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Abstract

Recent attempts at combating climate change have urged the developers, public author-
ities, and other building stakeholders to employ enhanced energy conservation initiatives
as Canada's building sector accounts for 13% of national greenhouse gas emissions. These
initiatives are often realized by using energy{e cient envelopes on the building exterior.
As a physical barrier separating the controlled interior spaces of a structure from the exte-
rior surroundings, the building envelopes are designed to provide e ective vapour control
while simultaneously being constructed with high thermal resistant materials in the fecade.
Consistent with this, modern energy{e cient envelopes are composed of four distinct layers
(from outermost to innermost): decorative surface siding, exterior continuous insulation,
weather resistant barrier, and exterior sheathing. Each layer addresses a speci c design
objective, and when assembled into the envelope, contributes to the overall performance
of the exterior wall in meeting energy e ciency and hygrothermal requirements. Nowa-
days, multi{layered exterior envelopes are taking centre stage in construction, gradually
replacing conventional monolithic concrete and masonry facades. Predicting re perfor-
mance of such assemblies, however, is challenging and should be carefully addressed to
ensure occupant and re ghter safety as well as minimize property damage in the event
of re. The importance of this has been tragically demonstrated through recent massive
res around the globe in Turkey (Polat Tower, 2012), Australia (Lacrosse Building, 2014),
England (Grenfell Tower, 2017) and even twice for the same residential building in the
U.A.E. (Torch Tower, 2015 and 2017). It has become evident that while much emphasis
is placed on improving energy and hygrothermal performance of exterior assemblies, next
generation exterior wall designs must also exhibit superior re resistance. For this, un-
derstanding the re performance of exterior wall materials, alone and in combination with
underlying layers, is critical since a broad selection of material combinations are possible
when designing an envelope.

Assessment of the re response of exterior wall assemblies usually involves expensive
large{scale testing, that can only be conducted in a limited number of facilities, and which
are often out tted with the minimum instrumentation required by a given test standard.
This has led to a dearth of detailed data, with consequent knowledge gaps, regarding the
high temperature properties and re behavior of many building materials. Further, it still
poses a signi cant challenge to properly assess the e ect of building envelope design features
on the re performance of exterior wall assemblies. Careful and detailed assessment of re
behaviour of such assemblies is therefore needed to advance performance{based engineering
of new and innovative exterior wall designs.



The goal of the present research is to address these challenges through developing
a consistent set of test methods where exterior wall materials are subjected, at small{
through larger{scale, to temperature and heat ux conditions similar to those encountered
in realistic re exposures. More speci cally, experiments are aimed toward characterizing
and advancing current understanding of the impact of di erent exterior continuous insu-
lation products on the re performance and bulk{path heat transfer in wall assemblies.
To achieve these objectives, representative samples of the main layers forming an energy{
e cient, exterior building envelope in Canada were rst identi ed. These layers are vinyl
siding panels, stone wool insulation, polyisocyanurate insulation, extruded polystyrene in-
sulation, non{woven house wrap, and oriented strand board. Their re performance was
then characterized via two complementary avenues of investigation. In Phase 1, small{scale
re testing of the selected materials was conducted by instrumenting representative speci-
mens of each material with thermocouple probes and subjecting them to varying levels of
radiant heat ux exposure to determine key parameters such as time variations in mass loss
and heat release rate per unit area, time{histories of surface and bulk sample temperatures,
as well as thermal degradation and damage (shrinking, charring, melting, self{heating). In
Phase 2, 2,438 mm 2,438 mm large exterior wall envelopes constructed using the same
materials were instrumented with multiple sets of thermocouple probe rakes positioned
across each layer of the test structure and subjected to temperature and heat ux from
a realistic, but contained, re. This allowed capture of the thermal response of the wall
assemblies to the prescribed exposure and assessment of the observed thermal degradation
phenomena relative to the temperatures measured in the degrading walls. Results show
that temperatures measured in the small{scale re tests may provide a good indication of
temperature evolution and heat transfer within full{scale wall assemblies during large{scale
re tests. Further, comparable levels of re damage and thermal degradation (shrinking,
charring, melting, self{heating) of the studied building products were obtained across the
two scales of re testing. Thus, the utility of studying thermal degradation of building
materials and construction assemblies in the context of energy{e cient building envelopes
at both the small{ and large{scales was demonstrated. In combination, the novel set of
experimental data obtained via Phase 1 and 2 of this research may guide formulation of
advanced numerical simulation and design tools for predicting re performance of individ-
ual building materials and their interactions in exterior wall assemblies when subject to
realistic re exposures.
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Chapter 1

Introduction

Climate change is one of the de ning challenges of the 2tentury and calls for collective
action around the globe to mitigate further escalation of its devastating impacts. By
curbing the quantity of greenhouse gases (GHG) emitted, reduction in their environmental
footprint could be achieved. At present, it is estimated that construction and operation of
buildings contribute as much as 38% of total global energy{related GHG emissions [1]. In
Canada, homes and buildings account for 13% of national GHG emissions; when emissions
associated with the combustion of fossil fuels for space and water heating, electricity use for
cooling, lighting and appliances are included, energy{related building emissions share adds
up to 18% of the country's total [2]. In order to achieve its 2030 emission reduction goals,
Canada's building sector will require existing retro t projects as well as new residential
homes constructed between now and then to have improved energy use and emissions
performance. Consistent with this, much emphasis has been placed on enhancing the
energy performance of building envelopes due to the fact that over half of a building's
energy demand is attributed to heat losses through its enclosure [3]. Research has shown
that a xing a layer of weather resistant barrier in conjunction with continuous thermal
insulation over a building's exterior sheathing is one of the most e ective measures to
decrease energy use for heating and cooling [4]. With such measures, it is predicted that
multi{layered and highly{insulated building envelopes could potentially save 11.6 PJ of
energy and 1.2 Mt of GHG emissions per year assuming a Canadian market share of 25%
for new residential home construction and existing retro ts by year 2025 [5]. More recently,
experimental and modelling results from an extensive study undertaken at NRC{FEWF
demonstrated that such exterior wall assemblies do not only meet energy e ciency and
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hygrothermal requirements, but also ensure a building's expected longevity in the face of
changing Canadian climate [6].

Nowadays, multi{layered and highly{insulated building envelopes are taking centre
stage in construction, although their design is much more complex than the conventional
monolithic stone, masonry, or concrete facades of earlier times [7]. Predicting re per-
formance of these complex assemblies is a particular challenge that must be carefully
addressed to ensure occupant and re ghter safety as well as minimize property damage
in the event of re. The primary threat to a building and its occupants by a facade re is
the potential for the re to spread vertically from oor to oor or horizontally across the
facade impacting adjacent spaces. In residential buildings, for example, a re could origi-
nate inside the building, spread to the facade via openings in the compartment, extend up
the exterior side of the building, and consequently break into the oors above. Although
strategies for re safety design in buildings typically aim for the re to be con ned to its
oor of origin, the frequency of res involving ame spread along the building exterior is
still on the rise. In fact, worldwide, the total number of res spread via an exterior wall has
increased by seven times in the past three decades [7]. One major factor contributing to
this disturbing statistic is increased use of combustible components, such as polyurethane
and polyisocyanurate insulation, within facade systems. These are often added to achieve
improved building energy performance and reduction in water and air in ltration [8]. For
instance, in Canada, the exterior walls of energy{e cient residential homes built in hu-
mid climates (Vancouver, St. John's) are often layered with extruded polystyrene foam
insulation [9]. Since a growing number of building envelopes are constructed with varying
amounts of such combustible components, there is an increased chance for them to be
directly involved in a re. When they are, they add to the fuel load and make it easier
for ames to spread further up the building exterior, reaching storeys beyond the re's
oor of origin. This has been tragically demonstrated through recent massive res around
the globe: in Turkey (Polat Tower, 2012), Australia (Lacrosse Building, 2014), England
(Grenfell Tower, 2017) and even twice for the same residential building in the U.A.E.
(Torch Tower, 2015 and 2017) [10, 11]. Furthermore, the increased frequency of wild res
exacerbated by severe heatwaves due to climate change, makes modern high{performance
building envelopes more susceptible to exposure from res originating externally to the
building. In these cases, a re may ignite an exterior wall and then spread from the facade
into the interior spaces. This too has been tragically demonstrated through devastating
forest res in the U.S. (Northern California, 2017) and closer to home, in Alberta (Fort
McMurray, 2016) and more recently in British Columbia (White Rock Lake, 2021) [12{14].



The kinds of tragedies make it evident that in addition to the signi cant emphasis
placed on improving energy and hygrothermal performance of exterior wall assemblies,
next generation building envelopes must also exhibit superior re resistance. For this,
understanding the re performance of exterior wall materials, alone and in combination
with underlying layers, is critical since a broad selection of material combinations are
possible when designing a modern building envelope. To begin to address this need, the
present research outlines results from a series of experiments conducted to characterize the
re performance of common Canadian exterior building materials and their representative
composite assemblies via complementary small{ and large{scale experiments.

Speci cally, the objectives of the research are:

1. to undertake a series of small{scale experiments to characterize the re performance
of building materials found in each layer of a typical Canadian exterior wall assembly,

2. to construct representative assemblies of the building materials and conduct compar-
ative small{scale tests to examine the re performance of the assembled composite
samples, and

3. to complement the small-scale experiments with a limited set of larger{scale tests
conducted to investigate the re performance of full exterior walls under a more
realistic re exposure.

This thesis presents the background, key ndings, conclusions and recommendations
from the study. Background information and the literature review are included in Chapter 2
which begins by detailing the multi{objective design in construction of residential building
envelopes and current measures taken to address re safety in the design of modern energy{
e cient exterior wall assemblies. This is then followed by a description of the layers used in
the construction of exterior walls in present{day buildings, including the range of materials
which are most commonly found in Canada. The construction products of interest are then
presented along with a descriptive overview of these materials together with a more speci c
review of existing literature related to their thermal and re properties. Understanding of
thermal degradation phenomena of constituent wall components is then highlighted and
current approaches adopted to systematically investigate this phenomena are presented.
The state{of{the{art in re testing following these methodologies are presented next and
current gaps in research are identi ed.



Chapter 3 outlines the experimental methods and instrumentation used in the small
scale tests, along with materials selected and description of test assembly construction.
The results obtained from the small{scale studies undertaken in this work are then pre-
sented and discussed, rst for the individual construction products followed by experiments
conducted on the assembled composite samples. Following presentation of results, the data
from the small{scale tests are then related to what might be expected in a full{scale test
of a similar assembly. Experimental design and results for the comparative large{scale re
performance tests are presented and discussed in Chapter 4, rst for the assembly contain-
ing stone wool insulation followed by those for polyisocyanurate and extruded polystyrene
foam insulation. Finally, conclusions and recommendations arising from the work are out-
lined in Chapter 5.



Chapter 2

Literature Review

2.1 Towards Optimal Design of Residential Building
Envelopes

The design of modern residential building envelopes can be regarded as a multi{objective
optimization challenge, in which several criteria are considered for nding the most favourable
solutions. Some relevant criteria include:

" sustainability, such as meeting energy e ciency requirements [15,16] and ensuring a
building's expected longevity [17];

" occupant comfort, such as thermal [18,19] and acoustical comfort [20, 21];
" space use [22] and structural design [23]; as well as

re safety [24,25].

In order to perform a multi{objective design, evaluation of the cost of alternative solu-
tions must be undertaken, which requires the criteria of interest to be quanti able. Criteria
such as energy performance, acoustics, comfort and utility of space, for instance, can be
quanti ed as functions of certain parameters. For example, a widely used metric for rating
energy e ciency in building envelopes is the Overall Thermal Transfer Value (OTTV),
de ned as the ratio of heat gain into the building through the building envelope to the
total wall area and measured in (Wm?) [26]. Similarly, acoustic levels could be expressed
in sound pressure level (SPL) measured in decibels (dB) [27], while utility of space can be
quanti ed as a function of the wall thickness (m) and total area ().
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Among the above listed criteria, however, re safety is not included in terms of com-
parable parameters in the design of residential building envelopes. Instead, a regulatory
framework outlines a set of prescriptive requirements for re safety that must be met in
buildings. In Canada, minimum acceptable measures for meeting re safety requirements
in the design and construction of residential building envelopes are provided in the Na-
tional Building Code of Canada [28]. The National Building Code is an objective{based
code with clearly stated objectives and functional statements for its requirements. Com-
pliance with the code is achieved by directly applying the acceptable solutions (i.e. the
prescriptive requirements outlined in Division B of the code) or by developing alternative
solutions. According to the National Building Code, with respect to meeting re safety
requirements, the design and construction of exterior wall assemblies must satisfy the ac-
ceptance criteria when tested in accordance with CAN/ULC{S134{13, \Standard Method
of Fire Test of Exterior Wall Assemblies”, for limiting re spread on or within the exterior
wall assembly. This standard method was developed to evaluate the performance of an
exterior wall assembly under test conditions representing a re exposure resulting from a
post{ ashover re inside a compartment venting through an opening, such as a window,
in the wall [29]. This test method assesses comparative re performance characteristics
of exterior wall assemblies measuring 9,500 mm tall 6,600 mm wide by evaluating re
spread over the exterior wall surface, heat ow from the re plume to the exterior wall sur-
face, and re spread within the test wall. Visual re propagation and heat ux measured
at 3.5 m above the window opening are the primary variables used for assessing the re
performance of an exterior wall assembly. Speci cally, meeting the re safety requirements
is based on two acceptance criteria: 1) no more than 5 m of vertical ame spread on the
exterior of the test wall and 2) no more than 35 kWm? heat ux on the exposed wall
assembly face at the speci ed height above the vent opening.

While both the visual ame propagation along the exterior of the test assembly and
heat ux measured on the exposed wall face are pertinent design parameters, they do not
provide the adequate and complete data required to support detailed re safety analyses
of the performance of the walls (e.g. thermal penetration through the bulk of the wall).
In addition, data from the tests may not re ect the actual performance of an exterior
wall assembly under any but the test re exposure conditions. To truly advance the
design of exterior walls for re safety, it is necessary to obtain new insight and develop
better understanding of the physics underlying various thermal degradation mechanisms
of exterior wall assemblies and their constituent components. This, in turn, will lead to
development of a comprehensive data set capable of supporting detailed re performance
analyses. With this in mind, a brief description of the topology of exterior wall assemblies
and common building products used in their construction is presented in the next section,



followed by a review of thermal degradation phenomena unique to these materials.

2.2 Overview of Wall Topology for Residential Build-
ing Envelopes

This section begins with a description of the layers used in constructing exterior walls in
modern buildings, including the range of materials which are most commonly found in
Canada. Exterior wall assemblies of Canadian residential buildings are typically composed
of four distinct layers (from outermost to innermost): decorative surface siding, exterior
continuous insulation, weather resistant barrier, and exterior sheathing [5, 6]. Together,
these layers form the exterior envelope of the house, protecting the interior spaces from the
variable ambient outdoor environment. Each layer addresses a speci ¢ design objective,
and when assembled into the building envelope, contributes to the overall performance of
the wall in meeting energy e ciency, hygrothermal, and acoustic requirements.

Decorative surface siding, often referred to as exterior cladding, is the outermost layer
a xed to the building exterior. It is generally regarded as the rst line of defense against
bulk rainwater penetration and has an added value of aesthetics allowing for versatile
design exibility [4,30]. While masonry, stucco and ber cement siding may be found
as exterior wall coverings and nishes, vinyl siding is one of the most popular decorative
surface nishes encountered in modern construction due to its low cost, versatility and
easy maintenance [31, 32].

The underlying layer of exterior continuous insulation plays a crucial role in achieving
an energy e cient building envelope. When incorporated into a frame construction, this
layer provides signi cant reduction in thermal bridging' at the studs leading to a higher
overall RSI{value? for the wall assembly [35]. It also warms the sheathing surface beneath,
reducing the potential for water condensation within the wall system [36]. In Canada,
highly{insulated exterior wall assemblies are usually lined with two types of continuous
thermal insulation based on the local climate: mineral bre{based thermal insulation (such
as stone wool) is commonly used for walls in dry climates (Edmonton, Yellowknife), while
foam insulation (such as extruded polystyrene) is widely used in walls located in humid
climates (Vancouver, St. John's) [6].

LA thermal bridge is a zone of the building envelope where the local thermal resistance is signi cantly
reduced, allowing heat to ow through framing members [33].
2RSI{value is a measure of thermal resistance (opposition to heat ow) expressed in MK=W [34].
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Moving further in to the building envelope, a weather resistant barrier is the next
layer. Next to the decorative siding, the weather resistant barrier is considered to be the
second line of defense against moisture in Itration into the building envelope [37]. Modern
weather resistant barriers are designed to allow the water vapour to move freely within the
exterior assembly, but to also trap liquid water, preventing it from reaching the underlying
sheathing. Plastic house wrap is a popular choice for a weather resistant barrier in a typical
residential house [38].

Finally, the innermost component of an exterior wall assembly is the exterior sheathing
that is a xed to the exterior side of the framing members. It provides a solid nailing base
for the above{mentioned layers, lending them structural support and increasing the overall
integrity of a wall system. Plywood and oriented strand board sheets are building boards
that are made of timber and glue, and have good structural strength making them two
popular exterior sheathing products in contemporary construction practice [39].

In the present work, the following products were determined to be of interest for this
thesis work based on their extensive use in construction of building envelopes in Canada:

commercially available vinyl siding panels made of polyvinyl chloride compound were
selected for the decorative surface siding;

three exterior continuous insulation products were selected:

1. rigid stone wool insulation with an RSKvalue of 0.88,

2. polyisocyanurate rigid foam insulation with the foam core bonded on each side
to aluminum foil facers with an RSKvalue of 1.1, and

3. extruded polystyrene rigid foam insulation with an RSI{value of 0.88.

a commercially available synthetic non{woven house wrap was selected for the weather
resistant barrier; and

commercially available oriented strand board sheet was selected for the exterior
sheathing.

A descriptive overview of these materials is presented below, together with a more
speci c review of existing literature related to their thermal and re properties.



2.3 Review of Thermal Degradation Phenomena of
Exterior Wall Materials

Thermal degradation refers to the process by which a material degenerates under the
in uence of increased temperature. In the context of exterior wall assemblies, thermal
degradation of the assembly subject to heating by exposure to re is a complex process
involving both chemical and structural changes to the constituent layers, as well as their
subsequent impact on the interior temperature pro les within the assembly under continued
exposure. The extent of these changes depends on the temperature or heat ux and the
length of time of the thermal exposure. In this section, thermal degradation phenomena
unique to the building products selected for this study are presented, rst for the polyvinyl
chloride siding, followed by the three insulation products (stone wool, polyisocyanurate,
extruded polystyrene), the non{woven house wrap (i.e. weather resistant barrier), and
nally, for the oriented strand board sheathing. Ignition phenomena are not included here
to highlight degradation that might occur under heating in the absence of ignition.

2.3.1 Polyvinyl Chloride Siding

Vinyl siding is a decorative surface nish typically manufactured by co{extruding, in
this case a highly stabilized polyvinyl chloride capstock (surface layer) over a di erently
formulated polyvinyl chloride substrate formulation. While stabilizers, pigments, impact
modi ers and lubricants may be added in various proportions, polyvinyl chloride resin,
usually constitutes approximately 80% of the raw materials used in production of vinyl
siding [42,43]. The thermal degradation of polyvinyl chloride has been the subject of
numerous investigations and is generally considered to follow a multi{stage process which
is outlined below [44{52]:

" When exposed to elevated temperatures, polyvinyl chloride siding tends to soften,
buckle and deform; the distortion in siding geometry under thermal heating is associ-
ated with the bulk sample temperatures approaching the 6C { 74 C glass transition
temperature range;

3Co{extrusion is the process of forming an extruded material composed of more than one thermoplastic
melt stream which requires separate extruders for each distinct material. The nal product of this process
is a thin plastic material containing two or more distinct plastic layers [40, 41].
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Under continued exposure, gaseous pyrolysis products are driven o the decompos-
ing polyvinyl material and when temperatures reach about 20C, loss of hydrogen
chloride molecules begins. This results in the formation of polyene in competition
with the formation of a cross{linked structure involving di erent chain radicals;

At about 250 C, the onset of char formation begins;

Between 350C and 520C, thermal decomposition of polyvinyl chloride continues
wherein cracking of some carbon{carbon bonds of the previously formed polyene
structures occurs;

At temperatures above 520C, nearly complete consumption of polyvinyl chloride
mass occurs leaving behind a charred reside.

2.3.2 Rigid Stone Wool Insulation

Stone wool is an insulating material manufactured by melting volcanic basalt and diabase
rocks, and spinning the molten matter to produce bres. In this process, a thermoset
binder (usually cured urea extended phenol{formaldehyde resin) and oils are used to keep
the bres together which are then assembled into batts. A typical by mass composition
of stone wool is as follows: 94% { 99% of mineral bre content and 1% { 6% binder [53].
The thermal decomposition of stone wool is commonly understood and characterized by
di erent phenomena as the interior temperature within the material bulk is increased
[54{61]:

The onset of thermal decomposition (pyrolysis) of organic content (binder and asso-
ciated additives) within the insulation commences at temperatures of around 250

When the interior temperatures reach above 50CQ, gaseous pyrolysis products lib-
erated from thermally decomposing binder are oxidized. This process is commonly
known as binder burn{o ;

At 600 C, the binder is subjected to a mass loss of nearly 80%;

Oxidation of organic matter in stone wool is associated with compromised stone wool
rigidity, and at temperatures 650 C, crystallization of siliceous species occurs;

Once the interior temperatures rise above 1,100, the bres melt.
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2.3.3 Polyisocyanurate Insulation

Polyisocyanurate insulation boards are made of a thermoset, closed{cell, rigid isocyanurate-
based foam that is manufactured through a continuous lamination process. The raw mate-
rials that make up the foam formulation are mixed, causing a rapid chemical reaction that
transforms them into a rigid, thermally stable polymeric structure. Details of this reaction
can be found in [62]. While still in the lamination processor, face adhesion of the foam
core occurs, wherein facing materials (facers) such as aluminium foil are laminated onto
each side of the foam sheet. Adhesion of foil facers serves a number of functions during
the service life of the nished insulation product, including reduced water absorption and
increased thermal resistance. Thermal degradation phenomena unique to this material
have been investigated with key results presented below [63{65]:

A

The onset of pyrolysis of the polyisocyanurate foam core starts at around 2Q0)

Under continued exposure to elevated temperatures, the rate of pyrolysis intensi es
and a peak rate is observed when the interior temperatures of the polyisocyanurate
foam core reach 30 { 370 C;

At 350 C, dissociation of isocyanurate linkage occurs;

Once interior temperatures rise above 50Q, oxidation of the pyrolysis gases liberated
from thermally decomposing polisocyanurate foam takes place;

Nearly complete consumption of polyisocyanurate mass occurs at around 8D0after
which a black and porous charred residue is left.

2.3.4 Extruded Polystyrene Insulation

Extruded polystyrene insulation boards are manufactured via an extrusion process wherein
raw materials (general purpose polystyrene, polypropylene, recycled foam plastic resin and
other additives) are combined and propelled continuously along a screw through regions of
high temperature and pressure. The mixed, melted, and compacted plastic matter is then
forced through a die into the desired shape. The resulting foam plastic is then cut and
trimmed to the nal product dimensions. Similar to the polyisocyanurate foam, extruded
polystyrene is also rigid and has a closed{cell foam structure. Extruded polystyrene is
thermoplastic and thus belongs to a class of polymers that are softened and melted by
the application of heat. The thermal degradation of extruded polystyrene foam has been
observed to follow a multi{stage process which is outlined below [66{68]:
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At the onset of thermal exposure, the bulk of the insulation starts to soften due to
its thermoplastic nature;

Under continued exposure to elevated temperatures, the polymer beads collapse at
about 110C { 120 C;

When the interior temperatures reach 16Q@C threshold, the collapsed beads start to
melt forming a viscous residue;

As the temperature increases past 17Q, the viscosity of the polystyrene melt de-
creases until the vaporization point is reached at temperatures greater than about
275C;

Between 410C and 460C, the melted foam residue continues to decompose releasing
volatile gaseous products (primarily styrene monomers); and

By 480 C { 500 C, almost all of the sample is vaporized and no residue is left.

2.3.5 Non{Woven House Wrap

The synthetic house wrap selected to represent weather resistant barrier in this study is a
non-woven, non-perforated sheet made by spinning ne continuous high{density polyethy-
lene (HDPE) bres that are fused together to form a strong uniform web. The brous
structure of the house wrap is engineered to create small pores that resist bulk water pen-
etration while allowing water vapour to pass freely through the sheet. Melting of HDPE
is reported to occur around 127C with the melting point of the house wrap having been
previously reported as 135C [69, 70].
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2.3.6 Oriented Strand Board

Oriented strand board sheets are made of rectangular wood strands (typically 8 to 15 cm
long) blended with waterproof adhesive (usually phenol{formaldehyde (PF) resin [71]) that
are arranged into cross{directional layers. The average holocellulbsand lignin content

of oriented strand board is approximately 45% and 29% by mass, respectively, while the
remaining 26% of its composition is associated with the mass of the adhesive [73]. Similar to
the other building materials described above, many aspects of the thermal decomposition of
oriented strand board are commonly understood. Di erent phenomena have been observed
to occur as the interior temperature of an oriented strand board slab is increased [74{79]:

Dehydration of oriented strand board begins at around 10C, while evaporation of
chemically bound water occurs at slightly higher temperature, around 12Z;

The thermal decomposition of hemicellulose starts at approximately 200 { 220 C;
When temperatures reach about 23%, char formation commences;
At around 300 C { 315 C, thermal decomposition of cellulose begins;

In contrast to hemicellulose and cellulose, lignin decomposes at a slower rate and
over a broader reported range of temperature between 160{ 900 C;

The PF resin starts to thermally decompose at around 20QG and once the temper-
atures rise to about 630C the resin is fully volatilized.

The above presented discussion has outlined some of thermal degradation phenomena
that have been observed for individual materials. However, when multiple materials are
involved in an assembly, as in the case of exterior wall assemblies, the complexity of the
coupled heat and mass transport (e.g. thermal penetration through the bulk of the as-
sembly and migration of moisture) increases drastically [80]. One way to address this
challenge is by conducting systematic tests of materials and composites on di erent scales,
wherein specimen dimensions are progressively increased toward a nal large (real) scale.
This methodology is often referred to as a multi{scale (or scale{up) approach and has been
repeatedly employed by the re safety research community over the past decade [81{87].

“Holocellulose is a water{insoluble carbohydrate fraction of wood materials which includes cellulose
and hemicellulose content of wood [72]
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As the name suggests, the methodology involves conducting tests at multiple scales
to investigate the inherently complex physical processes occurring at each scale and thus
characterize the overall re behaviour for a given material or composite by better under-
standing the phenomena that drive that behaviour across scales as well. Typical scales
involved in such a multi{scale approach are presented below:

~ Micro{scale involves analysis of material behaviour based on samples of the material
with masses of a few milligrams. Testing at this scale can be performed by thermo-
gravimetric analysis, di erential scanning calorimetry, micro combustion calorimetry
and other bench{scale methodologies. Test results typically provide information re-
garding chemical reactions occurring in the materials in di erent ranges of tempera-
ture in terms of mass consumed and energy released or absorbed as well as associated
kinetic parameters. At this scale, the e ects of heat and species transport into a bulk
sample are minimized and the impact of increased temperature on the chemical for-
mulation of the specimens can be studied accurately. Test samples at micro{scale
are often assumed to have negligible mass and geometric dimension, as well as being
subject to uniform and homogeneous temperatures.

Material{scale analysis involves testing of specimens with masses around ten grams
and measuring a few cih At this scale, gradients of thermal penetration and species
transport can be studied as the samples are usually irradiated on one surface which
results in the displacement of decomposition and/or thermal fronts through the sam-
ple depth with time. The cone calorimeter is a prominent tool employed at this
scale. The conditions of specimen degradation seen from cone calorimetry testing
have been shown to be realistic, and can provide good sets of data with respect to
the above mentioned thermal penetration phenomena. In the cone calorimeter, the
surface of a specimen is subjected to varying levels of incident radiant heat ux and
simultaneous measurements of mass loss, smoke production, and heat release rates
are obtained in a timely and cost{e ective fashion. A detailed description of the test
apparatus, sample preparation and testing in the cone calorimeter as it was used in
this research is presented in Chapter 3.
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" Composite{scaleanalysis involves testing of layered composite assemblies referred to
as \sandwiches" in this work. In the context of exterior wall assemblies, sandwiches
present a layered design where representative materials of decorative surface siding,
exterior continuous insulation, weather resistant barrier and exterior sheathing sheets
are stacked in the order that they would be assembled in real walls (yet at a signi -
cantly reduced scale). The stacked assemblies are then subjected to varying levels of
radiant exposure; the methodology is similar to that followed at the material{scale
described above. Cone calorimeter testing can be performed at this scale as well to
obtain additional insight into thermal penetration through the di erent layers of a
sandwich assembly. In this way, the interactions of the constituent layers and their
impact on the observed bulk{path heat transfer phenomena can be investigated. The
layers used in construction of sandwich assemblies are typically the same products
tested individually at the material{scale.

Large{ or system{scalerefers to tests conducted at a size deemed to mimic the end
use of products as they would appear in a building. In the context of residential
building envelopes, large{scale analysis entails re testing of full exterior wall sec-
tions. Conducting tests at such a scale is usually expensive and requires employing
extensive instrumentation out tted to measure various parameters of interest such
as temperatures within the test wall assembly and heat uxes experienced at the ex-
posed wall face. The choice of re exposure (speci cally, temperature and heat ux
conditions from a re) and the extent of instrumentation involved is dependent on the
speci ¢ objective of a test, but can often be adapted from instrumentation speci ed
in either standard or custom test methodologies. In the present context, large{scale
testing is aimed towards capturing the thermal response of exterior wall assemblies
to temperature and heat ux conditions from a realistic re exposure and thereby
assessing the observed thermal degradation phenomena relative to the temperatures
measured in the degrading walls.

Extending from this background, it is of interest to further explore the state{of{the{art
in re testing at each of these scales, as well as across the scales, as related to thermal
penetration and re performance of exterior wall assemblies. This forms the bases for the
following section which outlines existing results rst from the literature related to material{
scale testing of the materials above, followed by what has been done in both composite{
and large{scale testing of exterior wall assemblies similar to those outlined here.
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2.4 State-of-the-Art on Multi-Scale Fire Testing of
Exterior Wall Components and Assemblies

2.4.1 Fire Testing at Matter- and Material-Scale

Thermal degradation phenomena of constituent exterior wall components is often described
in terms of critical temperatures at which certain degradation phenomena occur. Typically,
at the matter{scale, these have been determined by means of thermogravimetric analysis
which is a traditional method to investigate thermal degradation by measuring the rela-
tive change in the mass of a sample of material as a function of increasing temperature
through tests conducted at di erent heating rates (e.g. 5 K/min, 10 K/min, 20 K/min)
and atmospheres (e.g. in nitrogen and/or air) [88{94]. One of the advantages of the ther-
mogravimetric analysis is that the test conditions driving the degradation processes are
well controlled, due to the small mass of specimen being tested (near to one milligram)
and the slow heating rates employed [95]. Conditions of decomposition during thermo-
gravimetric analysis, however, are not representative of those that would occur in a real
re situation. For instance, the heating rates are considerably lower compared to the rate
of heating imparted by the heat ux from a realistic re and inhomogeneities, gradients
of temperature and di usion of species that may occur in a large sample of material are
not necessarily captured during the test. This is supported by the observation that when
a material is tested at slightly larger scales (e.g. when specimens weigh a few grams and
are a few cm large), the temperature of the material is often not uniform which can result
in behaviour quite di erent than that seen in a thermogravimetric analysis. Due to this
shortcoming, conducting tests at matter{scale is not pursued in this thesis work, however,
it is important to note that an extensive body of research exists in the literature pertinent
to thermogravimetric analysis of polyvinyl chloride [44{49,51], stone wool [54, 55,57, 58],
polyisocyanurate [63{65], extruded polystyrene [66,68], and oriented strand board [74{77]
samples at the milligram scale.

On the other hand, at the material{scale, gradients of thermal penetration and species
transport can be studied in the cone calorimeter wherein larger samples are subjected to
varying levels of incident radiant heat ux close to those seen from a realistic re expo-
sure. There have been numerous studies on all of the individual materials of exterior wall
assemblies, including polyvinyl chloride siding [96{102], stone wool [53,103, 104], polyiso-
cyanurate [62, 65, 105{109] and extruded polystyrene foam insulation [110{113], as well
as oriented strand board sheathing [75,77,114{125]. The majority of authors conducted
tests under external irradiation levels ranging from 20 kWm? to 70 kW=m? heat ux.
The focus of the vast majority of these studies was to obtain key parameters, such as
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times to ignition, critical heat ux for ignition, heat release rate, mass loss rate, smoke
production and toxicity, related to the reaction{to{ re behaviour of a given exterior wall
material in response to various levels of external heat ux. In only a limited subset of
these studies [53,65,115,125], were the samples instrumented with thermocouple probes to
provide additional insight into thermal penetration through the bulk of the test materials.

In general, proper evaluation of thermal degradation of exterior wall materials requires
measurements of temperature evolution over time [80], which in turn can speak to the
thermal penetration into and through the bulk of test materials. Therefore, it is crucial

to undertake a series of small{scale experiments to characterize the thermal penetration
and re performance of exterior wall materials wherein samples are instrumented with
thermocouple probes and temperature{time pro les are obtained concurrently with the
decaying specimen mass and heat release rate under varying levels of radiant exposures.
This thesis work aims to address this gap by instrumenting each exterior wall material
with temperature probes and exposing them to eight levels of external heat ux, ranging
from 15 kW=m? to 75 kW=m?, in the cone calorimeter. Details of a series of small{scale
experiments undertaken to characterize the thermal penetration and re performance of
vinyl siding, exterior continuous insulation, house wrap and oriented strand are presented
in Chapter 3.

2.4.2 Fire Testing at Composite-Scale

Investigations into the thermal response of sandwich assemblies has conventionally been
performed by conducting re tests at large{scale on select components of a full structure
under study [82]. Although these tests, when instrumented appropriately, could o er
adequate information regarding thermal degradation of the layers of a test assembly as
related to the heat transfer mechanisms through the assembly in response to a speci ed
re exposure, instrumenting and conducting such experiments is expensive and complex.
More recently, evaluation of re behaviour of scaled down sandwich assemblies has been
carried out with a cone calorimeter, facilitating more timely and cost{e ective investigation

of some of the phenomena that might occur at larger scale. A set of such studies that relate
to the present work are found in the literature [126{133] and are detailed below.
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Chow [126] conducted re hazard assessment on sandwich assemblies used in construc-
tion of temporary accommodation units in Hong Kong. The assemblies were made of
polyurethane foam insulation slabs sandwiched between two sheets of galvanized steel,
with one sheet on each side of the foam insulation core. The assemblies were tested in the
cone calorimeter under four levels of incident radiant heat ux (20, 25, 50 and 65 k¥?)
with one of the metal surfaces exposed to the prescribed level of external irradiation. Key
parameters on thermal behaviour and smoke emission were collected at each heat ux level
by measurements of heat release rate, mass loss rate, total smoke release, carbon monoxide
and carbon dioxide yields. Although much useful information was obtained related to pos-
sibilities of ashover (e.g. time and propensity to ashover) as well as smoke emission, and
related to what might be expected at a larger scale, no observations of thermal degradation
mechanisms or measurements to determine thermal penetration through the layers of the
sandwich were reported. Preliminary recommendations on what should be considered in
specifying standardized re tests for new regulations on the use of these sandwich panels
were discussed as well.

Following the aftermath of the 2017 Grenfell Tower tragedy, increasing number of stud-
ies have been conducted on understanding re behaviour of modern facade materials in
combination with underlying layers. Much emphasis has been placed on studying the re
performance of lightweight composite cladding such as aluminium composite panels which
were used in refurbishment of the Grenfell Tower and thus played a role in the ensuing
re [127{129]. These composite panels were constructed with an insulating slab core (such
as polyethylene, polyisocyanurate, and phenolic foam insulation as well as stone and glass
wool insulation) sandwiched between two thin layers of aluminium sheets. In these studies,
conducted by McKenna et al. [127], Khan et al. [128], and Hossain et al. [129], sandwich
assemblies were tested in the cone calorimeter under varying levels of external heat ux
(50 kW=m? in [127,129] and between 20 and 60 k¥nh? in [128]) and measurements of
time to ignition, heat release rate, total heat release, mass loss rate, and smoke produc-
tion rate were collected for each test. Assessment of reaction{to{ re properties, structural
failure of sandwich assemblies (such as bending, softening, cracking, and melting of insu-
lation) and evolution of toxic products were discussed and the results were related to re
behaviour of these assemblies at a larger scale. Similar to the study conducted previously
by Chow [126], no measurements to determine thermal penetration through the layers of
the sandwich were reported in these studies.

18



External thermal insulation composite (sandwich) systems (ETICS) intended for use
in energy{e cient building envelopes were also studied extensively in the cone calorime-
ter [130{133]. The principal design of an ETICS sandwich assembly includes insulation
material (such as extruded and expanded polystyrene foam insulation) which is a xed
to an exterior wall material, and forms the sandwich core, over which is applied a mesh
and cement bound mortar and then a nishing layer. Due to the known ammability
of some designs, certain installations also include embedded strips of stone wool or glass
bre which act as re barriers [134]. Similar to the previous studies conducted on metal{
insulation{metal sandwiches, scaled down ETICS sandwich assemblies were tested in the
cone calorimeter under varying levels of external irradiation (30 k¥mn? in [132,133] and
and 50 kWw=m? in [130{132]) and measurements of time to ignition, heat release rate, total
heat release, and mass loss rate were collected in each test. Results were then related to
what might be expected in a larger scale installation to provide some insight into scale
e ects and re hazard assessment in facade res as well. Again, no information regarding
thermal penetration through the layers of heated sandwich assemblies was presented in
these above studies since the test specimens had not been instrumented in each layer with
thermocouple probes. Consistent with this, no examination of the thermal degradation
of the constituent layers and their impact on the bulk{path heat transfer phenomena in
sandwich assemblies was discussed either.

In contrast, other work (for example, DiDomizio [80], Andes Valiente [87] and Aire
[135]), had indicated that in order to properly investigate the thermal degradation of
composite assemblies, it is crucial to obtain information on the temperature{time history
of the constituent components. Therefore, in experiments tailored for studying thermal
degradation phenomena, temperatures of each material in a composite assembly should be
measured during each test. Most importantly to the present research, there is no previ-
ously published research on re testing, at the composite{scale, on exterior wall assemblies
constructed with the layers identi ed in this work (vinyl siding, exterior continuous insula-
tion, house wrap and oriented strand). The experiments that form one key element of this
thesis research aim to address this gap. Constituent components of reduced scale exterior
wall assemblies (representative of a typical residential building envelope in Canada) will
be instrumented with temperature probes and exposed to low and higher levels of external
heat ux in the cone calorimeter. Details of this series of composite{scale experiments are
presented in Chapter 3.
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2.4.3 Fire Testing at Large-Scale

There have been numerous studies on the assessment of re hazard and re performance of
large exterior wall sections, with an increasing focus on assemblies representative of energy{
e cient building envelopes, such as the exterior thermal insulation systems (ETICS) [136{
147]. The majority of these studies were aimed towards identifying a harmonized test
protocol (i.e. standard test method) conceived to be repeatable, versatile, and able to
provide the relevant evaluation of re hazards (such as ame spread, heat release rate,
incident heat ux, and smoke obscuration) for use in re risk assessment. In a small subset
of these studies [138, 142, 146], the experiments were performed by following existing test
methodology such as BS 8414{1 and BS 8414{®here instrumentation and re exposure
are speci ed. The test con guration consists of a 8,000 mm tall 2,600 mm wide main
wall and a vertical 90 return wall (wing) measuring 8,000 mm tall and 1,500 mm wide,
located at one side of (and adjacent to) the main test wall. Sets of external thermocouples
are positioned in front of the main test wall face, on the centre line and at 500 mm
and 1,000 mm each side of the centre line ( ve locations), at two levels: 4,500 mm and
7,000 mm above the base of the wall. Thermocouples are also positioned in front of the
wing wall face at locations 150 mm, 600 mm, and 1,050 mm (three locations) away from
the nished face of the main test wall and the same two heights above the base of the
wall. Internal thermocouples are positioned at mid{depth within each layer of the test
assembly (exterior continuous insulation, for instance) that exceeds 10 mm in thickness.
These thermocouples are placed only at 7,000 mm above the base of the wall, on the
centre line and at 500 mm and 1,000 mm to each side of the centre line of the main test
wall, as well as on the wing wall at positions 150 mm, 600 mm and 1,050 mm away from
the the main wall. The response of the wall assembly to re exposure is captured by
recording temperature{time pro les at all thermocouple locations. The primary focus of
the studies was to investigate the impact of constituent wall components (e.g. nature and
thickness of embedded re barriers) on the overall re behaviour of exterior wall assemblies,
typically assessed on the basis of ame spread and temporal development of temperature
along the exterior of the test wall assembly [138,142,146]. For instance, Xin et al. [138]
and Bjegovt et al. [142] demonstrated that incorporating re barriers made of mineral
wool insulation into ETICS assemblies can signi cantly mitigate re spread along the
exterior of the test walls, while Zhou et al. [144] an€olc et al. [146] highlighted that with
application of these mineral wool barriers, the relative position of the barriers also had a

5BS 8414, Fire Performance of Exterior Cladding Systems, is a test standard initially developed by the
Building Research Establishment (BRE) in the United Kingdom, to evaluate whether a cladding system
subjected to an interior re breaking out of an opening (such as a window) in a multi{layer exterior wall
will result in excessive vertical re spread along the outside of the structure [148, 149].
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large in uence on mitigation of re spread up the exterior. Interestingly, despite the test
wall assemblies being instrumented with temperature probes, plate thermometers and heat
ux gauges, no information regarding thermal penetration through the layers of the exterior
assemblies was reported in these above studies. Consistent with this, no examination of
the thermal degradation of the constituent layers and their impact on the bulk{path heat
transfer phenomena in large sections of exterior wall assemblies was discussed either. It is
important to note that despite any existing data on re performance of large{scale exterior
wall assemblies, predicting re behaviour of entire wall assemblies remains challenging since
new materials are continually being introduced into the marketplace and there is no single
universal design for construction of residential building envelopes. These challenges are in
addition to the dearth of data regarding thermal degradation of, and thermal penetration
through, exterior wall components and their impact on the through{wall heat transfer
phenomena. Most importantly to the present research, there is no previously published
research on re testing, at a large{scale, on exterior wall assemblies constructed with the
layers identi ed in this work: vinyl siding, exterior continuous insulation, house wrap and
oriented strand.

Moreover, nearly all of the published studies on the re performance of exterior wall
assemblies have been concerned with one type of re exposure scenario. This is exposure to
ames from a fully developed room (compartment) re venting out and spreading through
an opening, such as a window, in the wall. Subjecting exterior wall assemblies to such
exposure has also been re ected in various test standards around the world including
CAN/ULC{S134 in Canada [29], BS 8414{1 and BS 84142 in the United Kingdom [148,
149], NFPA 285 in the United States [150], JIS A 1310 in Japan [151], and in international
standard 1ISO 13785{2 [152]. As mentioned previously, this is not the only mode of re
exposure that modern energy e cient building envelopes face, yet the impact of other
re scenarios (such as res igniting externally to the building and radiating back towards
the wall [7,143]) unfortunately have been judged as less critical, leading to a widespread
opinion that all other wall re exposure scenarios are covered by the above listed re
test standards [137]. The experiments that form one key element of this thesis research
aim to address this gap. Constituent components of large scale exterior wall assemblies
(representative of a typical residential building envelope in Canada) will be instrumented
with temperature probes and exposed to temperature and heat ux from a realistic, yet
contained, re ignited externally to the face of the wall. Details of this series of large{scale
tests are presented in Chapter 4.
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A nal element of the research in this thesis is to investigate the suitability of applying
a multi{scale (scale{up) approach for understanding the thermal penetration through,
and thermal degradation of, exterior wall materials under exposure to res in order to
better understand their impact on the overall re performance and bulk{path heat transfer
phenomena in reduced{ and large{scale wall assemblies. Although the use of reduced{scale
experiments (such as those conducted in the cone calorimeter) in conjunction with full{
scale tests for assessing the e ect of variations in the composition and design of exterior wall
assemblies was advocated more than two decades ago [153], to date, very few systematic
studies of this nature have been conducted. At the same time, the suitability of the
multi{scale approach has been shown to be e ective in limited studies concerning the re
performance of interior wall partitions [69, 87, 154].

In the present work, detailed results from reduced{ and large{scale experiments are
presented in Chapters 3 and 4, respectively, while discussions regarding the suitability of
the scale{up approach in predicting the overall re performance of exterior wall assemblies
constructed with the layers identi ed in this work are provided in Chapters 4 and 5.
Through the combined results presented then, the present research aims to add to the
existing knowledge on use of scaling approaches in re research, focused here speci cally
on studies into the re performance of exterior wall materials and assemblies encountered
most commonly in construction of residential building envelopes in Canada.
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Chapter 3

Small{Scale Fire Testing

In this Chapter, the experimental methods, instrumentation used in the small{scale tests,
materials selected and test assembly construction are described. The results of the small
scale tests are then presented and discussed. Following presentation of results for the
individual materials, data from the sandwich samples are outlined and related to what
might be expected in a full-scale test of a similar assembly.

3.1 Test Apparatus

Bench{scale re testing in this work was conducted by employing the cone calorimeter, as
it is widely used and has been found suitable for obtaining comparative evaluations of the
relative hazard posed by materials when subjected to re. In the cone calorimeter, the
performance of a material is determined on the basis of ignitability, heat release rate, total
heat release, mass loss rate, e ective heat of combustion and other derived parameters
[155,156]. A schematic diagram of the equipment is depicted in Figure 3.1.

A test specimen, measuring nominally 100 mm 100 mm in size, is placed in the
designated sample holder and mounted onto the load cell platform in the horizontal con-
guration, positioned such that the exposed surface is 25 mm below the base of the conical
heater of the cone calorimeter apparatus. The heater is rated at 5,000 W at 240 V, and
is capable of producing uniform levels of incident heat ux up to 100 k&Mm? onto the
exposed surface of the test specimen.
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Figure 3.1: A schematic diagram of the cone calorimeter apparatus

As the specimen is subjected to a prescribed level of incident ux, it heats up and
starts to release gaseous pyrolysis products, typically within a minute, following the onset
of exposure. Once su cient concentration of combustible pyrolysates are released, have
mixed with ambient air and the mixture is heated su ciently by the cone heater they ignite
forming a ame above the surface of the test specimen. This event is registered as \time
to ignition". The load cell, with an accuracy of 0.1 g, records the decaying mass of the
burning specimen. Combustion gases are collected in the extraction hood located above
the conical heater and are directed by an exhaust fan to the duct for extraction through
the exhaust stack. A set of temperature probes and di erential pressure transducers are
located with an ori ce plate in the exhaust stack to measure the volumetric ow rate of
the hot gases as they are extracted.

In the exhaust duct before the stack, a sampling ring draws combustion gases through a
series of soot and high{e ciency particulate arrestance lters, as well as a pair of desiccant
columns loaded with sorbent drying agent before entering the Servomex Xentra 4100 gas
analysis system of the cone calorimeter unit. These ensure that the sampled gas is soot{,
particulate{, and moisture{free for adequate operation of the gas analysis system. The
gas analysis system itself is equipped with paramagnetic oxygen,f@nd non{dispersive
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infrared carbon monoxide (CO) and carbon dioxide (Cg) analyzers which measure the
volume fractions of Q, CO, and CGO, in the sampled gas, respectively.

The end of the test occurs when aming combustion ceases (visible ames are no longer
observed). The extinction of visible ames marks \time to ame{out"; a test is concluded
120 seconds following this event.

During a test, the manufacturer{supplied cone calorimeter software, ConeCalc5 [157],
registers a number of data channels including:

" user entered time to ignition and time to ame{out;

~ dierential pressure and temperature in the exhaust stack as functions of time;

" measured volume fractions of @ CO, and CG, in the sampled gas as functions of
time; and

" the time varying mass of the test specimen.

At the end of a test, the software further reduces the data to estimate the following
parameters:

" heat release rate per exposed specimen area and total heat release during the burning
period, as well as
" mass remaining and total mass loss of the specimen from the start of the test, and

during the burning period.

The theory behind these parameters, as well as calculation methods employed are
presented in the next Section.

3.2 Calculation of Heat Release Rate and Derived Pa-
rameters

Heat release rate per unit exposed surface area of a burning specimen is determined using
the rst law of thermodynamics and the principle of oxygen consumption. This method
was rst proposed by Thornton in 1917, whose work demonstrated that for a majority
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of organic liquids and gases undergoing complete combustion, an approximately constant
net value of heat is released per unit mass of oxygen consumed [158]. In 1980, Huggett
discovered this to be also true for a large number of organic solids, and determined an
average constant value of 13 kJ of heat released per gram of oxygen consumed [159]. For
practical applications, this value is considered to be accurate with very few exceptions to
within 5% [160].

Thornton's work implies that in order to approximate the heat release rate of a burning
specimen, it is su cient to measure the change in the mass percentage of oxygen in the
combustion gases. Additional measurements of CO and @©ontent in the ue gases can
also be considered in heat release rate calculations to account for incomplete combustion.
Heat release rate per unit exposed surface area of a specimen at some test tinfellowing
the onset of exposureQqt) (kW =m?), is therefore estimated using Equation 3.1.

r
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The specimen mass remaining at some test time, following the onset of exposure,
is presented as a non{dimensional variable normalized by the initial mass of the sample
prior to testing, Mgpecimen (to), and is expressed as percent mass remaining as outlined in
Equation 3.3.

_ mspecimen (t)
m(t) =100% ——= 3.3
( ) ° specimen (to) ( )

The parameters estimated using the equations above (Equation 3.1{3.3) are used for ex-
amining the rates of thermal decomposition and temporal evolution of heat release through-
out the remainder of this thesis to demonstrate the underlying physics of material behaviour
in response to radiant heating.
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3.3 Specimen Preparation and Testing

Based on the literature review of exterior wall topology, construction practices and research
to date on re performance of exterior wall construction, the assemblies for this study
consisted of four distinct layers: decorative surface siding, exterior continuous insulation,
weather resistant barrier, and exterior sheathing.

Since the main objective was to assess heat transfer through wall assemblies lined with
di erent insulation materials, the exterior of all walls were clad with the same decorative
surface siding: 1.02 mm thick, commercially available polyvinyl chloride siding panels.

For the next layer, three exterior continuous insulation layers were chosen:

1. rigid stone wool insulation (31.75 mm thick),
2. polyisocyanurate foam insulation (25.4 mm thick), and
3. extruded polystyrene insulation (25.4 mm thick).

Again since emphasis was on understanding the impact of di erent insulation products
on re performance and heat transfer in wall assemblies, a single commercially available
house wrap made of 0.17 mm thick fused (non{woven) high{density polyethylene bres
was selected to represent the weather resistant barrier for all walls investigated. Likewise,
the sheathing was the same across all walls. A typical sheathing material, 12.7 mm thick
oriented strand board made of rectangular wood strands blended with waterproof adhesive
and arranged into cross{directional layers, was selected.

All materials were purchased in bulk from a local home improvement store in attempts
to minimize lot to lot variation in materials due to di ering times of purchase.

Specimens of each material were prepared for bench{scale re testing using the cone
calorimeter by cutting square specimens measuring 100 mnm2 mm on a side. Each was
conditioned to moisture equilibrium at 23C 2 C and 50% 10% relative humidity for
at least 24 hours prior to testing, in accordance with ASTM E1354{17 standard [161]. All
tests were conducted in a draft{free environment at an ambient temperature of 23 3 C
and relative humidity between 20% and 60%.

Cone calorimeter testing was conducted in two stages. First, each material in the wall
assembly was tested individually. Specimens were instrumented with 22{gauge Type{K
thermocouples connected to a National Instruments distributed 16{channel data acquisi-
tion system to measure and record the thermal response of each material during a test.
Independent tests were conducted on each sample type at each of eight levels of incident
heat ux (15, 20, 25, 30, 40, 50, 60, and 75 kWn?), comprising 145 tests in total.
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For vinyl siding tests, thermocouples were installed on the unexposed surface of each
sample of vinyl siding. For polyisocyanurate and extruded polystyrene insulation, due to
the additional thickness of the samples, thermocouples were installed along the bulk{path
of heat transfer through the insulation slab with one thermocouple placed at the mid{depth
of the insulating board to measure the thermal response of the material under di ering
levels of incident heat ux. Due to the known self{heating phenomena of stone wool
material [53], samples of this insulation were probed with three thermocouples instead,
centrally positioned at three depths within the bulk of the specimen slab to monitor the
di erences in the interior temperature rise rates along stone wool bulk under exposure to
radiant heating:

" 3 mm below the surface exposed to the conical heater (i.e. exposed surface);
" at the slab's mid{depth of 16 mm (i.e. centre); and

" 3 mm above the backside unexposed surface of the slab (i.e. unexposed surface).

In the case of oriented strand board sheets, thermocouples were mounted at the speci-
men mid{depth only due to the con ned slab thickness.

For all tests, the data acquisition system was con gured using FieldPoint and tem-
perature data was logged using custom LabView software at a sampling frequency of 0.9
Hz. The response of each specimen to thermal exposure (time{histories of temperature
changes) was simultaneously recorded using the cone calorimeter and data logging soft-
ware while visual observations of their behaviour were concurrently captured with video
recordings.

Once the ignition threshold, in terms of heat ux, of each exterior wall component was
identi ed, the layers were tested in combination to form a scaled wall assembly, referred
to as \sandwich" in this work. These sandwich assemblies were:

~ Sandwich #1, lined with rigid stone wool insulation;
" Sandwich #2, lined with polyisocyanurate insulation; and

" Sandwich #3, lined with extruded polystyrene insulation.
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Figure 3.2: Layered design of a scaled wall assembly for cone calorimeter testing: 1) vinyl
siding; 2) exterior continuous insulation; 3) weather resistant barrier; and 4) oriented
strand board

Each sandwich assembly was lined with one type of exterior insulation (rigid stone
wool, polyisocyanurate, or extruded polystyrene) while exposed (vinyl siding) and unex-
posed (weather{resistant barrier and oriented strand board) layers were kept the same.
The layers of each material were stacked as shown in Figure 3.2 with thermocouples placed
in the following positions: on the unexposed side of vinyl siding and at the mid{depth
of underlying insulation and oriented strand board sheets. The sandwich face lined with
vinyl siding was exposed to the conical heater of the cone calorimeter. The sandwich as-
semblies were tested at two irradiance levels: 15 kdw? and 50 kW=m? to capture the
di erence in thermal response of these assemblies to low and high levels of external heat
ux. The response of each sandwich was documented and comparative results regarding
thermal behaviour and re performance of the layered designs were obtained from mea-
sured thermocouple data paired with the calculated parameters from the cone calorimeter
software. At least 3 samples of each exterior wall material and each scaled assembly were
tested at each irradiance level, with results reported here averaged across each set.
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3.4 Results and Discussions

In this section, the results of the small{scale tests are presented and discussed. Following
presentation of results for the individual materials, data from the sandwich samples are
outlined and related to what might be expected in a large{scale test of a similar assembly.

3.4.1 Performance of Individual Wall Components

Polyvinyl Chloride Siding

Results of cone calorimeter tests conducted on polyvinyl chloride siding samples are
presented in Figures 3.3 through 3.5. The specimens were subjected to eight levels of
incident heat ux and measurements of mass remaining versus time, time{resolved heat
release rate per unit area as well as time{histories of unexposed temperature were recorded
during each test. The vinyl siding samples did not ignite when subjected to heat ux levels
below 50 kW=m?. As a result, measured heat release rates from tests conducted at 15,
20, 25, 30 and 40 kWm? ux were very low; for a large portion of the tests, they were
below the threshold of 30 kWw¥m? heat release rate per unit area (HRRPUA) resolution of
the cone calorimeter [162]. Time{resolved pro les of HRRPUA are therefore only shown
for tests performed under 50, 60, and 75 k¥h? external heat ux (Figure 3.5¢). Time{
varying plots of mass remaining and unexposed surface temperatures are also presented
separately for tests conducted at incident heat ux below and above 50 k¥h?; these are
given in Figures 3.4a{3.4b and 3.5a{3.5b, respectively. For tests conducted at less than 50
kw=m? heat ux, specimens were subjected to 10 minutes (600 seconds) of radiant heating,
whereas for cases of aming combustion of vinyl siding material, the tests were concluded
120 seconds after extinction of the visible ames as previously outlined in Section 3.1. In
the latter case, the test duration was at most 300 seconds.
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(a) virgin material (b) 15 kw=m? (c) 20 kW=m?

(d) 25 kW=m? (€) 30 kW=m? (f) 40 kW =m?

Figure 3.3: The state of vinyl siding samples a) before and after exposure to b) 15 &,
c) 20 kW=m?, d) 25 kW=m?, e) 30 kW=m?, and f) 40 kW=m? heat ux in the cone
calorimeter

The post{exposure state of vinyl siding samples subjected to incident heat ux levels
of 15 kW=m? through 40 kW=m? is shown in Figure 3.3. Upon examination of these after
test samples, it can be seen that all of the specimens charred leaving behind a carbon{
rich residue. After exposure to 30 kWm? and 40 kW=m? heat ux, the entire exposed
sample surface appears to be covered with ash. Moreover, the size of the post{exposure
samples is considerably smaller than 100 mm 100 mm dimension of the virgin speci-
mens because immediately as they were heated, the samples buckled and deformed and
subsequently shrinking in size as the test progressed. The distortion in sample geometry
under thermal heating, is likely associated with the bulk sample temperature approaching
the glass transition temperature which for vinyl siding has been reported to be between
61 C and 74C [52]. Referring to Figure 3.4b, this temperature range was attained very
early into the test, in fact, immediately after exposure to the prescribed level of incident
heat ux. The extent of geometric distortion (buckling, wrinkling, and shrinking) of the
siding material depended on both the level of applied external heat ux as well as duration
of exposure. This is demonstrated in Table 3.1, where the total areas of post{exposure
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samples are tabulated. These values were calculated by approximating the shape of the
charred residue as a trapezoid and computing the area. The percent loss in area was then
determined by computing the di erence between the sample areas before and after expo-
sure. As anticipated, the total area loss increased with increasing level of thermal exposure
from about 56% for 15 kWem? to 63%, 68% and 70% at 20, 30 and 40 k¥h? heat ux,

respectively.

Table 3.1: End{of{test total area loss of vinyl siding samples subjected to below 50 kiw?
heat ux exposure in the cone calorimeter

Incident Total Area Total Area Loss
Heat Flux  Post{Exposure Post{Exposure
(kw=m?) (cm?) (%)

15 43.70 56.30
20 37.40 62.60
25 33.06 66.94
30 32.19 67.81
40 30.60 69.40

(@)

(b)

Figure 3.4: Averaged time{resolved traces of a) mass remaining and b) unexposed tem-
perature pro les for vinyl siding tested in the cone calorimeter below 50 k¥Wn? ux
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Figure 3.4a presents mass remaining versus time for vinyl siding samples tested at
incident heat ux levels below 50 kWem?. From Figure 3.4a, it can be seen that the mass
loss and mass loss rate of the siding specimens increased with increasing external heat ux.
Regardless of exposure, however, not all the mass was consumed during these tests. Final
results are summarized in Table 3.2 in the form of percent mass loss recorded at the end
of each test. As can be seen from Table 3.2, the total mass loss increased from about 28%
under an incident heat ux of 15 k\WW=m? to 60% at 40 kW=m? heat ux, with intermediate
values of 40% and 51% for heat ux levels of 20 k¥h? and 30 kW=m?, respectively.

Table 3.2: End{of{test total mass loss of vinyl siding samples subjected to below 50 k¥i?
heat ux exposure in the cone calorimeter

Incident Heat Flux  Total Mass Loss

=m 0
(kW=m?) (%)
15 279 0.3
20 399 0.1
25 40.6 0.3
30 50.8 0.3
40 60.0 0.2

According to the literature [49,50], thermal decomposition of a polyvinyl chloride spec-
imen undergoes a two{step process. First, gaseous pyrolysis products, primarily hydrogen
chloride gas, are driven o the decomposing specimen bulk; this event is often referred
to as chain stripping. Consequently, liberation of gaseous pyrolysate leaves much of the
carbon content in the original sample behind as a solid char residue. Similar observations
as reported in Table 3.2 were also made by Wen [101], who studied re performance of
polymers in the cone calorimeter and further noted that not all of the mass of a polyvinyl
chloride sample was completely consumed by the end of the thermal exposure due to the
char that remained.
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The release of pyrolysis gases and subsequent char formation is further explored by
analyzing the varying rates of mass loss and temperature rise from the plots shown in
Figures 3.4a and 3.4b:

For the case of 15 kwWwm? heat ux, the release of pyrolysis products commenced at
around 120 seconds following the onset of exposure. Between 120 and 210 seconds, the
polyvinyl chloride sample continued to thermally decompose, losing mass at a rate of 0.018
g/s. The temperature rise within this 90{second window was 2.6€/s. After 210 seconds
and until the end of the test, the rate of mass loss and rate of temperature increase both
slowed considerably to approximately 0.004 g/s and 0.38/s, respectively. These slow
rates of decomposition and temperature increase are attributed to the formation of a stable
char layer with a low thermal conductivity. At the end of the test, the total mass loss was
about 28% while the unexposed temperature reached a quasi{steady value of 364.5
3.5C.

Under radiant heating at 20 kW=m?, sample pyrolysis began earlier, at around 72 sec-
onds after exposure. Between 72 and 160 seconds, the mass loss rate of the pyrolyzing
sample was also higher than at lower levels of exposure, around 0.034 g/s. The unexposed
surface temperature rose at a rate of 3.0€/s. After 160 seconds, char formation com-
menced. From this time until the end of the test, the rate of mass loss decreased to 0.004
g/s while the unexposed temperature continued to rise at a rate of 0.83/s. The total
mass loss at the end of the test was just below 40% and the steady{state temperature of
the unexposed surface was 401a 0.6 C.

As expected, under exposure to 25 kWn? incident ux, the release of pyrolysis prod-
ucts started even sooner, at around 60 seconds following the exposure. Between 60 and 130
seconds, the rate at which the pyrolysis gases were driven o the thermally degrading vinyl
siding specimen was approximately 0.043 g/s and the unexposed side temperature rose at
a rate of 3.13C/s. As char formed, the rates of mass loss and unexposed temperature
decreased to 0.003 g/s and 0.78/s, respectively. The total mass loss at the end of the
test was about 41% and the quasi steady{state temperature of the unexposed surface was
542.8C 2.2C.
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When subjected to 30 kWm? incident heat ux, the sample pyrolysis began at around
30 seconds following the onset of exposure. Between 30 and 120 seconds, the heated vinyl
siding sample pyrolyzed at a rate of about 0.052 g/s and the unexposed surface temperature
rose at a rate of 3.55C/s. After 120 seconds, char formation dominated and mass loss
rate again decreased to 0.004 g/s. Due to the higher incident ux, the temperature on the
unexposed surface rose at a higher rate of 0.82s. The total mass loss at the end of the
test was about 51% and the steady{state temperature plateaued at a value of 59€0
1.3C.

Under exposure to 40 kwWwm? incident heat ux, pyrolysis again began at around

30 seconds after the exposure. In this case pyrolysis products were liberated from the
specimen bulk at a rate of approximately 0.075 g/s for times between 30 and 90 seconds
after exposure, while the unexposed surface temperature increased at a rate of L@l
After 90 seconds, char formation dominated and the mass loss rate decreased to 0.004 g/s
while the unexposed side temperature continued to rise at a rate of 0.88s. At the end

of the test, the total mass loss and quasi{steady temperature achieved on the unexposed
specimen surface were 60% and 6534 2.4 C, respectively.

From the above results, it can be concluded that the rate of release of gaseous pyrol-
ysis products from thermally decomposing vinyl siding material increases with increasing
external heat ux from about 0.018 g/s for 15 kWem? to approximately 0.075 g/s at 40
kw=m?. Similarly, the rate of temperature rise at the unexposed sample surface increases
with higher levels of radiant exposure: from 2.6€/s at 15 kW=m? to 4.64 C/s under
40 kW=m? heat ux. In terms of char formation, the onset of charring for vinyl siding
samples occurs earlier in the test with increasing incident heat ux; however, the mass
loss rate during char formation appears to remain relatively constant at around 0.004 g/s
irrespective of imposed irradiance. The temperature rise on the unexposed siding surface
also tends to increase with higher levels of external irradiance, from 0.88s at 15 kW=m?
to about 0.86 C/s at 40 kw=m? with lower di erences in rate observed for external irra-
diances of 25 kWwm? through 40 kW=m?, where the average rate of temperature rise rate
was 0.082C/s  0.04Cl/s.
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In contrast to heating with the lower heat uxes discussed above, vinyl siding samples
ignited and burned when subjected to incident heat ux levels above 50 kw#h?. Cone
calorimeter test results from these experiments are presented in Figure 3.5, where time{
histories of sample mass remaining, unexposed side temperature, and heat release rate per
unit exposed specimen area are shown in Figures 3.5a, 3.5b, and 3.5c, respectively.

The overall behaviour of the vinyl siding samples under exposure to external heat ux
levels 50 kW=m? was similar to that discussed previously for the cases of 15 k¥ {
40 kw=m? irradiance: at the onset of exposure to radiant heat, the specimens started to
soften, buckle, and shrink while releasing gaseous pyrolysis products. Shortly afterwards,
char formation began. Under continued exposure to incident heat ux, the heated pyrolysis
gases ignited and formed a ame above the exposed surface of the specimen. The samples
continued to char throughout the aming combustion period and by the end of the test,
a charred residue, completely covered with ash, was left behind on the exposed surface
of the specimen. Post{test samples following exposure to 50 k¥?, 60 kW=m?, and 75
kW=m? heat ux were practically indistinguishable from the post{test specimen shown in
Figure 3.3f so are not included here. Again, due to charring of the vinyl siding, not all of
the sample mass was consumed by completion of the test. Referring to Figure 3.5a, the
percentage mass loss calculated post{exposure to 50 kW, 60 kW=m?, and 75 kW=m?
incident heat ux were 61.4% 0.4%, 60.9% 0.4%, and 62.0% 0.5%, respectively; on
average, 61.4% 0.6% across these experiments. The carbon{rich char remaining from the
vinyl siding material was therefore approximately 38.6% by mass, consistent with ndings
for similar vinyl siding products reported in the literature [163, 164].
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(a) (b)

(©)

Figure 3.5: Averaged time{resolved traces of a) mass remaining, b) unexposed temperature
and c) heat release rate per unit area pro les for vinyl siding tested in the cone calorimeter
above 50 KWEm? ux

An analysis of the total area loss across the experiments suggests an average end{of{test
area loss of 68.50% 3.52% for exposures of 50 kwn? { 75 kW=m? incident heat ux.
Interestingly, total area loss observed for both 30 kwm? (67.81%) and 40 kWWm? (69.40%)
ux exposure are also within that range. This suggests that past a critical exposure level,
31.5% of the sample (by volume) remains as char, while the remaining 68.5 vol.% of the
sample feeds the pyrolysis process, regardless whether those pyrolysis products underwent
aming combustion.
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The release of pyrolysis gases, their combustion characteristics and charring of vinyl
siding specimens is further explored by analyzing the varying rates of mass loss, tempera-
ture rise and heat release per unit exposed sample area from time{resolved traces of mass
remaining, unexposed temperature and HRRPUA pro les shown in Figures 3.5a, 3.5b,
and 3.5c, respectively. The times to ignition recorded during exposure to 50 k¥?, 60
kw=m?, and 75 kW=m? heat ux were 31, 24, and 12 seconds, respectively. Prior to
ignition of specimen bulk, the mass loss rates attributed to the initial release of gaseous
products were 1.36 g/s for 50 kWm?, 1.74 g/s for 60 kW=m?, and 2.89 g/s at 75 k\Wm?
heat ux exposures. At the same time, sample unexposed surface temperatures rose at
rates of 10.88C/s, 10.90 C/s and 11.39C/s for exposures of 50 kWm?, 60 kW=m?, and
75 kW=m?, respectively. Both these rates of increase were considerably higher than those
reported for the tests conducted at below 50 kWm? ux. Subsequently, when the py-
rolysis gases above the specimen bulk ignited, the heat release rate from burning sample
increased sharply, as can be seen from Figure 3.5c, attaining peak values of 138.63rktV
152.46 kWem?, and 236.37 kWwkm? under radiant heating to 50 kW=em?, 60 kW=m?, and
75 KW=m? ux, respectively. As anticipated, the durations of sustained aming, i.e. from
time to ignition to time when all visible ames were out, also decreased with increase in
external incident heat ux with values of 100 seconds at 50 kWmn?, 90 seconds at 60
kw=m?, and 64 seconds for 75 kWm? heat ux. During this period, the rates of mass
loss and unexposed side temperature rise also increased as:

" 0.081 g/s and 5.48C/s for the case of 50 k\Wtm? heat ux exposure;
" 0.095 g/s and 7.36C/s for the case of 60 kWm? heat ux exposure; and
" 0.125 g/s and 9.44C/s for the case of 75 kWwm? heat ux exposure.

The rates of mass loss and temperature increase over the duration of sustained aming
were lower compared to those observed in the period prior to ignition. This was likely due to
the formation and subsequent insulating e ect of the char, which was continuously formed
across the surface and through the thickness of the specimen throughout the test duration.
Finally, for experiments performed under 50 kWm? { 75 kW=m? radiant heating, the
end{of{test total mass loss and unexposed temperatures attained were 61.4% and 735.8
for 50 kW=m?, 60.9% and 747.8 for 60 kW=m?, and 62.0% and 795.& for 75 kW=m?
ux.
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Rigid Stone Wool Insulation

Results of cone calorimeter tests conducted on rigid stone wool insulation slabs are
presented in Figures 3.6 through 3.8 in the following paragraphs. The rigid stone wool
insulation did not ignite at any incident heat ux. As a result, the measured heat release
rate remained very low; for a large portion of the tests, it was below the threshold of 30
kW=m? heat release rate per unit area resolution of the cone calorimeter [162]. Thus,
for stone wool insulation, time{resolved pro les of heat release rate per unit area are
not presented in this section. Measurements of mass loss versus time, as well as time{
histories of temperature at three locations along the bulk{path of a slab were recorded
during each test. Since none of the samples ignited, tests were concluded ve minutes after
the temperature pro les at all three locations within the bulk insulation material reached
quasi{steady values.

The total mass loss of the rigid stone wool insulation increased with increasing level
of external incident heat ux starting at approximately 1% for 15 KW=m? ux to approx-
imately 7% at 75 kW=m?. Intermediate values of 2.5% and 3.6% were observed for 25
kw=m? and 50 kW=m?, respectively. The change in the mass loss is most likely attributed
to the quantity of organic binder and sample impurities, such as dust binding oil in the
sample, that thermally decompose under heating. This is consistent with the notion that
as temperatures in the sample increase, from lower to higher levels of incident heat ux
(<40 kW=m? to >40 kw=m?), more pyrolysis of the binder is likely to occur resulting in
a greater mass loss in the specimen [54]. The values seen in these tests are consistent with
an assumption that it is mainly the binder and associated additives that signi cantly con-
tribute to mass loss of stone wool insulation. This would suggest that the organic content
of these stone wool insulation samples would be between 1% and 7% by mass consistent
with results presented by Nagy [53] who reported mineral bre and organic binder contents
of 94%{99% and 1%{6% by mass, respectively, in similar samples.
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That the di erences in measured mass loss are related to binder composition is further
supported by visual observations of the tested insulation specimens. Dierent grades of
discolouration were observed for stone wool specimens heated at the varying levels of
external incident heat ux. This is illustrated in images of the stone wool specimens
exposed to three levels of incident heat ux (15, 40 and 75 k¥h?) in Figure 3.6. These
heat uxes were selected to demonstrate the extent of (exposed) surface and interior cross{
sectional discolouration observed for stone wool specimens after exposure to lowet((
kw=m?), moderate (40 kWem?), and higher (>40 kWw=m?) levels of incident heat ux.
The post{exposure samples were cut along the two mid{lines of the square specimen sides,
yielding four equal cubic pieces measuring 51 mm long 51 mm wide 32 mm thick.
This allowed the author to explore potential symmetry in the patterns of discolouration
along the two lines of symmetry of the original post{test specimen and to evaluate the
depth of the heat a ected zone within the sample interior. Two pieces of 51 mm 51
mm 32 mm dimensions were then put side by side forming one of the lines of symmetry
of the original post{test sample, measuring 102 mm long 51 mm wide 32 mm thick,
as depicted in Figure 3.6. The cut lines along the center of the half{specimens shown in
Figure 3.6 are artifacts of the post{exposure examination of samples as discussed above.
A virgin sample of stone wool insulation material (prior to testing) was also cut into four
equal cubic pieces and was used as a reference for identifying the discolouration patterns
on the post{exposure specimens. The sample section depicted in Figure 3.6a shows the
yellow and light khaki tint of a virgin stone wool specimen before testing.

The state of the sample following exposure to 15 k¥h? external incident heat ux
is shown in Figure 3.6b. No noticeable changes in colour were evident on the unexposed
surface and the four sides of the sample after heating at this exposure. On the other hand,
the colour of the exposed specimen surface changed from its initial yellow tint to brown,
with a brown to orange transition zone penetrating into the bulk of the sample. This
transition zone appears to be parabolic (concave up) in shape, deepest at the geometric
centre of the slab and symmetrically lessening in depth towards the edges and top of the
sample. It extended to a depth of about 13 mm into the sample thickness at its point of
farthest advance, as measured from the exposed sample surface. In contrast, near the edges
close to the exposed surface, the heat a ected zone advanced approximately 5 mm into the
sample thickness from the exposed sample surface. The shape of this heat{a ected zone
suggests that the there was a considerable thermal gradient in the sample in the radial
direction as the sample was heated under 15 k¥n? exposure. Similar observations were
recorded by Nagy [53] who investigated thermal penetration in disc{shaped stone wool
insulation specimens subjected to radiant heating in the cone calorimeter.
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(a) virgin material (b) 15 kw=m?

(c) 40 kw=m? (d) 75 kW=m?

Figure 3.6: The state of exposed surface and interior cross section of stone wool insulation
samples (a) before a test and after exposure to (b) 15 kd?, (c) 40 kW=m?, and (d) 75
kw=m? of external incident heat ux in the cone calorimeter

The post{exposure condition of a stone wool sample subjected to 40 KW incident
heat ux is shown in Figure 3.6c. Examination of the exposed surface and the outer
(unexposed) sides of the sample indicated the presence of a light brown discoloured strip,
measuring about 6 mm in thickness, surrounding the sides of the sample close to its exposed
surface (not depicted in the gure). No colour changes were observed on the underside of
the specimen. Similar to the experiment conducted under 15 k¥nh? incident ux, the
exposed surface completely changed in colour, in this case, from an initial light yellow tone
to light grey. In addition to surface discolouration, a pattern of light grey to brown to
orange discolouration can be seen in the sample cross section. The parabolic (concave up)
shape of this zone resembles the heat a ected region discussed above for the 15rk#\tase.
The light grey portion of discoloration extended 22.5 mm from the exposed surface into the
sample thickness at its farthest advance while the underlying brown strip (approximately
8 mm in thickness) reached the bottom of the specimen. Minor orange discolouration can
be noticed near the edges of the sample close to the unexposed side.
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Upon exposure to 40 kWm? heat ux, the sample appears to lose some of its original
rigidity, especially in the areas having light grey tones. The light grey areas of the sample
were soft to the touch and layers of mineral bres from this region could be easily separated
from the rest of the sample bulk. No further investigations were conducted to explore
the impact of varying heating rates on characteristics such as the compressibility of the
heated stone wool insulation, but the loosely stacked structure of mineral bres in the heat
a ected zone was likely due to thermal decomposition of the binding agent and associated
additives that had originally held the strings of mineral bres together in the rigid insulation
block. Similar observations were reported by Karamanos et al. [165] who investigated the
performance of stone wool under elevated temperatures.

The sample section depicted in Figure 3.6d shows the state of stone wool sample after
exposure to 75 kWwm? incident heat ux. A strip of three discoloured regions (light grey
to brown to orange), measuring 22 mm in thickness, was seen around the outer perimeter
of the sample close to the exposed surface. Slight discolouration from light yellow (initial
colour) to light brown was found on the underside (unexposed surface) of this specimen
suggesting that the heat had penetrated entirely through the sample during the exposure.
Similar to previous observations, the exposed surface of the sample underwent a distinct
colour change from light yellow (virgin material) to taupe. A taupe to light grey to brown
pattern of discolouration can also be seen in the interior cross section of the sample. Unlike
the above samples, the interior heat a ected zone for this specimen appears to encompass
the entire internal volume of the specimen bulk. The rigidity of the post{exposure sample
was signi cantly compromised, throughout the thickness of the original slab.

The variations in colour and the sequence of discolouration patterns (from light yellow
to orange to brown to light grey to taupe) are possibly linked to a series of thermal
degradation processes that have previously been observed during thermal degradation of
the organic binder in stone wool samples [154]. To further understand the relation between
binder decomposition and mass loss in the samples, it is of interest to examine the time{
histories of temperatures that were recorded at the three measurement positions within
the stone wool for increasing levels of incident heat ux as well. These are shown for the
cone calorimeter stone wool insulation samples tested at lower 40 kW=m?) and higher
( 40kw=m?) levels of external heat ux in Figures 3.7 and 3.8, respectively.
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(@) 15 kW=m? (b) 20 kW=m?

(c) 25 kW=m? (d) 30 kW=m?

Figure 3.7: Temperature{time pro les along the bulk{path of rigid stone wool insulation
exposed to (a) 15, (b) 20, (c) 25, and (d) 30 kWm? of external incident heat ux
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Figure 3.7a presents average temperature{time pro les through the bulk of a stone wool
sample subjected to 15 kWm? external incident heat ux. Following the onset of exposure,
the temperature of the exposed surface gradually increased to a steady{state value of
306 C 0.1C after 10 minutes of heating. The centre of the slab exhibited a similar
pattern of temperature increase with a rate of temperature rise of 0.6/s. The centre of
the specimen and the unexposed surface reached steady{state temperatures of @47
0.2C and 133C 0.4 C after 13 and 15 minutes of heating, respectively. Recalling the
extent of discolouration (Figure 3.6b) observed for the interior of the sample exposed to 15
kW=m? heat ux, the interface between the discoloured (brown to orange) and virgin (light
yellow) regions can be associated with an interface temperature of 2€7 suggesting that
binder decomposition commenced at temperatures around 280 Similar temperature
thresholds for binder decomposition were reported by Nagy [53] and Spstem et al. [54]
during thermogravimetric measurements on stone wool insulation at several heating rates
in air. Since only a partial volume of the specimen slab reached the binder decomposition
threshold by the end of the test, the total mass loss associated with thermal degradation
of organic content is expected to be relatively small. Consistent with this, the total mass
loss recorded for stone wool insulation under 15 k¥h? heat ux exposure was 1%, as
discussed previously.

Figures 3.7b and 3.7c present the time{histories of average temperatures recorded for
a stone wool sample during exposure to 20 kéh? and 25 kW=m? heat ux. At these
exposures, temperatures close to the surface reached steady{state values 0f@180.5 C
and 438C 0.9 C, respectively. In the case of 20 k\Wm? exposure, the centre of the
slab gradually increased to a steady{state of value 322 0.4 C after about 12 minutes
of heating with a rate of temperature rise of 1.1C/s, higher than that observed for 15
kw=m? exposure. A slightly higher rate of temperature rise (1.&/s) was calculated for
the centre thermocouple during heating of the stone wool sample subjected to 25 &W
external radiant heat ux. Consistent with this, the quasi steady{state temperature at the
centre of the slab exposed to a ux of 25 kWm? was also higher than that at 20 k\Wm?,
plateauing at 367C 1.1 C. Unlike the previous exposures (15 kwmn? and 20 k\WW=m?)
for the 25 kW=m? heat ux exposure, a peak temperature of 38€ was recorded by the
centre thermocouple at around 10 minutes into the test but decayed thereafter as can
be seen in Figure 3.7c. This behaviour could possibly be attributed to the thermocouple
measuring temperatures in an accumulation of hot pyrolysis gases released from thermally
decomposing organic content in stone wool insulation. Between 280and 500C, the rate
at which the binder thermally degrades increased and had been associated with elevated
temperatures recorded within the specimen bulk [53, 165].
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When the rate of generation of pyrolysis gases from thermally decomposing binder
surpassed the rate at which they could escape from the specimen body, some of the hot
gases were thought to remain locally trapped within the sample volume until they gradually
dispersed within the volume or out of the bulk material. For tests conducted at both 20
kw=m? and 25 kW=m? heat ux, the unexposed surfaces plateaued smoothly to steady{
state temperatures. The end{of{test values on the bottom (unexposed) surfaces of the
samples were 22&€ 0.3 C and 232C 0.2 C for 20 kwW=m? and 25 kW=m? heat ux,
respectively.

Average temperature{time pro les recorded through the thickness of the stone wool
insulation slabs under heating at 30 k\Wm? incident ux are presented Figure 3.7d. A
rapid increase in temperature was recorded by the surface thermocouple, reaching a steady{
state value of 505C 0.6 C within about one minute after exposure. At the centre of
the specimen, the temperature reached a peak value of 427 0.2 C in 9 minutes and
remained stable at that value for about 60 seconds followed by a gradual decrease in
temperature to a value of 392C 3.6 C towards the end of the test. While the peak
temperature recorded at the centre of the specimen was approximately @higher than
that recorded for the 25 kWem? exposure, it could also be associated with the thermocouple
measuring temperatures in a localized pocket of accumulated hot pyrolysis gases from the
thermally decomposing binder since it lied in the 25€ { 500 C decomposition temperature
range seen for similar stone wool materials. Unlike observations for 15 k? through
25 kW=m? heat ux exposures, when the sample was exposed to 30 kKv?, a peak in
temperature was also measured on the unexposed side of the sample. In this case, a peak
temperature of 337C occurred on the unexposed surface temperature about half{way into
the test following which it decayed to a value of 28& 1.3 C towards the test completion.
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(a) 40 kW=m? (b) 50 kW=m?

(c) 60 kW=m? (d) 75 kW=m?

Figure 3.8: Temperature{time pro les along the bulk{path of rigid stone wool insulation
exposed to (a) 40, (b) 50, (c) 60, and (d) 75 kWm? of external incident heat ux
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Figure 3.8a presents the average time{histories of temperatures recorded through the
thickness of stone wool samples during exposure to 40 ki heat ux. The exposed sur-
face thermocouple again showed an initial sharp increase in temperature and subsequently
reached a maximum value of 57C six minutes after the onset of exposure. Following
this, there was a slight temperature decrease which nally plateaued to a value of 581

0.5 C toward the end of the test. At the centre of the specimen, interior temperatures
increased at a rate of 2.7C/s to peak temperatures of 515C, also approximately six min-
utes after the onset of exposure. The centre temperature then gradually decreased to a
a steady value of 420C 1.3 C. A similar temperature{time pro le can be observed on
the unexposed surface with peak and steady{state temperatures of 425and 359C
1.6 C, respectively. The temperature maxima of 57C and 515C registered close to the
exposed surface and at the centre of the stone wool samples, respectively, are associated
with oxidation of gaseous pyrolysis products liberated from the thermally decomposing
resins in the insulation binders. The threshold temperature for initiation of this oxidation
reaction is reported to be 500 C [53,57,165]. Further, according to Paudel et al. [166], a
bell shaped pro le at temperatures above 50€ on a temperature{time curve for heated
stone wool represents a region a ected by energy (heat) released from these oxidation re-
actions. Figure 3.8a shows such a bell{shaped temperature region for the centre of the
sample between 6 and 8 minutes into the test. Recalling the grade, pattern and extent
of discolouration observed for the exposed surface and interior cross section of stone wool
sample exposed to 40 k\Mm? heat ux (Figure 3.6c¢), the light grey colour of the heat af-
fected zone was consistent with a chemical reaction and could be linked to the residues from
binder pyrolysis and oxidation, whereas the brown to orange tints more likely indicated
zones undergoing only thermal pyrolysis. It is also interesting to note that at temperatures
above 500C, in addition to potential oxidation of the binders, the binder resins could be
polymerized. In either case, they no longer connected the mineral bres [56] which then
resulted in decreased material density [165] observed here and noted above when discussing
the compromised rigidity of stone wool samples in the light grey heat a ected zones after
exposure to 40 kWm? heat ux.
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Figure 3.8b shows temperature{time histories for a stone wool sample tested at 50
kw=m? incident heat ux. Similar to the previous case for exposure to 40 k¥mn? inci-
dent ux, the exposed surface again experienced a sharp increase in temperature, almost
instantaneously reaching 601C and remaining at that value 0.3 C for the duration of
the test. The centre of the specimen heated at a rate of about@/s reaching a peak value
of 544 C ve minutes after the onset of exposure which was then followed by a gradual
decrease in temperature to a relatively steady value of 487 0.4 C. A similar pro le is
seen for the temperature of the unexposed surface with time, where a peak value of €57
was achieved and subsequently decreased to a value of 84 0.6 C.

Time{histories of measured temperature through the bulk of stone wool insulation
sample subjected to external radiant heating of 60 kWWn? are presented in Figure 3.8c.
Similar to the previous case of 50 kWm? ux, the exposed surface thermocouple showed
an initial sharp increase in temperature to a peak value of 676 by four minutes into the
test. This was followed by a gradual decrease in temperature to a steady value of &17

0.2 C. In contrast to any of the tests conducted at lower levels of incident ux, for
60 kW=m? exposure, the peak temperature measured at the centre of the specimen was
only slightly lower, 673 C, and occurred at about the same time as the peak measured by
the thermocouple at the exposed surface. According to Moesgaard et al. [59], who studied
crystallization of stone wool bres, the oxidation of siliceous species occurs at temperatures
above 650C. Consistent with this, the regions on the temperature{time curves between
650 C and 673C { 676 C peaks may relate to crystallization taking place across a broad
volume in the top half of the sample. Following the peaks, it is interesting that the decay
in temperature was di erent for the exposed surface than in the specimen centre as they
decreased to values of 61€ 0.2C and 530C 0.3 C, respectively, toward the end
of the test. A bell{shaped pro le of temperature with time, with a peak of 551C, was
registered on the unexposed surface six minutes following the onset of exposure suggesting
that binder oxidation might had occurred through the bulk of the sample at this level of
incident heat ux [53,57,165,166]. As in the cases above, following the peak, temperatures
decreased again, in this case to values of 408 0.3 C which were higher than for any
previous tests.
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Time{histories of measured exposed surface, specimen center and unexposed surface
temperatures for the case of stone wool samples subjected to 75 =W incident heat
ux are presented in Figure 3.8d. The shapes of these temperature{time pro les were
very similar to those discussed for exposures of 50 kW2 and 60 kW=m? heat ux. The
exposed surface rapidly rose in temperature after exposure, reaching steady{state values
of 735C 0.4 C. At the centre of the specimen body, a peak temperature of 695 was
attained ve minutes after the onset of exposure, which was then followed by a gradual
decrease in temperature plateauing at a value of 6@ 0.3 C. The time{history of
temperature for the unexposed surface was very similar, albeit with a sharper peak in
temperature reaching 614C, and subsequently leveling to 47Z 0.4 C. Taking 500 C
as a threshold value for commencement of binder oxidation reactions, it appears that
the binder in the entire interior volume of the stone wool sample oxidized in under four
minutes after exposure, consistent with the extent of the light grey discolouration patterns
discussed previously for visual observations of samples after exposure to 75=kW heat
ux. Referring to the colours observed in the stone wool insulation sections depicted in
Figure 3.6d, the taupe tint covering the exposed surface and portions of the interior cross
section (up to the sample's mid{depth) could be attributed to the crystallization of siliceous
species at temperatures above 63D [59], since these temperature levels were attained on
the exposed surface and at the centre of the sample early in the test, at one and three
minutes after exposure, respectively. Since the unexposed surface temperature did not
reach 650C, no taupe discolouration was observed between the mid{depth and bottom of
the specimen and colours there were more consistent with binder oxidation seen in samples
under lower exposure levels. Either way, the original rigidity of stone wool was signi cantly
compromised, especially in regions corresponding to highest temperatures (taupe colour).

Table 3.3 summarizes measured values of end-of-test and peak temperatures reached at
the exposed surface, center and unexposed surfaces of the stone wool insulation samples
across the eight levels of external incident heat ux tested. These values were presented
individually when discussing time{histories of recorded temperatures within the stone wool
samples at di erent heat uxes but are summarized here to illustrate trends across tests. As
can be seen from Table 3.3, both end{of{test and peak temperatures recorded at the three
measurement locations increased with increasing external incident heat ux. The onset
of thermal decomposition (pyrolysis) of organic content (binder and associated additives)
within the insulation commenced at temperatures of around 25Q; this could be seen via
visual observations and measurements in tests conducted at external heat uxes as low as
15 kw=m? (see end{of{test temperature at centre of sample in Table 3.3).
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Table 3.3: End{of{test and peak temperatures of stone wool insulation measured at three
depths across eight levels of external incident heat ux

End{of{Test Temperature Peak Temperature

Incident (O (O

Heat Flux

(kW =m?) Exposed Slab Unexposed| Exposed Slab Unexposed

Surface Centre Surface Surface Centre  Surface

15 3059 0.1 2469 0.2 1327 04 306.2 247.4 1334
20 418.1 0.5 3244 04 2255 0.3 424.1 326.3 226.1
25 438.0 0.9 3665 1.1 2316 0.2 455.4 389.1 233.5
30 504.7 0.6 3924 3.6 286.0 1.3 524.6 477.1 337.0
40 530.6 0.5 420.2 1.3 3586 1.6 570.9 514.9 424.5
50 601.0 0.3 456.8 0.4 373.6 0.6 628.3 543.8 456.6
60 616.6 0.2 529.7 0.3 408.3 0.3 675.6 672.6 550.5
75 7345 0.4 599.7 0.3 4724 04 755.3 694.6 614.3

Between 250C and 500C, the rate of binder decomposition increased with increasing
external heat ux, suggesting that at external heat uxes of 20 kwtm? to 30 kW=m?, pyrol-
ysis of binder in stone wool samples was the major contributor for increased total mass loss
and internal temperature rise (see peak temperatures at 25 k¥? and 30 kW=m? in Table
3.3). Physical evidence of binder pyrolysis was also demarcated by the brown to orange
tint seen on post{exposure samples depicted in Figure 3.6. Above 50 gaseous pyrolysis
products liberated from thermally decomposing binder were oxidized. This threshold tem-
perature appeared in peak and end{of{test exposed surface temperatures for 30 ¢
through 50 kW=m? heat ux, and as end{of{test temperature for even at the centre of
the specimen for 60 kWwm? exposure. Oxidation of organic matter was associated with
compromised stone wool rigidity; this was extensively demonstrated for the case of post 40
kW=m? heat ux exposure. At temperatures 650 C, crystallization of siliceous species
occurred. This could be seen in the peak temperatures tabulated in Table 3.3 for the cases
of 60 kw=m? and 75 kW=m?. The mineral bres in the a ected regions were characterized
by the taupe colour and were easily disintegrated as previously discussed in greater detail.
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Polyisocyanurate Insulation

Results of cone calorimeter tests conducted on polyisocyanurate insulation samples are
presented in Figures 3.9 through 3.12. The specimens were subjected to eight levels of
incident heat ux and measurements of mass remaining versus time, time{resolved heat
release rate per unit area as well as time{histories of specimen centre temperature pro les
were recorded during each test. Polyisocyanurate samples did not ignite when subjected
to heat ux levels below 50 kWEm?. As a result, the measured heat release rate from tests
conducted at 15, 20, 25, 30 and 40 k¥h? ux was below the threshold of 30 kWwsm? heat
release rate per unit area (HRRPUA) resolution of the cone calorimeter [162] for most
of the test. Thus, time{resolved pro les of HRRPUA are only shown for tests performed
under 50, 60, and 75 kWm? external heat ux (Figure 3.11c). Time{varying plots of
mass remaining and specimen mid{depth temperatures are presented separately for tests
conducted at below and above 50 kwm? heat ux; these are given in Figures 3.9a{3.9b
and 3.11a{3.11b, respectively. For tests conducted a 50 kW=m? heat ux, specimens
were subjected to 10 minutes (600 seconds) of radiant heating, whereas for cases of aming
combustion of polyisocyanurate insulation, the tests were concluded 120 seconds after
extinction of visible ames as previously outlined in Section 3.1. In the latter case, the
test duration was at most 300 seconds.

In this section, the cone calorimeter test results are rst discussed for experiments con-
ducted under< 50 kW=m? exposure, while subsequent paragraphs present data pertaining
to the tests performed under radiant heating of above 50 k#h? heat ux.
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The results of cone calorimeter testing of polyisocyanurate insulation specimens under
incident heat ux exposures of 15 kWwm? through 40 kW=m? are presented in Figure 3.9,
where time{histories of mass loss and temperatures recorded at the specimen’s mid{depth
are shown separately in Figures 3.9a and 3.9b, respectively.

(@)

(b)

Figure 3.9: Averaged time{resolved traces of a) mass remaining and b) slab centre tem-
perature pro les for polyisocyanurate insulation tested in the cone calorimeter below 50

KW=m? ux

Table 3.4: End{of{test total mass loss of polyisocyanurate insulation samples subjected to
below 50 kWEm? heat ux exposure in the cone calorimeter

Incident Heat Flux

Total Mass Loss

(kw=m?) (%)
15 43 04
20 6.9 0.3
25 9.7 0.3
30 146 0.5
40 225 0.9
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As can be seen from Figure 3.9a, only a small portion of the initial mass of the sample
was consumed upon completion of tests conducted at below 50 kW incident heat ux.
As shown in Table 3.4, the total mass loss increased with increasing level of imposed heat
ux from about 4% for 15 kW=m? to 23% at 40 kW=m? heat ux. Intermediate values
of approximately 7% and 15% were computed for 20 k¥h? and 30 kW=m?, respectively.
These values of mass loss likely occurred for the following two reasons:

rst, due to the presence of the protective layer (foil facer) the foam core was shielded
from the incident heat ux, an e ect that was more pronounced throughout radiant
heating under 15 kWem? { 25 kW=m? heat ux, and in the early stages of the tests
conducted at 30 kWem? and 40 kW=m? ux; and

secondly, due to charring of the foam core of the samples, and e ect observed for
experiments under exposure to 30 k¥n? and 40 kWw=m? incident heat ux.

As can be seen from Figure 3.9, after an initial period of exposure, the mass loss of
the sample and the temperature at the centre of the sample exhibited fairly linear pro les
with increasing time. As anticipated, both increased with increasing level of external heat
ux as well:

" for the case of 15 kWm? ux, the mass loss rate was 0.0008 g/s and rate of temper-
ature rise was 0.15C/s;

" for exposure to 20 kWm? heat ux, the rates of mass loss and temperature rise were
0.0014 g/s and 0.24C/s, respectively; and

" for heat ux of 25 kW=m?, the specimen mass loss and temperature rise rates of
0.0021 g/s and 0.32C/s were calculated.

Under the steady increases in temperature shown in Figure 3.9b, temperatures at the
centre of the polyisocyanurate slab by the end of the 600{second heating period under
exposure to 15 kWm?, 20 kW=m?, and 25 kW=m? ux were still fairly low, approximately
95 C, 148C, and 180C, respectively. Since the overall intensity of gaseous pyrolysate
generation was low at lower internal sample temperatures, the total mass loss associated
with thermal degradation of foam and subsequent liberation of volatiles from specimen
body was expected to be relatively small at these lower levels of incident heat ux. This
was consistent with the low values of total mass loss noted above.
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The low observed rates of mass loss also result from secondary e ects related to the
structure of the foam itself, as well as the protective foil layer on the exposed surface of the
polyisocyanurate sample. When subjected to an external radiant heat ux, as the interior
of the polyisocyanurate samples heated up they did not reach the 3@{ 370 C temper-
atures that have been associated with the onset of signi cant pyrolysis [154]. Further,the
closed{cell structure of polyisocyanurate insulation tended to limit the circulation of the
small quantities of gases that might be generated within the specimen as well. Finally,
the protective foil layer, which remained intact under incident heat ux from 15 kWem?
through 25 kWw=m?, might had trapped any gases that were generated within the sample
core. Should the integrity of the protective layer be compromised, which tended to occur
at 30 kW=m? heat ux, the closed{cell structure of the foam core may still inhibit escape
of accumulated gases, but without the foil covering the potential for escape would be less
restricted. In all cases, under continued exposure, some volatiles could escape through the
open sides of the foam layer of the present samples under exposure to 15=R\W{ 25
kW=m? heat ux, this was likely what resulted in the recorded mass loss.

When subjected to incident heat ux levels of 30 kWwWm? and 40 kW=m?, the behaviour
of polyisocyanurate samples during the early stages of the tests was similar to that described
for the 15 kW=m? { 25 kW=m? heat ux cases. The samples heated up and volatile gases
were initially trapped between the protective foil layer and the surface of the foam. As the
interior temperature of the sample further increased, the rate of vaporization intensi ed
and the volume of gas accumulated within the sample volume increased. Trapped gases
increased in pressure within the foam core and under the foil leading to lifting, detaching
and cracking of the facer as seen in Figure 3.10 which illustrates the post{test state of
polyisocyanurate specimens exposed to 30 kW and 40 kW=m? heat ux. As can be
seen from Figure 3.10b, large sub{surface bubbles formed on the left side of the exposed
foil facer surface due to pressure exerted by the accumulation of pyrolysis gases. The size
and frequency of such bubbles across the foil facer increased with increasing heat ux as
more pockets of accumulated hot volatile gases appeared. This can be seen for the case
of exposure of a sample to 40 kwn? in Figure 3.10c. At the same time, the integrity
of the foil facer also deteriorated with increasing external heat ux, as shown in Figure
3.10 for exposures to 30 kwm? ux, and which was further exacerbated and manifested
also by cracking of the bubbled regions at 40 kWn? heat ux. For both 30 kW =m?
and 40 kW=m? heat ux exposures, discolouration of polyisocyanurate specimens was also
observed as shown in the lateral side images presented in Figure 3.10.
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(a) virgin material

(b) 30 kW=m?

(c) 40 kW=m?

Figure 3.10: The state of exposed surface and lateral sides of polyisocyanurate insulation
samples (a) before a test and after exposure to (b) 30 k2 and (c) 40 kW=m? of external
incident heat ux in the cone calorimeter
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The residues remaining after the experiments suggest a black, porous char structure,
typical for polyisocyanurate insulation [154]. Due to the formation of char, the entire mass
of the polyisocyanurate samples was not consumed at the completion of the test. Instead,
the total mass loss for 30 k\Wwm? was about 15% and for 40 kWm? heat ux was around
23%. Similar to the cases of 15 k¥m? { 25 kW =m? heat ux exposures, the mass loss for
30 kw=m? and 40 kW=m? exposures tended to follow a fairly linear decrease with time,
with mass loss rates of 0.0029 g/s and 0.0045 g/s, respectively. The rate of temperature
rise recorded by the centre thermocouple was also fairly constant: 0.&€%s and 0.72 C/s
for the cases of 30 kWm? and 40 kW=m? ux, respectively. Referring to Figure 3.9b, the
guasi{steady state temperatures attained at the centre of the polyisocyanurate slab after
a 600{second long heating period under exposure to 30 kW? and 40 kW=m? ux were
higher than those at the lower levels of ux, approximately 205.& 1.6 C and 243.9C

0.4 C, respectively.
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The polyisocyanurate insulation samples ignited and burned when subjected to external
heat ux levels of 50 kw=m? through 75 kW=m? in the cone calorimeter. The results from
these experiments (time{dependent traces of mass remaining, slab centre temperature, and
heat release rate) are presented in Figure 3.11.

(a) (b)

(©)

Figure 3.11: Averaged time{resolved traces of a) mass remaining, b) slab centre temper-
ature and c) heat release rate per unit area pro les for polyisocyanurate insulation tested
in the cone calorimeter above 50 k\Wn? ux
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The polyisocyanurate specimens ignited at 108, 42, and 18 seconds following the onset
of exposure for tests performed at 50 k#n?, 60 kW=m?, and 75 kW=m? heat ux. The
duration of sustained burning shortened with increasing levels of external irradiation: 119
seconds for 50 kWm?, 110 seconds at 60 kW&m?, and 102 seconds under 75 k¥h?
irradiance.

During the early stages of exposure (prior to ignition), the behaviour of polyisocyanu-
rate samples was similar to that discussed for tests conducted at below 50 ®W ux.
After initial heating, the integrity of the foil facer covering the exposed sample surface
was severely compromised allowing the accumulated pyrolysis gases to freely escape the
sample bulk. Interestingly, irrespective of the external irradiance imposed across the range
of incident heat ux from 50 kW=m? { 75 kW=m?, the liberation of volatile gases from
the specimen body occurred at a similar, relatively steady rate of 0.011 g/s on average
prior to ignition of the sample. Consistent with this, as can be seen from Figure 3.11a,
comparable slopes (within 3.2%) of mass remaining traces with time were obtained up to
the time of ignition. Similarly, the temperature{time pro les (Figure 3.11b) recorded at
the specimen mid{depth for tests performed at 50 k\wm? { 75 kW=m? ux followed each
other closely, indicating that the increase in temperature at the slab centre also occurred
at a relatively steady rate of 1.02C/s  0.03 C/s. When the pyrolysis gases ignited, the
rates of mass loss and heat release per unit area rapidly increased. At this point also, the
heat release rate sharply increased (seen in Figure 3.11c), attaining peak values around 15
seconds after ignition, followed by a progressive decay until extinction of visible ames.
During the burning period:

" mass loss rates of 0.046 g/s, 0.071 g/s, and 0.076 g/s were calculated for 5G-k\A/
60 kW=m? and 75 kW=m? heat ux; and

" peak HRRPUA values of 250.07 kWm? for 50 kW=m?, 260.90 k\W\Wem? at 60 kW=m?,
and 280.65 k\Wwem? at 75 kW=m? exposure were achieved.

From thermal pro les at the centre of the samples, it is seen that the slopes of tempera-
ture vs. time traces are not linear throughout the burning period: the rate of temperature
rise was larger from ignition until peak HRRPUA, and then decreased during the decay
phase until completion of the test at which quasi{steady state values were achieved. Rates
of temperature rise during both periods, as well as the steady{state temperatures measured
at the end of the test are compiled in Table 3.5.
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Table 3.5: Temperature rise rates and end{of{test quasi{steady temperatures of polyiso-
cyanurate insulation measured at the sample mid{depth above 50 k¥n? incident heat

ux

Rate of Temperature Rise

Incident ( Cls) End{of{Test
Heat Flux Temperature
(kW =m2?) During HRRPUA During HRRPUA (O
Growth Phase Decay Phase
50 8.34 1.44 7375 2.7
60 10.94 2.30 782.4 0.9
75 16.77 2.78 766.5 2.0

As can be seen from Table 3.5, the rates of temperature rise during both phases in-
creased with increasing external heat ux, from about &/s for 50 kW=m? to around
17 C/s at 75 kW=m? during the re growth phase, and doubled from 1.4C/s to 2.8 C/s
during the decay phase for 50 kWm? and 75 KW=m? ux, respectively. Upon completion
of the tests, charred carbonaceous residues were left behind from burning polyisocyanurate
specimen as can be seen from the post{experiment state of the samples presented in Figure
3.12. Again due to char formation with the polyisocyanurate insulation material, not all of
the initial sample mass was consumed by the end of the test. End{of{test total mass loss
values of 55.2%, 57.5%, and 55.3% were calculated for heat exposures under 56ndy
60 kW=m? and 75 kW=m? incident ux, respectively.
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(a) 50 kW=m?

(b) 60 kW=m?

(c) 75 kwW=m?

Figure 3.12: The state of exposed surface and lateral sides of polyisocyanurate insulation
samples after exposure to (a) 50 kwm?, (b) 60 kw=m? and (c) 75 kW=m? of external
incident heat ux in the cone calorimeter
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Extruded Polystyrene Insulation

Results of cone calorimeter tests conducted on extruded polystyrene insulation samples
are presented in Figures 3.13 through 3.15. The specimens were subjected to eight levels
of incident heat ux and measurements of mass remaining versus time, time{resolved heat
release rate per unit area as well as time{histories of specimen centre temperature pro les
were recorded during each test. The bulk of extruded polystyrene specimens did not
ignite when subjected to heat ux levels below 40 kWm?2. As a result, the measured
heat release rate from tests conducted at 15, 20, 25, and 30 kW ux remained below
the threshold of 30 kWEm? heat release rate per unit area (HRRPUA) resolution of the
cone calorimeter [162] for a large portion of each test. Thus, for extruded polystyrene
insulation samples, time{resolved pro les of HRRPUA are only shown for tests performed
under 40, 50, 60, and 75 kWm? external heat ux (Figure 3.15c). The time{varying
plots of mass remaining and specimen mid{depth temperatures are presented separately
for tests conducted at below and above 40 k#h? heat ux; these are given in Figures
3.13a{3.13b and 3.15a{3.15b, respectively. For tests conducted<at40 kwW=m? heat ux,
specimens were subjected to 10 minutes (600 seconds) of radiant heating, whereas for cases
of aming combustion of extruded polystyrene insulation samples, the tests were concluded
120 seconds after extinction of visible ames as previously outlined in Section 3.1. In the
latter case, the test duration was at most 200 seconds.

In this section, the cone calorimeter test results are rst discussed for experiments con-
ducted under< 40 kW=m? exposure, while subsequent paragraphs present data pertaining
to the tests performed under radiant heating of above 40 k¥h? heat ux.
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The results of cone calorimeter testing of extruded polystyrene specimens under incident
heat ux exposures of 15 kWwm? through 30 kwW=m? are presented in Figure 3.13, where
time{histories of mass loss and temperatures recorded at the specimen's mid{depth are
shown separately in Figures 3.13a and 3.13b, respectively.

() (b)

Figure 3.13: Averaged time{resolved traces of a) mass remaining and b) slab centre tem-
perature for extruded polystyrene insulation samples tested in the cone calorimeter below
40 KW=m? ux

When subjected to a prescribed level of irradiance from the conical heater of the cone
calorimeter, extruded polystyrene insulation material softened, reduced in thickness and
melted into a viscous uid which pyrolyzed from the bottom of the sample holder. The
release of volatile gases from thermally decomposing extruded polystyrene melt uid con-
tinued until the shutters on the cone heater were closed and the specimen was removed.
Consistent with there being residue from the pyrolyzing uid melt, seen in Figure 3.14 for
a sample after exposure to 15 kWm? incident heat ux, not all of the sample mass was
consumed by the end of a test. Instead, the total mass loss recorded for exposures to heat
ux of 15 kW =m?, 20 kW=m?, 25 kW=m?, and 30 k\W=m? were 14.9%, 23.7%, 49.2%, and
68.2%, respectively. The remaining mass was in the form of a hardened residue from the
melted extruded polystyrene, likely due to the transition of polystyrene to a glass state as
its temperature was reduced after melting [154].
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