamination (of plahk®r char faHoff. The
behaviour recorded in thisxperiment is comparable to that ofid timber (i.e. no adhesive

related fire behaviour such as delamingtioAdditionally, during the decay phase
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compartment temperatures declined steadily until-esdlhguishmentwas recorded70
minutesafter the std of the testwith no sharp increasestemperatures.

1 Local Char Fall-off Behaviour as shown in Compartment MUESW. Asseenin in Figure
37, the surface of the CLPpanel is uneven due to a procesdaufal char faltoff. At no
instance during the experiment wdslaminatiorof planksobserved, but rathénatlocal char
piecesfell-off gradually.Compartment temperatures also declined gradually during the decay
phase although at a slower rate as compared to Compartme2S840mm. Small peaks
in compartment temperatufe10°C)were recorded at 130 and 22Mhutes, corresponding to
occurrences of local char falff. Compartment temperatures declined gradualitil self
extinguishment was recorded 284 minwéisr the start of the test.

1 Burn-through Behaviour asobservedn Compartment PL2SW-1 (tested by CrielaardAs
seenin Figure 37, multiple CLT lamelles are visible due to delamination and fallioff of
large char piecef.e. whole planksduring the experimenDuring the decay phase of the
compartment fire, temperats decreased to 350°C after 140 minutes with a temporary spike
to 500°C at 75minutes. Subsequent to this, temperatures rose sharply to siigtethpan
800°C which coincides with the visual observation @élamination Subsequently burn

through behavior (i.e. failure to selextinguish)was recorded in this experiment.

The total amount of energy released (TER)eased during each of the three aforementioned
experiments is also comparéhble33 below lists thdotal energyreleased by the propane burner as

well asthe contribution ofhe CLT tothe TER during a particular experiment

Table33: Comparing TER between experiments

Compartment | Behaviour TER by the | Contribution
Fire Test Propane of the CLT to
Burner [MJ] the TER [MJ]
PU-2SW-40mm | Solid Timber 63 71
MUF-2SW Local Char Fall | 79 163
Off
PU-2SW1 Burn-through 55 185

In all compartment experiments, the input propane burner released an identical 41KW HRR and was
ignited for a comparable period of time (24, 32 and 26 minutes in Compartme/2S\VWd40mm,
MUF-2SW and PLRSWA1, respectively), resulting in comparable totaput energy amounts
supplied by the burner bed.

From the Table above, it @earthatthe lowest amount of energy was released in Compartment PU

2SW40mm  which demonstrated solid timHia®e behaviour. In contrast to this behaviour,
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Compartment PL2SW-2 which showed burn through behaviour, releakbl MJ (i.e.16099 more
total energy as compared to compartmentEW-40mm. Finally, Compartment MUESW which
showed local char fabff behaviour release@2MJ (i.e.130%9 more energyhan Compartment PU
2SW-40mm despite possessing fourtimes longer fire duration (284 minutes as compared to 70
minutes in Compartments MUESW and PLRSW-40mm, respectively)Finally, when comparing
Compartment MURRSW to PU2SW-1, the PU bondedCLT compatment showed a 22MJ higher

total amount of energy released (representing an increase of 13.5%).

In summary, it has been recorded that bBhnough behaviour (i.e. failure to selktinguish) occurred
in a compartment containing exposBt! bondedCLT sidepanels, whereas sediktinguishment was
recorded in a comparable compartment experiment containing expbidédbondedCLT side
panels. It wagurther shown thaPU bondedCLT side panelgwith 20mm outer lamellas) released
more energy(namely 13.5%)and displayed delamination (of planksyhich resulted in a second
flashover in comparison to local char fatiff (which increased enclosure temperatures by +107@)

comparable compartment experiment withlF bondedCLT.
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Figure 37: Solid Timber Behaviour as compared to delaminationlandl char fall-off behaviour
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With the aforementionedire behaviourdiscussion now presentedomparisons pertaining to the
influence of adhesive type wilbe drawn per comparableconfiguration. The results from two
compartment configurations, nameBpnfiguration BWand 2SWare to becompared to the results
obtained by Crielaard (2015) farther assess the influence of adhesive type on fire behavitwer.
comparisons that will be drawn are depictadually in Figure 38. It is important to note that
Compartment PL2SW2 will be compared to the MUESW experimenin the remainder of this
section of the repodue b the similarities in obtained fire behaviour (namely-satinguishment). It
is, however, important to keep in mind that Crielaalsbrecorded compartment burn through in a

comparable experiment (PREW-1).

ADHESIVE TYPE COMPARISONS

CLT Back Wall \ | Facing CLT Side Walls ‘

w
—

MUF-BW | ‘ PU-BW ] ‘ MUF-2SW ‘ ] PU-2SW-2 ‘

----------------------

| e H PU-ZSV;-40mm ‘

Figure 38: Compartment comparisons to characterise the influence of adhesive type on fire behaviour

7.2.1)Adhesive influence of compartments with a CLT back wall

A comparison between tests with only an exposed CLT back wall will be presented in this section. As
mertioned before, a technical issue lead to the burner bed being switched off for a period of 5:30
minutes inCompartment MUBW. Additionally, a deviation from the experimental methodology
was implemented by Crielaard in Compartment PWBW. During the fir¢ 12 minutes of his
experiment, Crielaard implemented a propane input fire of 63kW instead of the prescribed 41kW.
After this initial higher input HRR period, the propane gas flow was lowered to yield an input HRR of
42kW. As such, the comparisons drawrthis section will only consider the period during which the

propane burner was ignitédr a second timén the back wall compartment test of this study, and the
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period post input HRR reduction to 42kW (therefore results after 12 minutes) for the cdmparab

compartment test by Crielaard.
Heat Release Rates

Figure 39 depicts the HRRmeasured during the comparable bachllwompartment tests. A
distinction is made between the input propane fire (depicted wittedidines) as well as the total

HRR (including the contribution from the burning Cldepicted with solid lings
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Figure 39: Comparing HRR from experiments withexposed Back Wall

Crielaard measured an average total HRR of 57kW whilst the propane burner delivered a HRR of
42kW in his PUBW compartment testin comparison, the comparablUF compartment
experiment yielded an average total HRR 56.6kW whilthstrates comparability between

experimental setips.
Temperatures

Figure 40 showsthe enclosuretemperature development as measured in the comparable back wall
compartmentexperiments Temperatures were recorded at identical locations in this study as
compared to those by Crielaard, namely at the centre of the compartment at heights(offérpeal

to as bottompand 0.4n(referred to as todfom the floor panel.
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Figure 40: Comparing temperatures between experiments with an exposed Back Wall

It can be seen frorRigure 40 that the compartment temperatures measured by Crielaard are higher
during the period that the burner bed was ignitedl the heating phasel} is postulated that these
differences originate from aeviation in the experimental sgp implemented in this study as
compared to Crielaard. In his experiments, Crielaard installed a heat flux gauge in the opening of the
compartment which blockedff a significant portion of the opening area. As siidb reasoned that

there was a comparably larger opening implemented in the experimentalo$ehissinvestigation

thereby allowing more heat to escape through the opening as compared to the experiments by
Crielaard. Due to more heat escaping via the ogenite compartment temperaturasasured in this
studywere lower even during the period where the input energy supplied by the propane burner was
comparablelt is subsequentlyoted that alirect comparison isot able to be drawn between these
experimats, and general trends are therefore only documented in this mgpert comparing

adhesive performance

In addition to the differences in ventilation openings, the differences in HRR supplied by the propane
burner bed amongst the compartment experimesiso contributed to the higher enclosure
temperatures in theU bondedCLT experimentsFrom Figure39it is evident that during the first 12
minutes & the PU bondedCLT experiment thaa significantly higher HRR (63K\Wwas applied by

the propane burner as compared to the 41kW implemented iNite bondedCLT experiment
(which also experienced a burner outage of 5:30 minutes during the same inibid).p&s such, the
difference in compartment temperatures between the experimentgilisited] to differences in

ventilationas well as initial fire exposure.

Figure4lillustrates the temperature development within the CLT back wall panel, as measured at
identical depths and similar locations at the centre of the panel.
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Figure41: Comparing CLT back wall temperatures

From the CLT temperatures it is evident that the temperature within the first few layers of the CLT
backpanel rose at a faster rate in the test by Crielgawds{blydue to the smaller ventilation opening
trapping more heat within the compartmant themore seves initial fire exposurg It can also be

seen that irdepth CLT temperatures remained elevated for a longer period of time MURe
bondedback panel as compared to fhld bondedBack Wall Panel. It can be seen in the Figure above
that afterapproximately 90 minutes temperatures measured at 20mm and 30mm from the fire exposed
side of theMUF bondedback panel increased gradually due to local char flare up (as described in
Section 6.1). This process of local char flape in the MUF bondedpané did not increase
compartment temperatures (as seen inFigure 40) but did delay the achievement of self
extinguishmentFurthermore, the decay phase duration (as measured from the moment the burner bed
was turned off until seléxtinguishment was recorded) was extended by a factor of x2.9 MUlke

bonded CLT compartment as compared to tR& bondedCLT compartment (126 mutes as
compared to 44 minutes, respectively), due to the occurrence of local chaptlare

The charring front progressiontrends associated with the two experiments are also depicted
graphically inFigure42. The progression of the charring front defdisidentified by the position of

the 300°C isotherjnis plotted against the time required to reach the specified temperature at those
depths (as sucthe charring rate is the gradient of each curvié)should be noted that MUBW

results werecorrected by subtracting the burner outage time from the time required for the charring
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front to progress to the spéed depth. It is clear in theidure, despte the charring rate beirsiightly
lower (8.3%) in the MUF CLT panelacross the first 20mjrthat the duration during which the
charring front propagated through the pasdbnger in the MUF experimenthis is attributed to the
extended duration of elevated temperatures measured iMitHe bonded CLT back panel as
compared to th®U bondedCLT back panel.
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Figure42: Comparingthe progressiof the charring front in Back Wallxperiments

As mentioned, he difference in the abovementioned charring rates is believed to not only be
dependent on the type of adhesive but also due to the input fire (heat) supplied by the propane burner
amongst the experiments. These differeringaput energyarefurther quantified inFigure43 which

depicts the TER by both the propane burner as well as the entire compartment (which includes the

cortributions ofthe propandurner bed and the combusting CLT):

0 20 40 60 80 100 120 140 160 180
Time [minutes]

--------- MUF-BW Propane TER——— MUF-BW TER:------ PU-BW Propane TER—— PU-BW TER

Figure 43: Compare TERimongst CLT Back Wall Compartments
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From the figure above, it can be seen that the initial Propane HRR (gradient of the TER curve) was
initially higher in thePU bondedCLT experimentwhich is attributed to the higher input propane
HRR of 63kW (as compared to 41kW) that was supplied dufiedirst 12 minutes of theU bonded

CLT experiment. This more severe input fire exposure may have resulted in the higher first lamella
charring ratesin addition to the smaller ventilation opening area available irPthéondedCLT

compartment

The TER measured (including the CLT contribution) was measured at 180.0 MJ as compared to
169.3MJ in theMUF bondedandPU bondedCLT experiments, respectively. Additionally, the TER
released by the propane burner was 102.3MJ and 111.7MJ lilliRebondedand PU bondedCLT

experiments, respectively.

7.2.2) Adhesive influence of compartments with CLT side walls

To facilitate a reasonable comparis@atedto fire behaviour, the experiment by Crielaard during
which selfextinguishment of a compartment with twapesed CLT side walls was selected for
comparisonnamely PU2SW-2). It is important tatake cognisance of théact that with an identical
experimental setip, Crielaard recorded that a compartment with two PU bonded CLT side panels
(namely PU2SW-1) undemwent burnthrough and as such did not extingufalk discussed in Section
7.2).

Heat Release Rates

Figure44 compares the input propane burner HRR as well as the total HRR between compartment
tests MUF2SW (this study)and PU2SW-2 (study by Crielaard
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Figure 44: Comparirg HRR of tests with CLT Side Panels

The average total HRR dur i ncgmpdrtment tdstecarttaininggy) phase

bondedCLT panels was higher than that recordkding the experiment witMUF bondedCLT
panels. In théVlUF bondedCLT experinent, the two CLT side walls contributed on average 32.4kW
in addition to the propaninput fire, whereas in tHeU bondedCLT experiment the CLT contribution
duringthe heating phase was 54kW (6% higher).Similarly to theback wall compartment tests,
the duration of the decay phase wadonger in theMUF bondedCLT compartment test as compared

to thePU bondedCLT compartment te¢252 minutes as compared to 123 minutes)

Temperatures

The compartment temperatures measured at identical positions are depiétpaded5. Once again,
due to the larger available ventilation opening ia MUF bonded CLT experiment, compartment
temperatures are highr i n  CRPU bendealCA T tdsbdsiring the heating pha3de temperature
differences in the compartments may also have been due tifédnerstes in HRR measured. A%/
higher HRR was meaired in the?U bondedCLT compartment despite identidgaput propane HRRs
deliveredamongst théwo experimentgi.e. 41kW)
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Figure 45: Comparing compartment temperatures in CLT Side wall experiments

The CLT panel temperaturasboth the MUF and PU compartment tests, as meaguthd right(R)
and left(L) panel are depicted Irigure46 andFigure47, respectively.
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Figure 46: Comparing Right Panel Temperatures in experiments with two exposed side walls
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From bothFigure46 andFigure47 and it is clear to see thatdepth CLT temperatures remained

elevated for a longer period in tMUF bondedoanels as compared to th&) bondedCLT panels.

This occurred despite the similéges in HRR delivered by the propane burner and the duration that

the burner bed was ignited (nam&B minutes and 27 minutes in thitJF bondedCLT andPU

bondedCLT compartment tests, respectively).
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Figure47: Comparing Left Bnel Temperatures in experiments with two exposed side walls
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The charring behaviour of these tests is more easily discernible when consieigung 48 (by
comparing the gradients of individual curve$)an be seem the compartment test withU bonded
CLT side walls, thatthe charring rate during the heating phase of the fire was h{ghet% and
19.4% in the left and right panel, respectivalgjrpared to thélUF bondedCLT side walls. Despite
this, the charring front did not propagate as ftarough the thickness of the panels within g
bondedCLT side walls (20mm and 40mrascomparedn the MUF bonded CLT experime(@0mm
in both panels)

a 60 b) 60

Depth [mm]
= N w n (&)
o o o o o
[ ]
[ |
[ ]
Depth [mm]
= N w B al
o o o o o
[ |
[ ]

o
o

0 50 100 150 200 0 50 100 150 200
Time [min] Time [min]
- MUF-2S5-LW —&—PU-2S-LW - MUF-2S-RW —&—PU-2S5-RW

Figure 48: a) Left Wall(LW) Charring front progression iexperiments with two exposed side WaljsRight Wall (RW)
Charring front progression iexperiments with two exposed side Walls

To assess the fire exposure conditions amongst éxgezimentsthe TER by thg@ropane fire as well
as the entire compartment TER (which includes the heat energy released by the combusting CLT) are
compared betweetheexperiments, as shown tigure49:
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Figure 49: Compare TERs amongst CLT Back Wall Compartments

From the figure above, it can be seen that the initial Propane HRR (gradient of the TERscurve)
comparable between the two experiments, indicating comparable initial fire exposures. Interestingly,
the entire compartment HRR measured in experimenrR&W-2 was higher as compared to the

MUF-2SW experiment. This difference is therefore not due to the differences in initial fire exposure.

The TER measured (including the CLT tdlbution) was measured at 241.8 MJ as compared to
1833MJ in theMUF bondedand PU bondedCLT experiments, respectively. Additionally, the TER
released bythe propane burner was 78.8MJ and Bl15n the MUF bondedand PU bondedCLT

experiments, respectively.

7.2.3)Answering Research StQuestion 3

Q3) Whats the influence of adhesive type on compartment fire behaviour?

Based on the comparable experiments performed on compartments containingidPl bonded
CLT panels, general trends are identified. These trends are based oscsteakxperiments, and
would require further testing to assess their validity in lasgafe fire scenariosThe following
general observations are recorded in order to answer the thinsedrch question postulated in

Figure2.

1 In compartments with two exposed CLT side walls, both CLT burn through and self
extinguishment was observed in compartments contaiflldoondedCLT side panels. In
contrast, with the same CLT builp and fire exposure conditions, a compartment
constructed oMUF bondedCLT side panels achieved selttinguishment. In théMUF
bondedCLT side panelslocal char falloff (which increased compartment temperatures by

+10°C)was observed as compared tdagnination (of plan) in PU bondedCLT side panels
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(which resulted in a second flashover). The total amount of released energy was 13.5% more
in the PU bonded side panel experiment compared to the MUF bonded CLT side panel
experiment.

In compartment exgriments containingin exposed CLT back wall the duration of the

decay phase was extended by a factor of 2.9 in M bonded CLT back wall
configuration This extended duration was attributed to the occurrence of local charadlare
which delayed the chievement of seléxtinguishment but did not influence compartment
temperatures. Charring rates are not to be compared amongst the aforementioned experiments
due to difference in HRRs supplied by the propane burbastly, the charring front
progressed further into thUF bondedCLT back wall (30mm) as compared to tR&
bondedCLT back wall (20mmjylue to the aforementioned prolonged decay phase duration.

In compartment experiments containingio exposed CLT side wls which self
extinguished the total HRR during the heating phase (including both the contribution of the
propane burner and combusting CLT) was 67% higher ifPthdondedCLT compartment

as compared tMUF bondedCLT compartment, despite identical HRBsing delivered by

the propane burner in the two experiments. Additionally, during the heating phase, charring
rates were 14.1% to 19.4% higher in 4d bondedCLT panels as compared to tMUF
bondedCLT panels. Furthermore, in degdemperatures remadd elevatedwice aslong

during the decay phase of tMJF bondedCLT compartments, due to elevated compartment
temperatues Lastly, the charring front progressed further into &gF bondedCLT side

wall panels (50mm) as compared to ¢ bondedCLT side walls (20mm and 40mm).

7.3) Influence of panel configuration on compartment fire behaviour

Referring back to th&able 3, which lists thecomparisons to be drawn between configurations, the

following configurations will be compared to one another:

)

MUF-BW vs MUF-SW-1 vs 1 MUF-C-1 to investigate the behaviour of compartments
with only one exposed CLT surface. This comparison set will alacsée to assess the
hypothesis of a second hot surface being formed in tests with single exposed panels that
are not a ceiling panel.

MUF-2SW vs MUFSW-1 to characterise the croszdiation between facing sideall

CLT panels

MUF-BW vs MUF-BW+C-1 to asses the influence of adding a CLT ceiling to a
configuration with only a CLT back wall

MUF-2SW vs MUF-BW+C-1 to characterise the influence of panel orientation in

compartments with two exposed CLT panels.
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Each of these comparisons will be discussed indalig in this section of the repo®@nly the first

set of experiments per compartment configuration is discussed here. Panel configuration results
pertaining to the repeat experimenMUF-SW-2; MUF-C-2 and MUFBW+C-2) are presented in
AppendixG. As a general note, the adhesive type (i.e. MUF) will be omitted from the implemented
experimental naming convention in this section of the report, since pam@juration comparisons

are based oNMUF bondedCLT panelsonly.

The 4 sets of compartment configurations are displayed visudfigime50:

PANEL CONFIGURATION COMPARISONS

I I

Adding a CLT ceiling Two CLT Surfaces

One CLT Surface ‘ CLT Cross-Radiation | to a CLT Back Wall

Configuration

Figure 50: Visual illustration of CLT panel configuration comparisons investigated in this research project

7.3.1) Characterising the behaviour of compartmewnth one exposed CLT

surface

A discussion of the influence of panel configuration in compartments containing a single exposed
CLT wall is presented in this section. A discussion of the HRR and temperature development of
compartments with a CLT back wéBW), side wall(SW-1) or ceiling(C-1) is presented.
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Heat Release Rates

The Total HRR measured during each of the three experiments involving one exposed CLT surface is

presented ifrigure51.
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Figure 51: Comparing HRR amongst configurations with one exposed CLT surface

As depicted inTable 26, the average total HRR during the heating phase did not vary significantly
between the three single CLT surface tests (hnamely 56.6kWabd.89.1kWin tests BV, SW-1 and

C-1 respectively). This tendency was also recorded irrgpeat experiments, suggesting that the
additional HRR due to the combustion of a single CLT surfaueaffected by panel orientation. One
exposed CLT surface resulted in an increase in HRR of between 34% and 44% across all single

exposed CLT surfacedss (including repeat tests).

The duration of the decay phasedasumented iTable23, is significantly longer in the Back Wall

(BW) compartment tests as compared to a Side {&lI-1) and Ceiling(C-1) CLT surface tests
(126:20 minutes as compared to 38:50 and 21:00 minutes, respectively). It is hypothesised that this
extended decay phase duration is due to the increased distandeack avall to the ventilation
opening as compared to a side wall or ceiling configuration. This increased distance inhibits the
escape of heat from within the compartinand subsequently sustains the smouldering combustion
process. The shortest decay phaduration occurred in the Ceiling CLT configuration. It is
hypothesised that this is as a result of the relatively lower amount of oxygen available at the ceiling as
compared to other surfaces, due to the occurrence of combustiorbgempemitted andsing to the

ceiling (which reduces the oxygen concentration, thereby removing a component required to sustain

combustion).
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Temperatures

Figure 52 also illustrates imilar trends as identified when analysing the HRR results. The shortest
decay phase duration was documented in the Ceiling CLT configuration, followed by the Side CLT

wall configuration and finally the Back Wall configuration.

The average compartment teematureduring the heating phase, as measuasedhe top of the
compartment did not vary greatly between the 3 configurations, namely 918°C, 950°C and 977°C
(Back, Side and Ceiling, respectively). The highest average compartment (Top) temperature was
recaded during the exposed CLT ceiling test.

Temperature {C]

0 20 40 60 80 100 120 140 160 180 200
Time [min]
BW Middle Top BW Middle Bottom SW-1 Middle Top

--------- SW-1 Middle Bottom C-1 Middle Top C-1 Middle Bot

Figure 52: Comparingcompartment temperatur@snongst configurations with one exposed CLT surface

The charring behaviour recorded during the three tests is depictégure 53. It is clear that
temperatures within the CLT Back Wall remained elevated for a longer period of time as compared to
the Side Wall and Ceilintpsts. Temperature dropped faster within the ceiling panel as compared to
the side panel and back wall, possibly due to the aforementioned hypothesis that the oxygen content at
the ceiling is lower than in comparison to other surfaces due to theupslidcombustion gases.
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Figure 53: ComparingCLT panel temperature development amongsfigurations with one exposed CLT surface

350
300
250
200
150
100

Temperature {C]

a1
o O

BW 30mm ——SW-1 LW30

30mm Thermocouple
Comparison

I
J

0 50 100 150 200
Time [minutes]

C-130

Table 3 of this report made mention of using these compartment configurations to assess the validity

of a

fiSecond Hot

Sur f ac amexpos@édh@.T deiling ecdnfiyerations

st at

demonsgtates beneficial fire behaviour as compared to an exposed vertical CLT panel (side wall or

back wall). This hypothesis is supported by the recorded temperature and HRR results. The notion

that the formation of a second hot surface is prevented in an ex@ise configuration requires

further investigation in future research. Heat flux sensors are required to adequately measure the heat

flux received by an exposed ceiling or vertical surface. The remdatsded inthis research suggest

that ceiling temperatures are hotter in exposed ceiling configurations as compared to vertical CLT

panel configurations. The suggested reasofifinghis reportconcerning oxygen depletion at the

ceiling level of a compartment with &xposed CLT ceiling is based on Fire Dynamics principles, but

would also require further testing by means of oxygen level measurements across exposed CLT

surfaces.

7.3.2) Characterising the crosadiation behaviour of facing CLT side walls

To investigag the influence of crogmdiation between two exposed CLT side walls, the results of

compartment tests with both exposed wéliSW)are compared to those of compartments with only

one side wal(SW-1). Based on these comparisons, trends are identified.

Heat Release Rates

Figure54 illustrates the total HRR measured during the compartment experiment with two side CLT
walls 2SW) and one CLT side wall {8-1). On average, the total HRR during the heating phase was
73.4kW in the2SW configuration, as compared to 57.4kW in th&-& configuration (representing an

increase of 80% and 40% in addition to HRR delivered by the propane burner in both experiments).
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Figure 54: Comparing HRR amongst compartments with one or two exposed Side Walls

The decay phase was initiated at comparable moments in both compartment tests, but it is clear from
the Figure that the duration of the decay phaas significantlyprolonged inthe 2SWConfiguration
experiment as compared to th&/4 configuration (251:20 minutes as compared to 38:50 minutes,
respectively). This 6.5 times longer decay phase in Z®4At as compared to Tesi&1 indicates the
influence of replacing a nenombustible side wall with a combustible CLT wall, in a compartment
with only one exposed CLT side Wall.

Temperatures

Figure55 shows the compartemt temperatures measured at the face of the exposed CLT side wall in
both compartmentaSW and SWV-1.
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Figure 55: Comparing Compartment Temperatures at CLT surfaces in Configur&dsnd SV-1
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