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Highlights:

» Organic content is shown to correlate poorly wite performance
* Residue in an inert atmosphere may be useful fodrscreening purposes
» Cladding materials within generic categories behearg differently
» Specific cladding materials with potential low flarapread are highlighted

Abstract:

The flammability of materials is a key componenthwfdern cladding fires. Vertical flame
spread is a complex phenomenon which is, amongstgta function of thermal inertia, ignition
temperature, and heat release. The recently pebdli€tadding Materials Library contains the
needed flammability data to help engineers perfir@risk assessments on buildings. Cladding
fire research has previously generally focusedxpeesive and time consuming full-scale
testing, or on the chemical composition, withédittegard to the flammability or other
performance metrics. Here we show common trentiseimgnition and burning behaviour for
cladding materials in a systematic bench-scaleyststhg the Cladding Material Library. The
organic content is shown to be a poor indicatdheffire performance, as represented by the
heat release rate. A simple and highly conservatigdel indicates the relative behaviour of a
diverse range of cladding materials. This analggjgports competent engineers to select which
specific buildings require further investigatiorsbd on performance, and to aid development of
remediation solutions. The differences within categs of materials, e.g. high-pressure
laminates, are large and thus the performance dhomutailored for the specific building
material. This work complements but does not repfati-scale system testing.

Keywords: modeling; risk assessment; performance-basedrddiagme spread; fire growth;
ignition; heat release rate; hazard evaluatiormdadires
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1. Introduction

Cladding fires are a modern problem which challethgeclassic fire safety strategy. The
traditional fire safety strategy in buildings ralien the concept that there is no vertical spréad o
fire. This was typically prevented through the osgertical compartmentation and non-
combustible materials to prevent upward or downvegmad of flames. Fire spread between
neighbouring buildings is also heavily influencedtbe material selection in a fagcade system.
Within a building, different levels are also conteetby stairwells which are heavily protected to
ensure safe egress and prevent the spread of smoke.

The use of modern materials and systems has chatlehat strategy. The introduction of
flammable materials whose behaviour is not quadibr integrated into the strategy therefore
represents an unknown and unaccounted for fire Tisk use of these materials globally has
been rampant across the last 2—3 decades withtbttho consideration for how the fire strategy
of a building is influenced by this. The Queensl@ua/ernment requires the investigation of all
buildings which were built or renovated after 199§

Aluminium composite panels (ACPs) have been repgimuch focus in the cladding fire
challenge, and the remediation and mitigation &fbave been heavily concentrated on these
materials. Fundamentally, ACPs are the symptomlafger problem, and the fire risk of other
flammable components within a cladding must equadiyassessed. These include high-pressure
laminates, timber claddings, weatherproof membraanas insulation. The problem is

particularly difficult as these materials are ird#d as part of a system which has interactions
between components, and introduces the issue mkeeks such as mechanical fixings. Many of
the remediation strategies around the world havéoyaddress whether or not non-ACP
materials pose a risk for the specific buildingsytiare included within.

In Queensland, a framework [2] was developed tiveethe needed flammability data to fire
engineers who were tasked with performing initied fisk assessments for buildings. This
framework arms engineers with the basic data netxdethke assessments for the remediation
and investigation of existing buildings. The datélected from all publicly-owned buildings in
Queensland, Australia is published in the Cladditagerials Library [3], and contains the
chemical composition, thermal degradation, heabaofibustion, ignition characteristics, burning
behaviour, and flame spread. The complexity ofd#iabase is such that guidance is provided to
practitioners to describe its usage and interpoetdd] so that the data is used correctly.

This has resulted in an extensive database of canufadding materials, and gives insight into
the performance of the materials being used inahttwildings. A plethora of data is available to
be analysed to assess cladding materials andréiaiive performance. This acts as a first step to
aid choices in remediation and investigation, bdbes not substitute full-scale testing. The goal
is to enable rational decision-making, as all carations of systems cannot realistically be
tested at full-scale and sophisticated models havé&een validated in this space.

The aim is to understand the ignition and flammibdf common cladding materials, and
whether there are performance metrics which camsbd. To achieve this, materials encountered
in the Cladding Materials Library [3] are studiettiahe key trends between different materials
are noted. This is used to assess whether a coymsatl chemical composition metric in
Australia is appropriate for assessing claddingemals. A simple model is applied
conservatively to help gain insight into the poi@ntelative performance of different materials.
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2. Materials

The materials in this project are taken from publawned buildings in Queensland, Australia.
A total of 1,091 samples were taken, of which deteilammability testing was performed on 20
materials. These materials are all published irlaelding Materials Library [3]. The sample
preparation techniques and methods used to tesathples are described briefly below, and a
full description [5] and an examination of the gawidies [6] can be found elsewhere.

Samples were initially either taken in the fornrd6fmm diameter discs removed from buildings
using a hole-saw, or as 1 x £ sheets taken from buildings. The encapsulatiomffcgamples
was removed, and testing was focused solely ondreematerial. This was so that the
fundamental material behaviour could be assess#ihuwt the added complications of
composite effects which would be present in fulgarcts. This means that the aluminium skin
was removed from ACPs, and the metal sheet wasveaioom insulation sandwich panels.
The fire behaviour of products is an added levelarhplexity which can be studied later, and is
outwith the scope of this work.

3. Methods

Thermogravimetric Analysis (TGA) was performed gsanNetzsch STA449 F3 Jupiter (ISO
11358-1 [7]). A heating rate of 20 °C rifiwas used in a range from 50-800 °C, with oneitest
air and one test in nitrogen, each with a gas #evof 150 ml mitt. Sample mass was 10.1+0.4
mg (error as standard deviation across 1,238 tEst&)CPs, and the mass was reduced for light
weight insulations or materials where insufficiemss could be collected, e.g. adhesives.
Alumina (Al,O3) crucibles with a volume of 70 pL and no lid wesed. Results are in the form
of mass and mass loss as a function of temperatndethe mass residue.

Quantitative material identification for all the tadals presented in this paper has been
performed [5,6] but is not presented here.

The heat of combustion was obtained using bomlricadtry (ISO 1716 [8]). Three trials were
performed in a Parr Instruments Calorimetric Themater Model 6772, and the result presented
as an average and standard deviation. For matératislid not readily ignite, a material with a
known heat of combustion — benzoic acid — was tsetsure ignition and that sufficient energy
was released. The heat contribution of the bere@ict was then removed afterwards.

The critical heat flux was determined using a cahieater supplied by Fire Testing Technology
(East Grinstead, UK). This was according to AnneafH50O 5660 [9] but without gas analysis
or a load cell. Samples of 100 x 100 fmmere exposed to a range of heat fluxes until ther®

at least one case with ignition and one case dgmition, separated by at most 1.0 kW.m

Flammability testing was performed in an 1ISO 566Aecalorimeter [9] supplied by Fire
Testing Technology (East Grinstead, UK). Heat fRigé35, 50 and 60 kW frwere used with
two repetitions of each. In some cases 80 kMwas used to give a wider spread of results. A
wire mesh with a metal retaining frame was usedllitests due to the expansion of many
materials, and the standard was otherwise folloWedamic wool was used as insulation at the
rear surface, and replaced between tests. Thadggsakented are the heat release rate as a
function of time, mass as a function of time, t@aérgy released, time to ignition, peak heat
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release rate, and the mass residue. Additionalkyignition temperature, total heat transfer
coefficient at ignition, and apparent thermal ireevtere calculated using the method outlined by
Longet al. [10].

4. General heat releaseresults

The Cladding Materials Library is currently in tfteem of a database which is free and open to
access, which means any materials referred imthaisuscript can be referred to at any time. The
materials must be summarised in some form to adudsion, analysis and comparisons. The
materials have been grouped into basic categotesenthere is a degree of commonality (Table
1) — for example, charring materials with a speqpinysical form — but the behaviour within
these categories is still wide. The intention & summary then is to aid discussion and is not a
classification. If the materials are to ultimately classified, then this should be done based on
identified performance metrics which are deemethblé. The samples IDs refer to aluminium
composite panels (ACPxx), insulation (INSxx), sagkor weatherproof membranes (SRKxx), or
“other” materials (OTHxx).

The descriptions in this manuscript generally doraeter to the full chemical composition as it is
not needed for the level of comparisons made IINweetheless, the chemical compositions are
all available in the database [3].

The heat release rate as a function of time gimaadication of the relative and distinct
behaviours of different cladding materials (Fy.A short description of each category is given,
indicating the general trends of the materialsaichecategory. For the sake of clarity, only
results for a single incident heat flux, 50 kW,rare presented at this stage. The influence of
incident heat flux is presented in a later sectiomo repetitions are presented for each material.

Table 1. Summary of basic categories of materatheé library.

Material description Shorthand label Sample IDs
ACPs with an organic core and may ACPO01, ACP02, ACPO3,
contain fire retardants, inorganic fillers, ACPs ACPO05, ACPO7, ACPO09,
processing aides, etc. ACP11, ACP15
Materials with only a thin layer of organic o ACP06-S1, ACP10, SRKO1-
. Thin film
material S1

Thermosets, generally aromatic
compounds containing combinations of Aromatics ACP04, OTHO1, OTHO04
phenol resin and cellulose

Cellular INSO1, INS02, INSO5, INS06
Non-cellular INSO03, INSO04

Insulation materials

ACPs have a wide range of burning behaviour depgnain their formulation (Fig. 1, top left).
Materials which are pure or nearly pure thermoptadiehave as non-charring solids, such as
ACPO03 and ACPO07. These are characterised by vpiy bairning rates (500-900 kW nheat
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release), no residue, and short burning durati®®8 §). ACPs containing inorganic filler tend to
have lower heat release (100—-275 kV§)rand longer burning durations (400—1400 s). Sofne o
the ACPs behave similar to charring materials elsaat layer builds up and insulates the
underlying virgin material from external heat. lengral, the heat release for most of these
materials is nonetheless relatively consistentufihout the duration of flaming.
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Fig. 1. Heat release rate per unit area as a fumctfi time for ACPs (top left), insulations (top
right), aromatics (bottom left) and thin film sarepl(bottom right).

A number of key trends are noted for insulationamats (Fig. 1, top right). The total energy
released by these materials, as indicated by tegrial of the heat release, can be seen to be
substantially lower than ACPs despite much largeme thicknesses (up to 100 mm compared
to up to 6 mm for ACPs). This is partially due e tow density of modern insulation materials
leading to low sample mass. For cellular materthis extremely low thermal inertia causes the
surface to heat rapidly, and ignition is achievattkly [11]. These have strong charring-like
behaviour, with a relatively short peak heat redfafiowed by significant decay for the
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remaining duration of the test. Once a criticalradtepth is established, insufficient heat can
reach the virgin fuel to generate adequate pyrslgases, and hence extinguishment occurs.

The two non-cellular insulations — INS03 and INSOdoth undergo melting and otherwise
behave as non-charring thermoplastics. The mdiiads to regression of the surface from the
heat flux of the cone, and thus a lower heat exgoisuexperienced. Consequently, the results
are somewhat lower than what may be deemed thevatues. This behaviour, epitomised by
expanded polystyrene, is encountered regularligediterature [12,13].

The aromatic formulations all generally behavetesing materials. The behaviour of the three
materials is still nonetheless quite varied, depemndn the ratio of cellulose to phenol resin, and
on the binder used. The best performance is obd@m@®THO1 which is a high pressure
laminate with a phosphorous-based compound. Itsehidensity and inorganic additive lead to a
significantly longer ignition time, with a consiatéy low rate of heat release due to the lower
thermal inertia and increased charring respectivehe other two materials both ignite more
rapidly and have distinct peaks. From this, itleac that the aromatic-based formulations have a
wide range of performance.

Finally, the heat release of materials where tigamic component is only a thin layer are shown.
ACPO06 and ACP10 consist of a thin layer of adhebineing an aluminium profile to two
encapsulating aluminium sheets. The final matémi#this group, SRKO1, is a weatherproof
membrane comprising a layer of polypropylene wittaluminium backing, and interwoven
glass fibre reinforcement. The materials in thiggary are somewhat distinct in their physical
geometries, but ultimately the thin layer of thepiastic polymer leads to sharp heat release
before the material is quickly consumed and no ffeelains to sustain the flame.

5. Trendsinignition

Ignition is a key risk for flame spread propagatidhe two major parameters which affect the
time to ignition are the ignition temperature ahd thermal inertia. The latter term is obtained
from cone calorimeter tests performed at differeaident heat fluxes, and is a measure of how
rapidly a material heats up. For the case of natewith extremely low thermal inertias, such as
insulations, then the ignition is rapid regardlesthe ignition temperature. The thermal response
parameter (TRP) is a function of these two ternefitéd later in Eq. (5), and is thus used to
give a more generic assessment of the relativepeaince of different materials [14]. Each of
these parameters — critical heat flux, ignition penature and apparent thermal inertia — is
plotted against organic content in Fig. 2 for b# taterials.

The critical heat flux for the majority of ACPssisvithin the range of 13-18 kWmand has

little to no dependence on the organic contentesged as a percentage (Fig. 2, top left).
Organic content here refers to carbon-based mhtand includes materials such as polymers
and waxes. This is used in preference to terms asi¢polyethylene content”, as this is only a
single example of a polymer, and there are likelglso be other minor components present such
as lubricants and processing aides which contritautee equally flammability. One of the major
outliers for this trend is ACP15, which has predoanitly Mg- and Ca-based inorganic
components, such as magnesium hydroxide, magnesitlhonate and calcium carbonate. X-ray
Diffraction (XRD) was used to characterise the gamic composition of crystalline materials in
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more detail [6]. This showed that compared to amosimilar ACP with Mg-based inorganics
(ACPO5), ACP15 had lower magnesium hydroxide, lgitér calcium carbonate, and additional
Si-based inorganics such as kaolinite, which isrenfof clay, and quartz. These appear to
significantly improve the critical heat flux (280 m? compared to 16.8 kW fifor ACPO5)
despite the similar total organic content, and Wuosild be is beneficial to be able to resist
ignition and flame spread.

50 g 20 r
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=30 F ACPO4 =12 F O ACPO5 g
X E O ACPI15 ) B ; O ACP11
=25 E INS04 —INSO1 § 1.0 E ACP0O4
8 | : ACPO3 Aa = i INSO3
;':-O E ACP09 o gcpn nsoza o E 0.8 f ACPOJ“
S15 F 0 Ach03 INS06 206 : ?
£ ACP02 Acpo7 @ Ag = f OACP ACPO7 O INSO4
© 10 C 1 S 04 E DArOmatic INSO5 INSO1
C INSO5 §_ A Cellular INSO06
5 F OTHO4 =02 F N
- Z E @ Non-cellular INso2 5 &
O i - U W T ST W S N S S W W N S S Y 0.0 '.n..ln..nl..n.l.n..ln..L
0 0.2 0.4? 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Organic content [-] Organic content [-]
700
OTHO1
600 | O Acpoi o
: o ScB6E’
N_SOO
2 O ACPO2 INS03
= ACPO5
2400 omos
=z INS04 @]
2300
o ACP03
I~ : O ACPO7
200 F OACP INS06
[ O Aromatic INSO5
100 [ A Cellular msoz “‘
- # Non-cellular INSO1
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Organic content [-]

Fig. 2. Polymer content against critical heat flaxflaming ignition (top left), apparent thermal
inertia (top right), and TRP (bottom).

There is a wide range of apparent thermal inertiagalculated from the time to ignition across
a range of heat fluxes in the cone (Fig. 2, toptyigrhis is primarily due to the modern
insulation materials, which have extremely low thatinertia in order to reduce building energy
usage and improve sustainability. Polyethylene adisninas a reasonably low thermal inertia, as
represented by ACP03 and ACPOQ7, but this is sutisligrincreased by the addition of

inorganic components, as represented by the othatarials in the ACP grouping. There is
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however no linear trend, and all the materials wiirdhretardants or inorganic fillers have
increased thermal inertia. It is surprising that?0, which is predominantly inorganic and
would be expected to contain highly dense matewdls high thermal conductivity, is within a
group with the other ACPs. The aromatics reasonfatilyn the same ranges as ordinary ACPs.

TRP ultimately gives the best indication for resiste to ignition since it combines both
parameters (Fig. 2, bottom). Here, the ACPs at tiwlextreme ends of the range (ACPO1 at
low polymer content and ACPs 03 and 07 at the bigl) show distinct differences in

behaviour. The low thermal inertia of polyethyleasults in a reduced TRP, where the critical
heat flux for the ACPs is similar. The extremelwlthermal inertia of the foams is reflected in
the TRP, leading to very short ignition times, he tegion of 1-10 s. The phenolic composite
OTHO1 performs extremely well, with the highest T&Rall materials. This is despite the fact
that its composition is overwhelmingly organic. 3 highlights one of the issues in using the
organic content as a metric for assessing thelitiabf cladding materials. The reasonably high
TRP of INS03 is most likely an artefact of its nadtbehaviour, and in larger-scales it might not
be expected to perform so well. Overall, many ef ACPs have reasonable resistance to ignition
compared to other materials in the facade, suahsaation and various thermoplastics.

6. Trendsin burning behaviour

The trends in the burning behaviour are shown lidha cladding materials. In each case, the
data is presented for an incident heat flux of B0rk>. The data was plotted for other heat
fluxes but there were no significant changes inttéeds. Nonetheless, the effect of the incident
heat flux is covered in a subsequent section.

A reasonable trend in the organic content agaiesk peat release rate is observed for ACPs
(Fig. 3, top left). The organic content has beea oithe common methods for rapid assessment
of cladding materials. There are still large digpss in the heat release for materials with
relatively low organic contents (mass fraction €).3 he difference for ACP02 and ACP11 —
which both contain aluminium hydroxide in the sgoneportion but ACP02 includes vinyl
acetate in its polymer matrix — is in the ordendf00% increase for the peak heat release rate.
This 100% increase illustrates the problem witimggirganic content as an indicator of fire
performance.

Most notably however, the shortcoming of usingdhganic content can be seen for all the non-
ACP materials. The heat release rate for all thesterials is significantly lower than the pure
thermoplastic ACPs (ACP03 and ACPQ7) despite thetfFeey have similar or the same organic
contents. The most extreme cases of this are ffpeaolic composite (OTHO1) and a foam
(INS02) where the heat release is only in the rafgé&—125 kW rif. The coefficient of
determinationR?, of a linear trend for all materials is 0.168 this is not plotted for clarity.

A more generalised correlation can be found bytipigthe TGA residue at 800 °C in an inert
atmosphere against the peak heat release rate83(Fap right). The coefficient of determination
for the same materials as above (i.e. all excepffilim) is improved to 0.653. This may be more
effective as a rapid screening evaluation, butls$ limitations. This improvement in the
correlation is due to the fact that the propenfsitychar formation is taken into consideration.
This is beneficial for fire performance, as thetlfeadback from the flame is inhibited by the
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insulating properties of the char. This is maingnéficial over long periods but is still well
reflected in the peak heat release rate as thdaymris developing during the initial stages of
heat exposure. The ACPs are shown to have thedtighkgidues, most likely due to the very
large quantities of fire retardant included to adegly improve their performance.

Overall, for a rapid initial assessment using l@stanethods then it appears that the residue in
an inert atmosphere is suitable for obtaining dimasion of the peak heat release of a material.
TGA tests are more rapid than cone calorimetes testjuire less material from buildings, and
require less sample preparation, thus requiring leEgsour. Nonetheless, the screening would be
as a means to cross-reference to the fire perfarenand would not be adequate by itself.
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Fig. 3. Flammability trends of organic content agapeak HRR (top left), inert residue at 800
°C against peak HRR (top right), and heat of cortibnsgainst the total heat released (bottom).

A breakdown in the trend can be seen for the tlmmrhaterials, and for one of the non-cellular
insulations (Fig. 3, top right). For the thin filptbe depth of the polymer layer is such that the
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burning rate cannot reach a maximum steady rabeiwiing. The flame growth following

ignition is a feedback loop where heat from thenflaincreases the rate of volatiles generated,
which increases the flame heat flux. When the pelytayer is thin, then this process is not able
to reach a steady state and instead a decay ptitigtes and extinction is reached rapidly.

Finally, the gross heat of combustion is shownragjahe total heat released (Fig. 3, bottom).
The gross heat of combustion is a parameter whigsghe total possible energy that can be
released by a material under ideal conditions,iaclddes condensation of moisture vapour.
While the net heat of combustion may be more pemtinthe gross heat of combustion is used in
this comparison for simplicity. There appears toetbeless be little correlation between the
gross heat of combustion and the total heat refeasggesting that there are a large number of
other phenomena which are complicating the analgsie of these is likely to be combustion
inefficiency, where insufficient oxidiser can reatle fuel surface in the cone calorimeter test.
The rate of energy released is then reduced compartde pure oxygen conditions in the bomb
calorimeter. Another complication is the thickne§slifferent materials in the cone testing,
leading to higher total heat released when assgesadhit area. The heat transfer conditions
will change depending on the thickness of the madterg. whether or not the material is
thermally thin or not, and thus more heavily inflaed by boundary conditions.

The change in incident heat flux can lead to déifees in the burning behaviour depending on
the type of material. This behaviour is well knofen many polymer-based materials [15]. The

results of peak heat release rate for all matesiadsree incident heat fluxes — 35, 50 and 60, or
80 kW mi? in some rare cases — are shown in Fig. 4.

The change in peak heat release rate (PHRR) isvedlaconstant for the ACPs with inorganic
components. Many of the materials converge ondhgesPHRR (~200 kW 1) when exposed

to 60 kW n>. The significantly higher PHRR for thermoplastitss0 kW n¥ exposure is
concerning since it suggests higher burning rateéle worst cast scenarios. Higher heat release
rates increase the flame length which in turn iases the length preheated by the flame. This
may lead to accelerating flame spread velocitiekvban propagate rapidly up a building.

The results of the polyester wool insulation, INS&& poor due to the melting and regression of
the surface. Furthermore, the material is highkgtwgeneous leading to inconsistencies in the
peak heat release rate. In contrast, the supeaoufacturing quality and uniformity of
expanded polystyrene, INS04, shows a more consistamd despite the same difficulties with
melting and surface regression. One of the poljraret-based polyisocyanurate (PIR) cellular
foams, INS05, shows a substantial decrease wheysedgo higher heat fluxes. The formulation
of PIR foams is highly complicated, and often &g¢da in the behaviour is noted at moderate to
high heat fluxes [16]. This is due to the extremely thermal inertias, the chemical
composition, and the formation of a protective cidrigher heat fluxes, the char is generated
more rapidly and less pyrolysis gases releasedukimmitial stages of exposure. The other
insulation materials otherwise show a typical relathip with the incident heat fluxes. The
highest heat release rates are consistently retdodéNSO06, which is a rigid polyurethane
foam.

The PHRR of aromatics shows little dependenceaerirtbident heat flux. The charring nature of
the materials means that the char layer which famti9egin to reduce the heat flux from the
cone heater received by the material in-depth. fesalt, heat is propagated by the hot char at a
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323 rate which is not heavily influenced by the extétmeat. A change in oxygen conditions, i.e.
324 increased oxidiser flow, may however rapidly inse¢he burning rate.
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327 Fig. 4. Peak heat release rate for various incileat fluxes in the cone calorimeter — ACPs (top
328 left), insulations (top right), aromatics (bottoeft), and thin films (bottom right). It should be
329 noted that the magnitude of the ordinate axis tonsistent between plots.

330 Consistent behaviour is recorded in the PHRR ofatbatherproofing membrane, SRKO1due to
331 the high quality manufacturing process which gue@s a constant thickness of material. For
332 the other two thin films, ACP06 and ACP10, thendlbesive is not constant along the

333 thickness of a panel, or between panels. The chamgsin quantity is known from the mass
334 measurements of each sample, and thickness measusensing digital callipers. The net result
335 of this is that there is large variability in thesults. This means that the performance is dictated
336 more by the quantity of resin on a specific pahahtby the incident heat flux. For ACP10, the
337 estimated resin mass was approximately in the @tier2 times higher in 50 kW fithan the

338 other heat fluxes. Only a limited number of samplese received, and thus this error could not
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339 easily be eliminated. These materials are a chbeample where additional work is required but
340 which are completely neglected. They are commolacement materials for “flammable”

341 cladding (e.g. ACPO03) but there is no assessmethieaffire performance. These materials can
342 only be used if their performance is known and giad, so the fire risk can be assessed.

343 7. Modéd application

344 Ignition and heat release are two fundamental aspedlame spread, particularly for vertical or
345 wind-aided flame spread. The application of a sempbdel allows insight into the potential

346 flame spread performance of cladding materialsdzpanting for the combined contributions of
347 the ignitability and the burning behaviour.

348 The steady flame spread velocity for concurrenwfbmnditions for a thermally thick solid is
349 given by Eq. (1) [17]:

_ f q}lz(xf - xp)

v, =
Y Tkpc (Tl-g - Too)2 (1)

350 Whereu, is the spread velocityj, is the heat from the flame over the pyrolysis tang — x,,,
351 the termx; is the flame heighty,, is the pyrolysis height, the lumped paraméjex is the
352 thermal inertiaT;,is the ignition temperature afiglis the ambient temperature. Quintietel.
353 [18] found the following relationship for the flanheight against a vertical wall (Eqg. (2):

x]c = kf Q}'xp (2)

354 Wherek, is an empirical constant ar@}’ is the heat release per unit area of the matditned.

355 latter is obtained from the cone calorimeter tegtirsing the peak heat release rate for tests with
356 an incident heat flux of 50 kW fa Substituting Eq. (2) into Eq. (1) yields Eq. (3):

vy _ 447 (ke QF —1) 5
Xy T(T,, —T,) kpc ®3)

357  Which gives an estimate of the flame spread veldoita given pyrolysis height. This contains
358 two parameters, among others, which have been doatoy other authors. Quintiegeeal. [18]
359 highlighted the significance of tleeparameter in describing the contribution of thathrelease
360 of material to the upward flame spread propagatin,(4):

361 While Tewarson [14] has given the thermal respgasameterTRP) as a fundamental material
362 property to describe ignitability and hence subsegiflame propagation, Eq. (5):

TRP = (Tyy — T )\/kpc ®)
363 A critical condition can further be highlightedthe ‘a’ parameter tends to zero. Rearranging
364 Eg. (4) fora = 0 then gives an estimation of the critical lredg¢ase rate required to maintain
365 positive, i.e. accelerating, flame spread. Thi®isd to beQ]’c’ = 100-160 kW 1 for values of
366 kr =0.006-0.01 kW m?. Thus, in cases where the heat release is suifigismall then
367 upward flame spread is predicted to not occur.
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368

369 Table 2. Summary of computed properties relevamettical flame spread.
ID Category C_l kWTSIf,f 2 Y S{lx p
Eq. (4) Eq. (5) Eq. (3)
INS02 Cellular -0.25 112 -15.58
OTHO1 Aromatic 0.09 613 0.19
ACPO1 ACP 0.10 602 0.21
ACP15 ACP 0.59 552 1.55
ACPO02 ACP 0.45 459 1.71
ACPO09 ACP 0.85 527 2.44
ACPO05 ACP 0.90 413 4.18
ACPO06-S1 Thin film 0.62 307 5.20
ACP11 ACP 1.55 402 7.62
INSO03 Non-cellular 2.05 437 8.56
ACPO4 Aromatic 1.57 352 10.05
OTHO4 Aromatic 1.68 320 13.04
INS04 Non-cellular 1.91 301 16.71
SRKO01-S1 Thin film 0.49 115 29.21
ACP10 Thin film 2.22 243 29.88
ACPO3 ACP 6.25 300 55.05
ACPO7 ACP 4.43 244 59.43
INSO1 Cellular 0.88 85 98.51
INS05 Cellular 1.67 116 98.94
INS06 Cellular 2.76 115 165.94
370

371 These properties have ultimately been calculatedsammarised for all the cladding materials
372 studied (Table 2). For thig; has been taken to be 0.01 RUWY, andgy has been assumed a
373 constant value of 25 kW #]17,18] although values in the literature vary from 20—80 &

374  [19,20]. The aim of this is a comparison, and tthgsselection of these constants is arbitrary.
375 The heat release of the mater@}’,, was taken from the peak heat release rate inahe, as

376 described earlier. This will have a tendency toresemate the flame spread in all cases, but will
377 be particularly conservative for the case of cimgrraterials with high thermal inertia, namely
378 the cellular insulation foams. This is due to taetfthat their peak heat release is short, whée th
379 burning time is much longer as the char layer lsuild. Later literature [12,21] has suggested
380 that an average peak should be taken but thew & clear definition of what form this should
381 take. This would thus require assumptions aboutkvhmescale should be selected, and also
382 how to best eliminate the effects of smoulderingclhwill contribute heat release in the later
383 stages for some materials. For this reason, theetoative use of peak heat release ratei);’ds
384 maintained.
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A negative parameter is predicted for INS02, a phefioam insulation. Other ACPs and
OTHO1 also have values close to zero (i.e. <1ugssting little potential for flame spread. On
the other end of the scale, the thermoplasticglamhsulation foams with very low thermal
inertias are expected to have rapid rates of spiidad is based on the very high heat release
rates leading to large flame heights for the thealiemstics, and rapid surface heating for the
insulations due to their thermal inertia. Thesaljptégons have an apparent good qualitative
agreement with results obtained in vertical Latégaltion and Flame spread Tests (LIFT).
However, until detailed analysis is performed ambrtical flame spread then a full comparison
and assessment cannot be made.

The two ACPs with only aluminium hydroxide as thikef, ACP02 and ACP11, show vastly
different behaviour. This suggests that the additibvinyl acetate in ACP02 would significantly
inhibit the propensity for flame spread. The magmashydroxide-based ACPs — ACP15,
ACPO09 and ACPO05 — all suggest little spread paaebtit there is a wide range for these
materials. The aromatics — ACP04, OTHO1 and OTHBHhoew a wide range of potential flame
spread. The phosphorous-based flame retardantgdeiggity and high phenol resin content of
OTHOL1 contribute to very low heat release and & bltarring yield. Conversely, both ACP04
and OTHO4 contain no retardants and may be expéctgalead flame in the event of a fire.

Ultimately, these materials are included as pa# system and there will be complicated
interactions between the different elements. Somk Wwas been performed [22] to investigate
the interactions between different ACPs and ingutatseparated by a cavity, which has also
been represented by the seven full-scale tests cssiomed by the Government in the UK [23].
The intermediate-scale tests gave the opportunityentify the contribution of individual
components, which can be tied into the CladdingeMails Library data and the analysis here.
Qualitatively, the results presented in the sinmdelel here are in agreement with the behaviour
in the intermediate-scale tests, the large-scate ttommissioned in the UK, and large-scale tests
performed as part of this project. More thorougalgsis is required and significantly more
testing is required to robustly connect materigkleand full-scale facade fire behaviour.

Through methodical and thorough understanding @htlaterials and systems used, the eventual
development of simple models may be possible. dliosvs engineers to adequately design
facade systems, instead of using arbitrary mestick: as polyethylene content which provide no
evidence of performance. Optimisation of buildibgsalancing a flammability index with

other design objectives [24] will enable more eéfit and effective buildings in the future.

8. Conclusions

* The cladding crisis encompasses all materialsarsyistem, and is not limited to ACPs.
The organic content is shown to be a poor indicatdire performance and ignitability
for ACPs, and has no application to non-ACPs, whictount for around half of the
materials. For rapid initial screening, the TGAideg in nitrogen appears to offer some
improvement in the correlation with peak heat redei@te. TGA tests are rapid, require
little material from buildings, and require relaly little sample preparation.

» A systematic assessment of the fire behaviourféérént components in a cladding
system have been shown and described. The diffeoemponents are shown to have
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very different performances, and even within a leimgtegory there is a wide range of
performance.

» A simple model to inform on potential vertical flamspread identified materials likely to
undergo rapid spread rates and those where séagkilikely to occur. Some phenolic-
based materials and heavily retarded charring-fogrmaterials were indicated to not
promote spread, while pure thermoplastics, cellmiswlation and some thin film
organics were expected to perform poorly. Thesparent good agreement with the
vertical flame spread LIFT results but this regsiiredepth analysis of the flame spread
results to be certain.

» Further work is required to understand the intéoadbetween materials and effects
observed at larger-scales. Material-level analgsis as an initial step in building
knowledge, and ensuring maximum value can be gdmoed expensive full-scale tests.
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Figure captions

Fig. 1. Heat release rate per unit area as a fumcfi time for ACPs (top left), insulations (top
right), aromatics (bottom left) and thin film sarapl(bottom right)

Fig. 2. Polymer content against critical heat flaxflaming ignition (top left), apparent thermal
inertia (top right), and TRP (bottom)

Fig. 3. Flammability trends of organic content agapeak HRR (top left), inert residue at 800
°C against peak HRR (top right), and heat of coribnsgainst the totdleat released (bottom).

Fig. 4. Peak heat release rate for various incibeat fluxes in the cone calorimeter — ACPs (top
left), insulations (top right), aromatics (bottoeft), and thin films (bottom right). It should be
noted that the magnitude of the ordinate axis toaosistent between plots

17



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CIThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




