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EXECUTIVE SUMMARY

With the advent of new materials and innovative construction products and systems for use in
construction of houses, there is a need to understand what impacts these materials and
products will have on occupant life safety under fire conditions and a need to develop a technical
basis for the evaluation of their fire performance. To address these needs, the Canadian
Commission on Building and Fire Codes (CCBFC) and the Canadian Commission on
Construction Materials Evaluation (CCCME) requested the National Research Council of
Canada Institute for Research in Construction (NRC-IRC) to undertake research into fires in
single-family houses to determine factors that affect the life safety of occupants.

The research sought to establish the typical sequence of events such as the smoke alarm
activation, onset of untenable conditions, and structural failure of test assemblies, using specific
fire test scenarios in a full-scale test facility. This test facility (referred to as the test house
hereafter) simulated a typical two-storey detached single-family house with a basement, which
complied with the minimum requirements in the National Building Code of Canada (NBCC). The
full-scale experiments addressed the life safety and egress of occupants from the perspective of
tenability for occupants and structural integrity of structural elements as egress routes.

The overall research is planned for a number of phases of experimental studies with each phase
investigating specific structural systems of single-family houses based on specified fire
scenarios. Phase 1 of the experimental studies focused on basement fires and the floor
assembly located over a basement. The objectives were to understand the factors that impact
on the ability of occupants on the upper storeys to escape in the event of a basement fire. The
safety of emergency responders in a fire originating in single-family houses was not within the
scope of this research project. This report provides a summary for Phase 1 of the research.

A range of engineered floor systems, including wood I-joist, steel C-joist, metal plate and metal
web wood truss assemblies as well as solid wood joist assemblies, were used in the full-scale
fire experiments. A single layer of oriented strandboard (OSB) was used for the subfloor of all
assemblies without additional floor finishing materials on the test floor assemblies. This was
considered the code minimum since there are no specific code requirements for floor finishing
materials to be installed atop the OSB subfloor. For each experiment, a floor assembly was
constructed on the first storey directly above the basement fire compartment under an imposed
load of 0.95 kPa plus the dead load (mainly the weight of the assembly). Given that there are no
specific fire resistance requirements in the NBCC for the floor assemblies in single-family
houses, the floor assemblies used in the experiments were constructed with the structural
elements unprotected (unsheathed) on the basement side (considered as the code minimum).

A simple fuel package was developed for use in Phase 1 full-scale experiments to create a
repeatable fire that simulated a basement living area fire. This fuel package consisted of a mock-
up sofa constructed with exposed polyurethane foam and wood cribs. As the first item ignited,
the polyurethane foam produced a relatively severe, fast-growing fire, which was sustained by
the wood cribs. With the flaming combustion of polyurethane foam and wood cribs, the primary
gas products were toxic carbon monoxide (CO) and asphyxiant carbon dioxide (CO2) in a
vitiated oxygen (O2) environment. Given the amount of polyurethane foam in the fuel package
and the volume of the test house, hydrogen cyanide (HCN) produced from the combustion of
polyurethane foam did not reach a concentration of concern to occupant life safety. The fuel
package contained no chemical components that would produce acid halides or other irritant in
the combustion gases.



Combined with different ventilation conditions, the fuel package provided two relatively severe
basement fire scenarios with a reproducible fire exposure (above 800°C) to the unprotected
floor-ceiling assemblies. There was good repeatability of the fire development and severity in all
experiments. The only procedural difference between the two fire test scenarios was whether the
doorway at the top of the basement stairwell had a hollow-core interior door in the closed
position (closed basement doorway) or had no door at all (open basement doorway). There is no
requirement for a basement door in the NBCC. It is acknowledged that neither fire scenario
represents a frequent household fire scenario since a basement is not the most frequent site of
fires for single-family houses. On the other hand, the basement is the location where a fire is
most likely to create the greatest challenge to the structural integrity of the unprotected floor-
ceiling assemblies. The structural integrity of the assemblies is essential for occupants on the
first and second storeys to escape in the event of a serious fire. The results of this research
must be interpreted within the context of the relatively severe fire scenarios used in the full-scale
fire experiments.

Heat, combustion products and smoke produced from fires can, either individually or collectively,
create conditions that are potentially untenable for occupants. Tenability analysis was conducted
using temperatures, concentrations of combustion products and smoke optical densities
measured during the full-scale fire experiments. The purpose of the tenability analysis was to
provide an estimation of the time available for escape — the calculated time interval between the
time of ignition and the time after which conditions become untenable for an individual occupant.
For this project, incapacitation — a state when people lose the physical ability to take effective
action to escape from a fire — was chosen as the endpoint when undertaking the tenability
analysis. A fractional effective dose (FED) approach was used to estimate the time at which the
accumulated exposure to each fire effluent exceeds a specified threshold criterion for
incapacitation. The time available for escape thus calculated is the interval between the time of
ignition and the time after which conditions become incapacitating for an individual occupant.

Since the general population has a wide range of susceptibility to fire effluents and heat, the
exposure thresholds for incapacitation can change from subpopulation to subpopulation. Thus,
each occupant is likely to have a different time available for escape. The tenability analysis for
this project was conducted for 2 typical FED values (e.g. FED = 1 for a healthy adult of average
susceptibility and FED = 0.3 for a more susceptible person). The methodology can be used to
estimate the time available for escape associated with other FED values, if required.

Potential exposure to the toxic and asphyxiant gases, heat and smoke obscuration under the
test conditions was analyzed independently to estimate the time available for escape, without
consideration of the simultaneous exposure and their combined effect (the analysis for the gases
involved CO and CO2 and oxygen vitiation only). The toxic effect of CO is due to its affinity with
the hemoglobin in human blood to form carboxyhemoglobin (COHb), which reduces the
transport of oxygen in the blood to various parts of the body. In addition, CO2 stimulates
breathing that causes hyperventilation and smoke causes sensory irritation; both effects
accelerate impairment from toxic gases. Although the test scenarios used in this project did not
include typical furnishings, most house fires today create toxic combustion products as a result
of the burning of synthetic materials.
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Smoke obscuration was the first fire hazard to arise in the experiments. The smoke obscuration
limit (optical density = 2 m" at which occupants cannot see more than a distance of an arm’s
length) was reached consistently around 180 s in the experiments with the open basement
doorway. Although smoke obscuration would not directly cause incapacitation, it could impede
evacuation and prolong exposure of occupants to other hazards. It must be pointed out that
peoele with impaired vision could become disoriented earlier at an optical density lower than

2m .

For the experiments with the open basement doorway, heat exposure reached the incapacitation
doses on the first storey at times shorter or similar to CO exposure (except for Test UF-01); on
the second storey, CO exposure reached the incapacitation doses earlier than heat exposure
(except for Test UF-07). In most cases, the time difference for heat exposure and CO exposure
to reach the incapacitation doses was not significant with the open basement doorway.

Because of the variation in people’s susceptibility to heat and/or gas exposure, the time to
untenable conditions (incapacitation) is not a single value for a given fire condition. For the set of
experiments using the fire scenario with the open basement doorway, the calculated time
difference for incapacitation between an adult with average health (FED=1) and a more
susceptible occupant (FED=0.3) was no more than 40 s. The tenability analysis indicates that,
regardless what test floor assemblies were used, the untenable conditions (for incapacitation)
were reached at a consistent time frame in the experiments with the open basement doorway.
The incapacitation conditions due to heat or toxic fire gases were reached soon after smoke
obscuration. The presence of a closed door in the doorway to the basement reduced the rate at
which combustion products were conveyed to the upper storeys and thereby prolonged the time
available for escape before the onset of untenable (incapacitation) conditions.

In all of the experiments, structural failure of the test floor assemblies occurred. The moment of
floor failure was characterised by a sharp increase in floor deflection and usually accompanied
by heavy flame penetration through the test assemblies as well as by a sharp increase in
compartment temperature above the test floor assemblies. With the relatively severe fire
scenarios used in the experiments, the times to reach structural failure for the wood I-joist, steel
C-joist, metal plate and metal web wood truss assemblies were 35-60% shorter than that for the
solid wood joist assembly. In all experiments with the open basement doorway, the structural
failure occurred after the inside of the test house had reached untenable (incapacitating)
conditions. Results from replicate tests gave very repeatable durations to structural failure.
Having a closed door to the basement limited the air available for combustion, given the
relatively small size of the basement window opening, and prolonged the times for the test
assemblies to reach structure failure (from 50-60% longer than with the open basement
doorway).

There was structural deflection of all of the floor assemblies prior to their structural failure. The
steel C-joist floor assembly produced the highest deflection rate, followed by metal-web and
metal-plate wood trusses. The solid wood joist assemblies produced the lowest deflection rate.
There were three distinct patterns for structural failure of the test assemblies. For the solid wood
joist assemblies, the structure failure occurred after deflection of the floor, mainly in the form of
OSB subfloor failure (burn through). For all other floor assemblies, after deflection of the floor,
the structure failure occurred either in the form of complete collapse into the basement or in the
form of a “V” shaped collapse due to joist or truss failure.

A literature review was conducted to estimate the time required to egress from single-family
houses for ambulatory occupants assuming a tenable indoor environment and a structurally
sound evacuation route. Each occupant is likely to have a different time required for escape
because of different characteristics and behaviours of the occupants among other variables.
In fire situations, occupants may not necessarily begin evacuation immediately upon
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recognizing the warning from smoke alarms. They may spend time in various pre-movement
activities, such as confirming the existence of a fire, attempting to fight the fire, warning and
gathering family members, gathering valuables and donning warm clothes in winter, etc. If
occupants get involved in these various pre-movement activities rather than begin
evacuation immediately, they may miss the window of opportunity to evacuate safely under
certain circumstances. Data related to egress time from single-family houses is very limited.
It is not possible with the limited data available to provide precise estimates at this time.
More research is needed on the required egress times from single-family houses to provide
confident predictions.

The following conclusions can be drawn from this study on unprotected floor assemblies
exposed to relatively severe basement fire scenarios selected for the study. The test facility
represented a typical two-storey single-family house, which complied with the minimum code
requirements in the NBCC. Overall, the fire scenario with the open basement doorway was
more severe than the fire scenario with the closed basement doorway in terms of the structural
integrity of the unprotected floor-ceiling assemblies and the life safety of occupants.

For Fire Scenario with Open Basement Doorway

o Under the relatively severe fire test scenario with the open basement doorway, fire events
followed a chronological sequence: fire initiated and grew, smoke alarms activated, tenability
limits were exceeded, and then structural failure of the test floor assembly occurred. There
was a structural deflection of all of the floor assemblies prior to their structural failure.

¢ The estimated time to reach untenable conditions in the tests using engineered floor systems
was similar to that in the test using a solid wood joist floor system. The change in floor
construction basically did not change the estimated time to reach incapacitation for
occupants. Data analysis indicates that tenability conditions and the time to reach untenable
conditions appear to be the critical factors affecting the occupant life safety under the fire
scenario tested.

e The failure of unprotected floor assemblies in the test fire scenario does not appear to
be the critical issue affecting occupant life safety since the tenability limits were
reached before the structural failure of the test floor assemblies.

For Fire Scenario with Closed Basement Doorway

o The presence of the closed door in the doorway to the basement reduced the rate of fire
growth in the fire room and impeded the transport of combustion products from the basement
to the upper storeys. The closed door prolonged the time available for escape and the time
for the test assembilies to reach structural failure. The times available for escape before the
onset of untenable (incapacitation) conditions were roughly doubled and the times to reach
structural failure were from 50-60% longer than with the open basement doorway scenario.

o Limited experiments using the closed basement doorway scenario were conducted with the
solid wood joist assembly and two selected engineered floor assemblies. One engineered
floor assembly, which gave the shortest time to reach structural failure in the open basement
doorway scenario, failed structurally in the closed basement doorway scenario before the
tenability limits were reached for healthy adults of average susceptibility. Because the floor
failed structurally before the tenability limits were reached, this would represent a risk factor
for the occupants.



For Both Fire Scenarios

Fires started with polyurethane foam, a material widely used in upholstered furniture,
developed rapidly to produce relatively severe fire conditions both to the occupant life safety
and the structural integrity of the test assemblies.

An early alert to a fire appears to be the key to occupant life safety. The smoke alarm located
in the basement fire compartment consistently took 30-50 s to activate. (Note that the
ionization smoke alarm was not installed in the basement fire room to avoid dealing with
radioactive materials in the cleanup of debris after the fire tests and that using photoelectric
smoke alarms in the basement resulted in more conservative activation times than using
ionization smoke alarms for the flaming fire scenarios.) The experimental results highlight the
importance of the requirements in the NBCC — that working smoke alarms be located on
each level and that all smoke alarms be interconnected to ensure an early alert by one smoke
alarm (the basement one in this study) will activate all the smoke alarms in the house. This
would facilitate the occupants becoming aware of the fire sooner and would provide more
time for occupant evacuation before the conditions in the house become untenable.

With the relatively severe fire scenarios used in the experiments, the times to reach structural
failure for the wood I-joist, steel C-joist, metal plate and metal web wood truss assemblies
were 35-60% shorter than that for the solid wood joist assemblies. The main mode of
structural failure for the solid wood joist assemblies after they structurally deflected was by
flame penetration through the OSB subfloor, with most of the wood joists significantly charred
but still in place at the end of the tests. Whereas for all other floor assemblies, after they
structurally deflected, they failed by complete structural collapse due to joist or truss failure.
The time gap between the onset of untenable conditions and the structural failure of the floor
assembly was smaller for the engineered floor assemblies than for the solid wood joist
assembly used in the experiments.

Untenable conditions were not reached, for the duration of the tests, in the second storey
bedroom where the door to the bedroom was closed.

Data obtained from the test program demonstrated good repeatability of the fire severity
(temperature profiles in the fire compartment), smoke alarm responses, times to untenable
conditions and to structural failure.

The results of this study reinforce the importance of continued public education on the
awareness of fire hazards and the need for home fire emergency preparedness. In the event
of fires similar to the relatively severe fire scenarios used in this study, the time window for
safe evacuation can be very short and, therefore, it is vital for occupants to understand that
when the smoke alarm sounds, everyone should leave the house immediately. It is important
to have a home fire escape plan and practise the plan so that occupants know what to do in
the event of a real fire in order to minimize the pre-movement activities and to quickly
evacuate from their house before the conditions inside become untenable.

More research is needed on the required egress times from single-family houses.
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SOMMAIRE

L’arrivée de nouveaux matériaux et de produits et systémes novateurs dans le secteur de la
construction résidentielle oblige a déterminer quelles répercussions leur utilisation aura sur la
sécurité des occupants en cas d’incendie, et a établir un fondement technique pour I'évaluation
de leur résistance au feu. C'est pourquoi la Commission canadienne des codes du batiment et
de prévention des incendies (CCCBPI) et la Commission canadienne d’évaluation des matériaux
de construction (CCEMC) ont demandé a I'Institut de recherche en construction du Conseil
national de recherches du Canada (IRC-CNRC) de mener une étude afin de mieux comprendre
les facteurs qui ont un impact sur la sécurité des occupants en cas d’incendie dans une maison
individuelle.

L’étude visait a établir la chaine d’événements qui surviennent habituellement durant un
incendie, notamment le déclenchement des avertisseurs de fumée, I'atteinte de conditions
intenables et la défaillance structurale de l'installation d’essai, dans le cadre de scénarios
d’incendie concrets mis en ceuvre dans une installation en vraie grandeur. Cette installation
d’essai (ci-aprés appelée « la maison d’essai ») est une maison individuelle ordinaire de deux
étages avec sous-sol respectant les exigences minimales du Code national du batiment du
Canada (CNB). Les essais en milieu réel ont porté sur la sécurité et I'évacuation des occupants,
sur les plans de la viabilité pour les occupants et de I'intégrité structurale des éléments
d'ossature qui servent a évacuer les lieux.

Le programme de recherche global prévoit une étude expérimentale en diverses phases, qui
porteront chacune sur des structures particuliéres au sein de maisons individuelles selon des
scénarios d’'incendie précis. La Phase 1 de I'étude expérimentale était axée sur les incendies qui
se déclarent dans un sous-sol et sur le plancher se trouvant au-dessus de cette zone. Les
chercheurs avaient pour objectif de mieux comprendre les facteurs qui restreignent la capacité
des occupants situés aux étages supérieurs d’évacuer les lieux dans le cas d'un incendie au
sous-sol. La sécurité des intervenants d’'urgence pendant I'incendie d’'une maison individuelle
n’entrait pas dans le cadre de ce projet de recherche. Le rapport ci-joint comprend un sommaire
de la Phase 1 de I'étude.

Divers composants de planchers en bois d’ingénierie ont été utilisés pour mener les essais, dont
des solives de bois en |, des solives d’acier en C et des fermes de bois ajourées a plaques de
métal ou a armature métallique, ainsi que des planchers a solives de bois massif. Pour réaliser
les planchers d’essai, on n'a eu recours qu'a une seule épaisseur de panneaux a copeaux
orientés (OSB) pour tous les supports de revétement de sol, sans autre matériau de finition.
Comme il n’existe pas d’exigences pour les matériaux de finition a installer sur un support de
revétement de sol en panneaux OSB, nous avons considéré cet assemblage comme étant
I'exigence minimale du CNB. Pour chaque essai, un plancher a été construit au rez-de-
chaussée, directement au-dessus du compartiment a incendie du sous-sol, en tenant compte
d'une charge imposée de 0,95 kPa en plus de la charge permanente (principalement le poids de
la structure). Le CNB n’ayant aucune exigence particuliére relativement a la résistance au feu
des planchers des maisons individuelles, les éléments structuraux des planchers utilisés
pendant les essais n'ont pas été protégés (sans revétement) du cbté du sous-sol (considéré
comme I'exigence minimale du Code).

Un ensemble combustible simple a été élaboré en vue des essais en vraie grandeur de la Phase
1 pour créer un incendie reproductible qui simule un incendie dans un sous-sol aménagé. Cet
ensemble était composé d’un faux canapé en mousse de polyuréthane, sans revétement, et de
bdchers. Au moment de I'inflammation, la mousse de polyuréthane a produit un incendie assez
violent qui, alimenté par les bldchers, s’est répandu rapidement. Les principaux gaz produits par
la combustion accompagnée de flammes de la mousse de polyuréthane et du bois sont le
monoxyde de carbone (CO) (toxique) et le dioxyde de carbone (CO2) (asphyxiant) dans un
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milieu d’oxygéne (O2)vicié. Etant donné la quantité de mousse de polyuréthane présente dans
I'ensemble combustible et le volume de la maison d’essai, I'acide cyanhydrique (HCN) produit
par la combustion de la mousse n’a pas atteint une concentration préoccupante pour la sécurité
des occupants. L’ensemble combustible ne contenait aucun produit chimique susceptible de
produire des halogénures d’acyle ou d’autres irritants dans les gaz de combustion.

Dans différentes conditions de ventilation, I'ensemble combustible a produit deux scénarios
d’incendie relativement violents au sous-sol ou les structures plancher-plafond non protégées
ont été soumises a un feu de plus de 800 °C. Tous les essais ont révélé une bonne
reproductibilité du déclenchement des incendies et de leur violence. La seule différence de
procédure entre les deux scénarios était la suivante : dans un cas, I'escalier du sous-sol était
fermé en haut par une porte d’intérieur a ame alvéolée (porte du sous-sol fermée); dans l'autre
cas, il N’y avait pas de porte (accés libre au sous-sol). Le CNB ne mentionne aucune exigence a
cet égard. Il est entendu qu’aucun des scénarios n’est représentatif d’'un incendie courant, car le
sous-sol n’est pas le foyer d’incendie le plus fréquent dans les maisons individuelles.
Cependant, c’est dans le cas d’incendies au sous-sol que I'intégrité des structures plancher-
plafond non protégées est le plus rudement mise a I'épreuve. L’intégrité structurale est
essentielle pour permettre aux occupants du rez-de-chaussée et de I'étage d’évacuer la maison
en cas d’incendie grave. Les résultats de la présente étude doivent donc étre interprétés en
tenant compte des scénarios d’'incendie relativement violents utilisés dans les essais en vraie
grandeur.

La chaleur, les produits de combustion et la fumée générés par un incendie sont des éléments
qui, seuls ou combinés, risquent de créer des conditions intenables pour les occupants. Ce
concept de viabilité a été analysé en utilisant les températures, les concentrations de produits de
combustion et les valeurs de densité optique de la fumeée enregistrées pendant les essais en
vraie grandeur. On voulait ainsi estimer le temps d’évacuation disponible, c'est-a-dire l'intervalle
de temps entre I'inflammation et le moment ou les conditions deviennent intenables pour
'occupant. Dans le contexte du présent projet, I'incapacité (état d’'une personne qui perd sa
capacité physique a prendre les mesures d’évacuation nécessaires) a été désignée comme
critére d’évaluation pour I'analyse. Une méthode fondée sur les fractions de dose efficace (FDE)
a servi a évaluer le moment auquel I'exposition cumulée a chaque effluent de combustion
excede un certain seuil d’'incapacité. Le temps disponible pour I'évacuation ainsi mesuré
correspond a l'intervalle entre le moment de l'inflammation et le moment ou les conditions
deviennent incapacitantes pour 'occupant.

Les degrés de sensibilité aux effluents de combustion et a la chaleur dans la population
générale étant trés variés, les seuils d’exposition menant a I'incapacité peuvent changer d’'une
sous-population a une autre. Par conséquent, chaque occupant ne dispose pas du méme temps
d’évacuation. L’analyse de viabilité réalisée pour cette étude a pris en compte deux valeurs de
FDE types (1 = adulte en santé moyennement sensible; 0,3 = une personne plus sensible). La
méthode peut servir a évaluer le temps disponible pour I'évacuation associé a d’autres valeurs
de FDE, au besoin.

Le risque d’exposition aux gaz toxiques et asphyxiants, a la chaleur et a 'obscurcissement par
la fumée dans les conditions d’essai a été analysé séparément pour évaluer le temps
d’évacuation disponible, sans tenir compte de I'exposition simultanée et des effets combinés
(ranalyse des gaz portait sur le CO, le CO2 et 'oxygéne vicié seulement). La toxicité du CO est
due a sa capacité d’interaction avec ’hémoglobine du sang humain pour former de la
carboxyhémoglobine (COHb), qui restreint le transport de I'oxygéne dans le sang vers les
différentes parties du corps. En outre, le CO2 provoque I'hyperventilation en stimulant la
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respiration et la fumée cause une irritation sensorielle; ces deux effets accélérent I'incapacité
causée par les gaz toxiques. Bien que les scénarios d’essai du projet ne comprennent pas de
mobilier courant, la plupart des incendies résidentiels de nos jours générent des produits de
combustion toxiques découlant de la combustion de matériaux synthétiques.

L’obscurcissement par la fumée a été le premier danger d’'incendie a étre soulevé pendant

I'étude. La limite d’'obscurcissement (densité optique de 2 m” au niveau duquel les occupants
ne peuvent voir plus loin que la longueur de leur bras) a été invariablement atteinte aprés
environ 180 secondes lors des essais avec acceés libre au sous-sol. Sans étre la cause directe
de l'incapacité, 'obscurcissement par la fumée peut nuire a I'évacuation des occupants et
prolonger leur exposition a d’autres dangers. |l convient de souligner que les personnes ayant
une déficience visuelle se sentiront désorientées plus rapidement, avec une densité optique

. . . R -1
inférieurea2m .

Pour ce qui est des essais menés en acceés libre au sous-sol, les doses incapacitantes
d’exposition a la chaleur au rez-de-chaussée sont atteintes plus rapidement ou a la méme
vitesse que I'exposition au CO (sauf pour le Test UF-01); a I'étage, les doses incapacitantes
d’exposition au CO sont atteintes plus rapidement que dans le cas de la chaleur (sauf pour le
Test UF-07). Dans la plupart des cas, la différence de temps pour I'atteinte des doses
incapacitantes entre I'exposition a la chaleur et I'exposition au CO n’est pas significative dans
les essais avec acceés libre au sous-sol.

Etant donné que les gens n'affichent pas tous le méme degré de sensibilité & I'exposition a la
chaleur ou au gaz, le temps pour I'atteinte de conditions intenables (incapacité) ne peut se
résumer a une seule valeur pour une situation d’'incendie donnée. Pour les essais menés avec
acces libre au sous-sol, la différence de temps pour I'atteinte de I'incapacité entre un adulte de
santé moyenne (FDE = 1) et un occupant plus sensible (FDE = 0,3) n'a pas dépassé 40
secondes. Selon 'analyse de viabilité effectuée, et peu importe la structure de plancher utilisée,
les conditions intenables sont atteintes dans sensiblement les mémes temps lors des essais
avec acces libre. Les conditions d’incapacité causées par la chaleur ou les gaz de combustion
toxiques sont atteintes peu de temps aprés I'obscurcissement par la fumée. La présence d’une
porte fermée dans I'entrée qui méne au sous-sol réduit la vitesse de propagation des produits de
combustion aux étages supérieurs, ce qui allonge le temps d’évacuation disponible avant
I'apparition des conditions intenables (incapacitantes).

Tous les essais ont provoqué une défaillance structurale des planchers. Cette défaillance était
caractérisée par une forte augmentation de la flexion du plancher et s’accompagnait
habituellement d’'une pénétration importante des flammes a travers les structures d’essai, ainsi
que d’'une augmentation marquée de la température dans le compartiment au-dessus du
plancher. Dans les scénarios d’'incendie relativement violents utilisés lors des essais, le délai
d’atteinte de la défaillance structurale des planchers a solives de bois en |, a solives d’acier en C
ou des fermes de bois ajourées a plaques de métal ou a armature métallique a été de 35 a 60 %
plus court que pour le plancher a solives de bois massif. Dans tous les essais avec acces libre
au sous-sol, la défaillance structurale est survenue aprés l'atteinte des conditions intenables
(incapacitantes) a l'intérieur de la maison d’essai. Les résultats du méme essai répété ont donné
des délais similaires avant la défaillance. Lors des essais menés a porte fermée, la quantité d’air
disponible pour la combustion était limitée, étant donné la taille relativement petite des fenétres
du sous-sol, et le délai avant la défaillance des structures d’essai a pu étre prolongé (de 50 a 60
% plus long que dans les scénarios avec acces libre).

Il y a eu déformation structurale de tous les planchers avant la défaillance structurale. Ce sont
les planchers a solives d’acier en C qui ont subi la flexion la plus rapide, suivis par les fermes de
bois ajourées a plaques de métal ou a armature métallique. La flexion des planchers a solives
de bois massif s’est avérée la plus lente. Trois tendances se dessinent en ce qui concerne la
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défaillance des structures d’essai. Pour les planchers a solives de bois massif, la défaillance
structurale se produit aprés la flexion du plancher, et se présente surtout sous la forme d’une
défaillance du support de revétement de sol en OSB (pergage par brllure). Pour tous les autres
planchers, la défaillance structurale se produit aprés la flexion et provoque I'effondrement
complet dans le sous-sol ou un effondrement en « V » causé par la défaillance des solives ou
des fermes.

Une analyse documentaire a été réalisée pour évaluer le temps nécessaire a I'évacuation
d'occupants ambulatoires dans des maisons individuelles, avec un milieu intérieur tenable et
une voie d’évacuation dont la structure est solide. Ce temps risque d’étre différent d’'un occupant
a l'autre, entre autres en raison des différentes caractéristiques et du comportement de chacun.
En cas d’incendie, les occupants n’évacuent pas nécessairement dés la reconnaissance de
I'alerte donnée par les avertisseurs de fumée. lls sont susceptibles de faire d’abord quelques
vérifications, comme confirmer la présence d’'un incendie, tenter d’éteindre le feu, alerter et
rassembler les membres de la famille, ramasser des objets de valeur et des vétements chauds,
etc. S’ils se consacrent a ces activités de pré-évacuation au lieu d’évacuer immeédiatement, les
occupants risquent de rater 'occasion d’évacuer la maison de fagon sécuritaire. Les données
disponibles sur les temps d’évacuation dans les maisons individuelles étant rares, il n’est pas
possible de présenter des estimations précises pour le moment. Il faudrait pousser les
recherches sur les temps d’évacuation nécessaires dans les maisons individuelles pour pouvoir
faire des prédictions fiables.

L’étude permet de tirer les conclusions suivantes au sujet des planchers non protégés exposés
a des scénarios d’incendie relativement violents. L’installation d’essai était une maison
individuelle courante a deux étages, qui répondait aux exigences minimales du CNB. En regle
générale, l'issue des essais menés avec acces libre au sous-sol était plus grave que lorsque la
porte du sous-sol était fermée sur les plans de I'intégrité structurale des structures plancher-
plafond non protégées et de la sécurité des occupants.

Scénario d’incendie avec acces libre au sous-sol

o Lors des essais menés selon un scénario d’incendie relativement violent avec acceés libre, les
événements ont suivi une suite chronologique : I'incendie se déclare et prend de I'ampleur,
les avertisseurs de fumée se déclenchent, les limites de viabilité sont dépassées et la
défaillance structurale du plancher se produit. Il y a eu déformation structurale de tous les
planchers avant leur défaillance structurale.

o Le temps évalué pour I'atteinte des conditions intenables dans les essais portant sur des
planchers de bois d’ingénierie est similaire a celui constaté lors des essais menés sur des
planchers a solives de bois massif. La différence dans la construction du plancher ne change
pratiquement pas le temps évalué pour I'atteinte de I'incapacité chez les occupants. D’aprés
'analyse des données, les conditions de viabilité et le temps avant I'atteinte des conditions
intenables semblent étre les facteurs cruciaux de la sécurité des occupants dans le cadre du
scénario d’'incendie de I'essai.

e La défaillance des planchers non protégés dans les essais ne semble pas étre un élément
important de la sécurité des occupants, puisque les limites de viabilité sont atteintes avant la
défaillance structurale des planchers.



Scénario d’incendie avec la porte du sous-sol fermée

La présence d’'une porte fermée dans I'entrée du sous-sol a réduit la vitesse de
propagation du feu dans la piéce et entravé la propagation des produits de
combustion vers les étages supérieurs. La présence d’'une porte fermée rallonge le
temps disponible pour I'évacuation et le temps avant la défaillance des structures
d’essai. Le temps disponible pour I'’évacuation avant I'atteinte des conditions
intenables (incapacitantes) est presque deux fois supérieur, et le temps avant la
défaillance structurale est de 50 a 60 % plus long que dans le scénario avec accés
libre.

Des essais limités effectués selon un scénario avec porte du sous-sol fermée ont été réalisés
avec le plancher a solives de bois massif et deux des planchers de bois d’ingénierie. Dans le
scénario avec la porte fermée, la défaillance structurale d’un des planchers de bois
d’ingénierie (celui dont la défaillance structurale s’est produite le plus rapidement dans le
scénario avec acces libre) s’est produite avant I'atteinte des limites de viabilité pour un adulte
de sensibilité moyenne. Il s’agit d’un facteur de risque pour les occupants.

Les deux scénarios d’incendie

Les incendies qui se sont déclarés dans la mousse de polyuréthane, matériau grandement
utilisé dans le mobilier rembourré, se sont répandus rapidement et ont produit des conditions
relativement graves pour la sécurité des occupants et I'intégrité structurale des structures
d’essai.

Un avertissement précoce semble étre le facteur déterminant de la sécurité des occupants.
L’avertisseur de fumée situé dans le compartiment a incendie du sous-sol a invariablement
mis de 30 a 50 secondes a s’activer. (Il convient de souligner que I'avertisseur de fumée a
ionisation n’a pas été installé directement dans la piece du sous-sol pour éviter d’avoir a
éliminer les matiéres radioactives au moment de nettoyer les débris aprés les essais, et
I'utilisation d’avertisseurs de fumée photoélectriques au sous-sol s’est traduite par des temps
d’activation plus lents qu’avec les avertisseurs a ionisation pour les scénarios de combustion
accompagnée de flammes.) Les résultats des expériences soulignent 'importance des
exigences du CNB, a savoir que des avertisseurs de fumée soient installés a chaque étage et
gu’ils soient tous interconnectés pour veiller a ce qu’une alerte précoce de I'un des
avertisseurs (celui du sous-sol, dans le cas de I'étude) se transmette a tous les avertisseurs
de la maison. Ainsi, les occupants constateront plus t6t la présence d’un incendie et auront
davantage de temps pour évacuer les lieux avant que les conditions dans la maison ne
deviennent intenables.

Dans les scénarios d’'incendie relativement violents utilisés dans les essais, le délai d’atteinte
de la défaillance structurale des planchers a solives de bois en |, a solives d’acier en C ou
des fermes de bois ajourées a plaques de métal ou a armature métallique s'est avéré de 35 a
60 % plus court que pour le plancher a solives de bois massif. Le principal mode de
défaillance structurale des planchers a solives de bois massif aprés leur flexion était la
pénétration des flammes par le support de revétement de sol en OSB, la plupart des solives
de bois étant considérablement carbonisées, mais toujours en place & la fin des essais. A
I'opposé, aprés leur défaillance structurale, tous les autres planchers se sont effondrés en
raison de la défaillance des solives ou des fermes. Le délai entre le début des conditions
intenables et la défaillance structurale du plancher était moindre pour les planchers de bois
d’ingénierie que pour les planchers a solives de bois massif utilisés dans les essais.

Pendant les essais, les conditions intenables n'ont pas été atteintes dans la chambre a
coucher du deuxieme étage, dont la porte était fermée.
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Les données obtenues grace au programme d’essai montrent un bon potentiel de
reproductibilité de la gravité de l'incendie (profils de température dans le compartiment a
incendie), des réactions des avertisseurs de fumée ainsi que du temps requis pour atteindre
des conditions intenables et la défaillance structurale.

Les résultats de cette étude montrent bien I'importance de continuer de sensibiliser la
population aux dangers des incendies, et a la nécessité de bien se préparer a prendre les
mesures d’urgence nécessaires en cas de feu a la maison. Dans le cas d’incendies similaires
aux incendies relativement violents des scénarios de I'étude, le laps de temps disponible
pour évacuer les lieux de fagon sécuritaire peut étre trés court. Il est donc essentiel pour
chacun de comprendre que tous les occupants doivent sortir de la maison dés que
'avertisseur de fumée retentit. Il est important d’avoir un plan d’évacuation en cas d’incendie
et de faire des exercices d'évacuation, de sorte que les occupants savent quoi faire en cas
d’incendie pour réduire au minimum leurs activités de pré-évacuation et sortir rapidement de
la maison avant que les conditions ne deviennent intenables.

D’autres études sur les temps d’évacuation pour les maisons individuelles sont nécessaires.
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FIRE PERFORMANCE OF HOUSES
PHASE |
STUDY OF UNPROTECTED FLOOR ASSEMBLIES IN BASEMENT FIRE SCENARIOS
SUMMARY REPORT

J.Z. Su, N. Bénichou, A.C. Bwalya, G.D. Lougheed, B.C. Taber, P. Leroux, G. Proulx,
A. Kashef, C. McCartney, J.R. Thomas

1 INTRODUCTION

1.1 Background

Risk of fires in buildings and concerns about their potential consequences are always present.
Canada'’s fire death rate has continuously declined for the last three decades; much of this
decline is attributed to the introduction of residential smoke alarms (this is also the case in the
United States). With the advent of new materials and innovative products for use in
construction of single-family houses, there is a need to understand what impacts these
materials and products will have on occupant life safety under fire conditions and a need to
develop a technical basis for the evaluation of their fire performance.

The National Building Code of Canada (NBCC) [1] generally intends that major structural load-
bearing elements (floors, walls and roofs) have sufficient fire resistance to limit the probability of
premature failure or collapse during the time required for occupants to evacuate safely [2].
Historically, the NBCC has not specified a minimum level of fire performance (fire resistance) of
these structural elements in single-family houses.

In Canada, the Canadian Construction Materials Centre (CCMC) is called upon to evaluate the
use of new materials and innovative construction products for compliance with the NBCC.
Some of the more recent innovative structural products, seeking recognition for use in housing,
are made of new composite and non-traditional materials that may have unknown fire
behaviour. When evaluating new structural products, part of the CCMC challenge is related to
the fact that no guidance or criteria are provided in the NBCC regarding the fire performance of
structural systems used in single-family houses.

The Canadian Commission on Construction Materials Evaluation (CCCME) guides the
operation of CCMC. Through the CCCME, CCMC sought the views of the Canadian
Commission on Building and Fire Codes (CCBFC), which guides the development of the NBCC.
After reviews and discussions, both the CCBFC and CCCME agreed that a study on the factors
that affect the life safety of occupants of single-family houses should be conducted.

1.2 Objectives of the Research
The National Research Council of Canada Institute for Research in Construction (NRC-IRC)

undertook research into fires in single-family houses to understand the impact of residential
construction products and systems on occupant life safety.



This research sought to achieve the following goals:

1. To determine the significance of the fire performance of structural materials used in houses
to the life safety of occupants.

2. To identify methods of measuring the fire performance of unprotected structural elements
used in houses.

3. To measure and establish the fire performance of traditional house construction to facilitate
the evaluation of the fire performance of innovative construction products and systems.

1.3 General Research Approach
The research included two components:

1. Full-scale experiments to address the key sequence of fire events that affect the life
safety and egress of occupants from the perspective of tenability for occupants and
structural integrity of egress routes;

2. Literature review of evacuation of occupants from single-family houses.

Figure 1 shows a possible chronological sequence of relevant critical events that might occur in
a fire scenario. It is acknowledged that the chronology of the occurrence of events may differ,
and in some cases can shift in ordering.

initiation of fire
g 5moke alamns sound
J.emviranment untenatle
4. structure no longer
usable for egress

+— 2 OCCupants evacuate

Timg —=

Figure 1. Possible chronological sequence of events affecting the life safety of occupants in a
fire situation

The research sought to establish, through experimental studies and using specific fire test
scenarios, the typical sequence of the following events (measured from initiation of a fire), using
a test facility intended to represent a typical code-compliant single-family house:

1. Sounding of smoke alarms (Event 1 as shown in Figure 1)
2. Loss of tenability within the environment of the first, second or subsequent storey(s)
(Event 3)



3. Loss of integrity of the floor assembly and/or loss of its function as a viable egress route on
the first or second storey(s)' (Event 4)

The research also sought to establish a basis for prediction or estimation of the required safe
egress times expected for ambulatory occupants assuming a tenable indoor environment and a
structurally sound evacuation route. A review of the literature on the waking effectiveness of
occupants to smoke alarms, the delay time to start evacuation and the timing of escape in
single-family houses was conducted. The objective of the review was to identify a range of
estimated times families would take to awake, prepare and move out of their home after
perceiving the sound of a smoke alarm during the night in winter conditions (Event 2 shown in
Figure 1).

1.4 Scope of the Research

The overall research was planned for a number of phases of experimental studies with each
phase investigating a specific structural element based on specified fire scenarios.

Phase 1 (2004 to 2007) of the experimental study focused on basement fires and their impacts
on the structural integrity of unprotected floor assemblies above a basement and the tenability
conditions in a full-scale test facility. It is acknowledged that a basement is not the most
frequent site of household fires but it is the fire location that is most likely to create the greatest
challenge to the structural integrity of the 1% storey structure, which typically provides the main
egress routes. The study of fires originating in basements also provides a good model for the
migration of combustion products throughout the house and its egress paths. The data
collected during this phase of the project provided important indicators for identifying and
evaluating the sequence of critical events shown in Figure 1.

This research focused on the life safety of occupants in single-family houses. The safety of
emergency responders in a fire originating in single-family houses was not within the scope of
this research project. Technical data collected during this research could aid in clarifying the
potential risks associated with firefighting activities. This report provides a summary of the
findings of Phase 1.

2 LITERATURE REVIEW OF OCCUPANT EVACUATION

A review of current literature and scientific information on occupant evacuation was conducted
to estimate the time required to egress from single-family houses [3]. Egress time is dependent
on a wide range of factors including the location, cause, and time of the fire, the characteristics
of the occupants, building design, the existence and location of working smoke alarms in the
house, perceived threat or fire cues, and activities that may delay egress. There are no specific
equations or methods to calculate egress times from single-family houses.

In this study, the egress time represents the time period required for an individual occupant to
travel from his/her location at the time of ignition to a place of safety outside the house. The

! The state of the egress route(s) on the first storey is relevant to the evaluation of the performance of the basement
foundation walls and floor structure constructed over the basement; the state of the egress route on the second storey
is relevant to the evaluation of the performance of the above-grade wall structures and floor structure over the first
storey.



egress time can also be expressed as the activation time of a smoke alarm from ignition of a fire
plus the evacuation time. The evacuation time is the time from the smoke alarm activation to
the time at which the occupant reaches a place of safety outside the house.

The estimated evacuation time can be further divided into the pre-movement time and the travel
time. The estimated pre-movement time is the interval between the time at which the smoke
alarm is activated or fire cues are perceived and the time at which the occupant decides to
evacuate. The travel time is the interval between the time at which the occupant starts to
evacuate and the time at which the occupant reaches a place of safety outside the house. The
travel time required to actually evacuate a normal-sized Canadian residence is likely to be small
compared to the pre-movement time for most occupants.

Data related to egress time from single-family houses is very limited. Currently it is only
possible to provide rough estimates of evacuation time, which should be used with great care.
Based on the analysis of current literature and limited scientific information, the overall
evacuation time (starting from smoke alarm activation) for a typical two-storey single-family
house is estimated to be 60 s for the best-case scenario and 660 s for the worst-case scenario.
The large difference in the estimated evacuation time between the best-case scenario and the
worst-case scenario is mainly due to the variation in the pre-movement time. Occupants may
not necessarily begin evacuation immediately upon recognizing the warning signal from smoke
alarms. Rather than beginning the evacuation from the house, occupants may spend time in
various pre-movement activities, such as confirming the existence of a fire, trying to fight the
fire, warning and gathering family members, gathering valuables and donning warm clothes in
winter, etc. The time spent in these pre-movement activities before deciding to leave the house
can lengthen egress times and may result in their missing the window of opportunity to evacuate
safely.

It is possible that the distribution of evacuation times is positively skewed — that the probability
of short evacuation times resembling the best-case scenario might be more likely than times
close to the worst-case scenario. There is not enough data in the literature at this time to
develop a probabilistic analysis to provide a more precise estimate.

More research is needed on the required egress times from single-family houses to improve
estimations for the times and distribution. Appropriate investigations would ideally include full
evacuation drills of single-family houses in winter conditions, using a sample population of
varied age whilst informing as few members of the houses as possible of the exercise.
Conducting such evacuation drills using human subjects raises considerable ethical issues and
has been difficult to obtain approval using realistic scenarios. Another strategy would be the
investigation of actual fires in single-family houses. By interviewing survivors, the time spent
doing different activities from the moment of smoke alarm notification to the time of reaching
safety could be determined. The combination of these two research strategies, drills and case
studies, would help provide more precise predictions.

The study also recognised that some occupants may be delayed in becoming aware of the
alarm due to difficulties in arousal by smoke alarms or hearing problems etc. and that others
may have limited mobility due to age and infirmity, etc., any one of which has the potential of
significantly increasing evacuation time.

It is believed that the pre-movement time can be shortened by continued public education on
fire hazards and emergency preparedness. It is important to have a home fire escape plan and



practise the plan so that, when a real fire occurs, the pre-movement activities can be minimized
and thus the evacuation time can be reduced.

3 EXPERIMENTAL STUDIES

The experimental studies involved full-scale fire tests with unprotected floor assemblies using
specific basement fire scenarios to establish the sequence of events such as fire initiation,
smoke alarm activation, onset of untenable conditions (an individual occupant is estimated to be
incapacitated, i.e., unable to take effective action to escape to a place of safety outside), and
structural failure.

3.1 Experimental Facility

The Fire Performance of Houses test facility was designed to represent a typical two-storey
detached single-family house with a basement. A detailed description of the facility including
the layout of the instrumentation can be found in separate reports [4-10]. Figure 2 is an
elevation view showing the levels of the test facility: basement, first storey and second storey.
Each of the three levels has a floor area of 95 m? and a ceiling height of 2.4 m. There was no
heating, ventilating and air-conditioning or plumbing system installed in the test house, i.e., no
associated mechanical openings.

Figure 2. The test facility

The layout of the basement is shown in Figure 3. The basement was partitioned to create a fire
room representing a 27.6 m? basement living area. This was the average size of basement
compartments based on survey results [11]. A rectangular exterior opening measuring 2.0 m
wide by 0.5 m high and located 1.8 m above the floor was provided in the south wall of the fire
room. The size of the opening is equivalent to the area of two typical basement windows (1.0 x
0.5 m). A removable noncombustible panel was used to cover the opening at the beginning of
each experiment.
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Figure 3. Basement plan view (all dimensions in mm)

A 0.91 m wide by 2.05 m high doorway opening located on north wall of the fire room led into an
empty stairwell enclosure (without a staircase). At the top of this stairwell, a 0.81 m wide by
2.05 m high doorway led into the first storey, as shown in Figure 4. This doorway leading to the
first storey either had a door in the closed position (closed basement doorway) or had no door
(open basement doorway) depending on the scenario being studied. There is no requirement
for a basement door in the NBCC.

The first storey had an open-plan layout with no partitions, as shown in Figure 4. A test floor
assembly was constructed on the first storey directly above the fire room for each experiment
(more details are provided in Section 3.3). The remainder of the floor on the first storey was
constructed out of non-combustible materials. A 0.89 m wide by 2.07 m high doorway led to the
exterior. The staircase to the second storey was not enclosed. There were no window
openings on the first storey.

The layout of the 2™ storey is shown in Figure 5. It was partitioned to contain bedrooms, which
were connected by a corridor. The experiments involved two target bedrooms of the same size.
The door of the southeast bedroom remained closed whereas the door on the southwest
bedroom was kept open. Each bedroom doorway was 0.81 m wide by 2.05 m high. There were
no window openings on the second storey.
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3.2 Fire Scenarios

Given the objectives of the research, the standard fire resistance test [12] was not suitable for
this project. A relatively severe, fast-growing basement fire, which gives a very reproducible fire
exposure and lasts approximately 30 minutes, was determined to be the most suitable one to
challenge the structural integrity of the unprotected floor structure. A series of bench-, medium-
and full-scale fire tests [4, 13, 14, 15] were conducted in order to select fire scenarios for use in
subsequent experiments with unprotected floor assemblies.

3.2.1 Fuel Package

Through a series of bench- and medium-scale calorimetric tests [13, 14], a simple and
repeatable fuel package was developed for use in Phase 1 full-scale experiments to fuel a fire
that simulated a basement living area fire.

This fuel package consisted of a mock-up sofa constructed with 9 kg of exposed polyurethane
foam (PUF), the dominant combustible constituent of upholstered furniture, and 190 kg of wood
cribs beside and underneath the mock-up sofa. A photograph of the fuel package is shown in
Figure 6. The mock-up sofa was constructed with 6 blocks of flexible polyurethane foam (with a
density of 32.8 kg/m®) placed on a metal frame. Each block was 610 mm long by 610 mm wide
and 100 mm or 150 mm thick. The 150-mm thick foam blocks were used for the backrest and
the 100 mm thick foam blocks for the seat cushion. The PUF foam was used without any
upholstery fabric that is used in typical upholstered furniture. The wood cribs were made with
spruce lumber pieces, each piece measuring 38 mm x 89 mm x 800 mm. For the small cribs
located under the mock-up sofa, four layers with six pieces per layer were used. The other two
cribs used eight layers.

The placement of the fuel package in the basement fire compartment is illustrated in Figure 7.
The mock-up sofa was located at the center of the floor area. The mock-up sofa was ignited in
accordance with the ASTM 1537 test protocol [16] and the wood cribs provided the remaining
fire load to sustain the fire for the desired period of time.

Figure 6. Fuel package
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3.2.2 Fire Scenario Selection

A series of full-scale fire scenario tests were conducted in the Fire Performance of Houses test
facility to investigate the effect of fuel quantity, ventilation and other parameters on fire growth
and development [4, 15] (the full-scale test facility is referred to as the test house hereafter).

For these fire scenario tests, the ceiling of the basement fire room was lined with two layers of
non-combustible cement board (no real structural floor was installed above the fire room).
Based on the results from the fire scenario tests [4, 15], two fire scenarios, FS-1 and FS-4, were
selected for use in subsequent experiments with unprotected floor assemblies. Ventilation
parameters for the selected fire scenarios are listed in Table 1.

Table 1. Ventilation and Doorway Opening Conditions

Basement Doorway at First storey SW SE
. exterior top of exterior door
Scenario . Bedroom Bedroom
opening basement opened at door door
uncovered at* stairs
FS-1 110s Open 180 s Open Closed
FS-4 105 s Closed 180 s Open Closed
Note:

1. * When the temperature at the top-center of the opening reached 300°C.




3.2.21 FS-1 (Open Basement Doorway)

In FS-1, the doorway from the first storey to the basement fire room had no door. Since there is
no requirement for a basement door in the NBCC, this scenario was considered the code
minimum. The door to the southwest bedroom on the second storey was also open. The door
to the southeast bedroom on the second storey was closed. The exterior window opening in the
basement fire room and the exterior door on the first storey were initially closed. The mock-up
sofa was ignited in accordance with the ASTM 1537 test protocol [16]. The non-combustible
panel that covered the fire room’s exterior window opening during the initial stage was manually
removed when the temperature measured at the top-center of the opening reached 300°C. This
was done to provide the ventilation necessary for combustion and to simulate the fire-induced
breakage and complete fall-out of the window glass. To simulate occupants evacuating the test
house, the exterior door on the first storey was opened at 180 s after ignition and left open.

FS-1 produced a fast-developing fire that resulted in the complete fire involvement of the fuel
package. Temperatures at the ceiling level exceeded 700°C for about 600 s during the fully
developed stage of the fire (Figure 8), indicating that this scenario would provide a relatively
severe fire to challenge unprotected floor assemblies.

3.2.2.2 FS-4 (Closed Basement Doorway)

The only procedural difference between FS-1 and FS-4 was that a hollow-core interior door (an
inexpensive moulded fibreboard door with minimal styles and rails) was used in the doorway at
the top of the basement stairwell in FS-4 and the door was in the closed position. Closing the
door limited the oxygen supply to the basement in the initial phase of the fire and acted as a
barrier to smoke movement into the upper storeys during the early stages of the fire. The effect
of the limited ventilation became pronounced after the polyurethane foam was consumed when
the fire became wood-crib-dominated due to limited oxygen to support active combustion of the
wood cribs.

The temperatures in the fire room were lower in FS-4 than in FS-1 during the wood-crib-
dominated period (Figure 8). Although FS-4 was less severe than FS-1, it would still provide a
reasonably severe challenge to unprotected floor assemblies. This scenario was selected for
use in subsequent experiments to study the effectiveness of a closed door in the basement
doorway as a barrier to smoke movement into the upper storeys and as a barrier to additional
oxygen supply to the fire. The experiments with this fire scenario were used to understand the
impact of a closed basement door on the tenability conditions in the test house and the
structural integrity of unprotected floor assemblies.

3.2.2.3 Temperatures in the Fire Room

Figure 8 shows the average temperature profiles in the fire room at a height of 2.4 m for FS-1
and FS-4. The polyurethane foam used for the mock-up sofa dominated the initial fire growth
(first 180 s). There was good repeatability of the ignition source and the initial fire development.
Following this initial stage, the effects of ventilation became more pronounced and the fire
became wood-crib-dominated.
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The rate of fire growth for FS-1 and FS-4 in the early development stage agrees well with the
test results from full-scale tests conducted by NIST [17] and the University of Canterbury [18]
using residential living room settings. (The results from NIST tests are shown in Figure 8 for
comparison). The NIST tests were conducted with higher fuel load densities and ventilation

rates and hence the higher peak temperatures.)
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Figure 8. Average temperature profiles at 2.4 m height for FS-1 and FS-4

It is acknowledged that neither fire scenario, FS-1 or FS-4, represents a frequent household fire
scenario. These scenarios were used in the project to provide a reasonable challenge to the
structural integrity of the floor structure on the first storey in subsequent tests with unprotected

floor assembilies.

3.3 Fire Tests with Unprotected Floor Assemblies

3.3.1 Floor Assemblies Used

A series of fire experiments were conducted in the full-scale test house with a solid wood joist
system and a range of engineered floor systems available in the marketplace [5-10]. Table 2
shows the floor systems used in the full-scale fire experiments with the two fire scenarios. For
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each experiment, a floor assembly was constructed on the first storey directly above the 5.3 m
long by 5.2 m wide basement fire compartment. Various aspects were considered in designing
the test assemblies, including what is typically used for framing and subfloor materials in
housing today, consideration of serviceability limit states, typical spacing, typical spans, typical
depths, etc.

Oriented strandboard (OSB) is representative of subfloor materials typically used in single-
family residential applications in recent years. Based on a series of cone calorimeter and
intermediate-scale furnace experiments on five different OSB materials [19], an OSB subfloor
material was selected for use in construction of all test floor assemblies. (Note: all OSB
samples tested had comparable fire behaviour; reference [19] also contains fire test data for
other subfloor and floor finishing materials used in Canadian homes.)

A single layer of OSB was used for the subfloor of all assemblies without additional floor
finishing materials on the test floor assemblies since there are no specific requirements for floor
finishing materials atop the OSB subfloor in the NBCC. This was considered the code minimum
and reduced the number of experimental variables.

Given that there are no specific fire resistance requirements for the floor structures in single-
family houses in the NBCC, the floor assemblies used in the experiments were unprotected or
unsheathed on the basement side.

Each floor assembly selected for testing was designed on the basis of an imposed load of
1.90 kPa, self-weight of 0.5 kPa and the span of the basement compartment. For the floor
assemblies using solid wood joists and steel c-joists, the maximum allowable design spans for
those members under residential occupancy loading resulted in the use of an intermediate
support beam. For all other systems, the floor assemblies were designed and constructed to
span the full width of the room, which resulted in them being at or near to their maximum
allowable design span.

In the experiments, actual loading was applied on the floor assembly, as follows: the self-weight
(dead load) of the assembly, plus an imposed load (live load) of 0.95 kPa (i.e., half of the
imposed load of 1.90 kPa prescribed by the NBCC [1] for residential occupancies). This was
based on the fact that in a fire situation, only part of the imposed load is available. This was
also consistent with a number of international standards (Eurocode [20], New Zealand and
Australian standards [21, 22], and ASCE [23]). The total imposed load applied to the floor
assembly was 25 kN (i.e., 0.95 kPa multiplied by the floor area) using uniformly distributed
concrete blocks.

Specific details of the design and construction of the floor assemblies tested are provided in a
series of research reports [5-10].
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Table 2. Fire Tests with Unprotected Floor Assemblies

Unprotected assemblies Open basement doorway Closed basement doorway

Solid wood joist

(235 mm depth) UF-01 (June 7, 2005) UF-02 (September 21, 2005)

Wood I-joist A
(302 mm depth) UF-03 (November 29, 2005) UF-09 (August 30, 2007)
Steel C-joist
(203 mm depth) UF-04 (March 23, 2006) N/A
Metal-plate wood truss
(305 mm depth) UF-05 (June 29, 2006) N/A
UF-06 (September 21, 2006) N/A
Wood I-joist B UF-06R (March 15, 2007) N/A
(302 mm depth) ’
UF-06RR (October 11, 2007) N/A
Metal web wood truss UF-07 (February 8, 2007) UF-08 (April 24, 2007)

(302 mm depth)

Notes:

1. The test date is indicated in brackets.

2. In addition to the solid wood joist assembly, two engineered floor assemblies — one with the
longest time and the other with the shortest time to reach structural failure in the open basement
doorway scenario — were selected for testing with the closed basement doorway.

3. N/A —no test was conducted.

3.3.2 Instrumentation

Various measurement devices were used in the experiments. Instrumentation in the floor
assemblies included extensive thermocouple arrays on the unexposed and exposed sides of the
assemblies, flame-sensing devices [24] and floor deflection devices [25] on the unexposed
surface of the floor assemblies. Extensive thermocouple arrays were also installed in the test
house to measure temperatures. Measurements of smoke optical density and primary gases
from combustion were taken at the southwest quarter point on the first storey and in the corridor
on the second storey. The instrumentation also included air velocity measurements at openings
and stairwells, differential pressure measurements, and video cameras. Details of the
instrumentation are provided in a series of NRC research reports [5-10].

3.3.3 Experimental Procedure

The mock-up sofa was ignited in accordance with the ASTM 1537 test protocol [16] and data
was collected at 5 s intervals throughout each test.

13




The non-combustible panel that covered the fire room’s exterior window opening during the
initial stage of each test was manually removed when the temperature measured at the top-
center of the opening reached 300°C. This condition was reached within 90 to 120 s after
ignition in the experiments. The removal of the panel was to provide the ventilation necessary
for combustion.

The exterior door on the first storey was opened in each test at 180 s after ignition and left open,
simulating a situation where some occupants, who would have been in the test house, escaped
leaving the exterior door open while other occupants may still have been inside the house.

The tests were terminated when one of the following occurred (singly or in combination):

e Excessive flame penetration through the floor assembly;
e Structural failure of any part of the floor assembly;
o Safety of the test facility compromised.

3.4 Fire Development

Figure 9 and Figure 10 show the temperature profiles measured at the centre of the four
quadrants of the basement fire room at a height of 2.4 m above the floor for all of the tests.

Data on temperature stratification at different heights in the fire room can be found in a series of
reports [5-10]. The polyurethane foam used for the mock-up sofa dominated the initial fire
growth. The fast development of the fire from ignition to attainment of the first temperature peak
was consistent for all of the tests. Following this initial stage, the effects of ventilation became
more pronounced and the fire became wood-crib-dominated and also involved the unprotected
floor assemblies.

There was good repeatability of the fire development and severity. The temperatures at the
2.4 m height exceeded 600°C at approximately 120 s in all of the tests, indicating that the
basement fire compartment reached flashover conditions. Figure 9 indicates that under the full
ventilation conditions (open basement doorway) the fire scenario provided a very reproducible
fire exposure to the unprotected floor assemblies in all experiments. As shown in Figure 10,
under the limited ventilation conditions (closed basement doorway), the fire scenario also
provided a relatively severe and consistent fire exposure to the unprotected floor assemblies
(the closed hollow-core interior door at the top of the basement stairwell was breached by the
fire later in the experiments). There was a quick transition from a well-ventilated flaming fire to
an under-ventilated fire in all experiments. The results from the fire scenario tests (FS-1 and
FS-4) with a non-combustible ceiling in the fire room are also included in Figure 9 and Figure 10
for reference.
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Figure 9. Temperature profiles in the basement fire compartment at 2.4 m height for experiments with open
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3.5 Smoke Alarm Response

Residential photoelectric and ionization smoke alarms were installed on the ceiling in each
bedroom, second storey corridor, first storey and the basement fire compartment. These smoke
alarms were powered by batteries and were not interconnected. The ionization smoke alarm
was not installed in the basement fire room in order to avoid dealing with radioactive materials in
the cleanup of debris after the fire tests. Since photoelectric smoke alarms are generally slower
in detecting flaming fires than ionization smoke alarms, using photoelectric smoke alarms in the
basement resulted in more conservative estimates for activation times for the fire scenarios
used in the experiments. Preliminary tests (conducted before Phase 1 of the experimental
studies) using the FS-1 fire scenario indicated that the ionization alarm would activate
approximately 14 seconds prior to the photoelectric alarm in the fire room. New smoke alarms
were used in each experiment.

Table 3. Smoke Alarm Activation Times (in seconds) after Ignition

Location Basemgnt fire | 1% storey 2" storey 2" storey 2" storey
room corridor SW bedroom | SE bedroom
(door open) (door closed)
Sr;gkea'arm P2 | 13 | Pa| 15 | P6| 19 |P10| 17 | Ps
Tests with open basement doorway
Test UF-01 - 40 75 85 125 185 140 150 200 205
Test UF-03 - 48 58 73 123 133 143 143 218 228
Test UF-04 - 30 65 85 115 180 160 325 230 250
Test UF-05 - 45 40 55 130 145 155 165 245 275
Test UF-06 - 45 75 85 115 125 130 300 230 255
Test UF-06R - 38 58 78 113 123 138 163 198 223
Test UF-06RR - 43 73 78 128 138 143 153 223 248
Test UF-07 - 50 40 55 110 180 130 145 190 210
Tests with closed basement doorway
Test UF-02 - 42 72 97 172 182 212 malf | 427 541
Test UF-08 - 50 85 95 205 205 220 310 515 515
Test UF-09 - 44 79 89 179 179 209 304 479 459
Note:
1. I: lonization P: Photoelectric malf: malfunction

Table 3 shows the activation times of the smoke alarms installed in the test facility. The
photoelectric smoke alarms in the basement fire compartment took 30-50 s to activate
consistently. In the tests with an open basement doorway, it took up to 100 s longer for the
smoke alarms in the second storey corridor to activate and up to 230 s longer for the smoke
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alarms in the closed bedroom to activate. In the tests with a closed basement doorway, the
smoke alarms installed on the upper storeys took even longer to activate — up to 150 s longer
for the smoke alarms in the second storey corridor and up to 500 s longer for the smoke alarms
in the closed bedroom. This highlights the importance of having the smoke alarms
interconnected to activate simultaneously when one of them detects a fire. Interconnecting the
smoke alarms would shorten the detection and alarm time and allow more time for evacuation.
If the smoke alarms are not interconnected, the occupants in the upper storey bedrooms may
not hear a smoke alarm in the basement until nearby smoke alarms activate, which could be too
late for safe evacuation for the fire scenarios used in this project.

3.6 Tenability Analysis

Fires produce heat, narcotic and irritant gases, and smoke that obscures vision. The
temperature and the production of combustion products depend upon the fire characteristics,
enclosure geometry and ventilation. The increased temperature and combustion products can,
either individually or collectively, create conditions that are potentially untenable for occupants.

Tenability analysis involves examination of the production of heat and toxic products of
combustion during the fire tests. It also involves estimation of the potential exposure of
occupants, who would have been in the test house, to heat and toxic smoke and of the potential
effects as a result of the exposure. The purpose of tenability analysis is to provide an
estimation of the time available for escape — the calculated time interval between the time of
ignition and the time after which conditions become untenable for an individual occupant.

There are various endpoints for tenability analysis, such as incapacitation, lethality/fatality, etc.
For this project, incapacitation — a state when people lose the physical ability to take effective
action to escape from a fire — was chosen as the endpoint for the tenability analysis related to
heat and toxic products of combustion. The time available for escape thus calculated is the
interval between the time of ignition and the time after which conditions become incapacitating
for an individual occupant.

ISO 13571 and the SFPE Handbook of Fire Protection Engineering provide guidance and
methodologies for evaluating the time available for occupants to escape from a fire [26, 27].
These methodologies were used in this project to calculate the time available for escape as an
input to the hazard analysis for each fire scenario used in the project. The methodologies
include a fractional effective dose (FED) approach to quantify the time at which the accumulated
exposure to each fire effluent exceeds a specified threshold criterion for incapacitation. This
time then is taken to represent the time available for escape relative to the specified threshold.

The calculated time available for escape depends not only on the time-dependent temperatures,
concentrations of combustion gas products and density of smoke in the test house, but also on
the characteristics of occupants. The age and health of the occupants (such as body weight
and height, lung and respiratory system function, blood volume and hemoglobin concentration,
skin, vision, etc.) as well as the degree of activity at the time of exposure have an effect on the
consequences of exposure to fire effluents and heat. Since the general population has a wide
range of susceptibility to fire effluents and heat, the exposure thresholds for incapacitation can
change from subpopulation to subpopulation. Thus, each occupant is likely to have a different
time available for escape.

18



This report does not try to debate what FED criterion should be used as the incapacitation
threshold but rather to present the results of the analysis for 2 typical FED values (e.g. FED =1
and FED = 0.3). The methodology can be used to estimate the time available for escape
associated with other FED values, if required.

The time available for escape calculated based on FED = 1 represents the time available for a
healthy adult of average susceptibility. The distribution of human responses to the fire effluents
is unknown but is assumed to be a logarithmic normal distribution [26]. Under this distribution,
the time available for escape calculated at FED = 1 also represents statistically the time by
which 50% of the general population would have been incapacitated but the conditions would
still be tenable for the other 50% of the population.

For a more susceptible person, the threshold can be lower and the time available for escape
would be shorter than for an average healthy adult. If FED = 0.3 is used as a criterion to
determine the time available for escape, it would statistically represent the time by which 11% of
the population would have been incapacitated but the conditions would still be tenable for the
other 89% of the population.

The location of the occupant in the test house has an effect on the time available for escape.
The analysis focused on the fire conditions affecting tenability, as measured on the first and
second storeys of the test facility, and the impact on any occupant assumed to be present at the
time of ignition. Each calculation in the following sections was associated with a particular
position where the concentration or temperature was measured, and should apply to an
occupant who would stay at that location. In real fire situations, the occupant would move
through different locations during egress. Therefore, the time to incapacitation would be
in-between the times calculated for different locations. For this project, tenability analysis
focused on potential impact on occupants who would have been on the upper storeys of the test
house. The conditions in the basement fire room would not be survivable once flashover
occurred.

The methodology used does not address quantitatively any interaction (combined effects)
between heat, combustion gas products and smoke obscuration. Each component is treated as
acting independently on the occupant to create incapacitating conditions and the time available
for escape is the shortest of the times estimated from consideration of exposure to combustion
gas products, heat and visual obscuration.

It is necessary to recognize that 2 types of uncertainty exist in the tenability analysis: the
uncertainties associated with the experimental data and the uncertainties associated with the
equations for FED calculations. Fortunately, with the fast-growing fire used in the project, the
resulting uncertainty in the estimated time available for escape is much smaller than the
uncertainty in the calculated FED due to their non-linear relationship.

3.6.1 Exposure to Toxic Gases

Exposure to toxic products of combustion from fires has been a major cause of death and injury
in many fire incidents. Understanding the toxic effect of the smoke products and predicting the
exposure time necessary to cause incapacitation are complex problems.

In regards to the fuel package used in this study, with the combined flaming combustion of
polyurethane foam and wood cribs, the primary gas products were toxic carbon monoxide (CO)
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EXECUTIVE SUMMARY

With the advent of new materials and innovative construction products and systems for
use in construction of houses, there is a need to understand what impacts these
materials and products will have on occupant life safety under fire conditions and a need
to develop a technical basis for the evaluation of their fire performance. To address
these needs, the Canadian Commission on Building and Fire Codes (CCBFC) and the
Canadian Commission on Construction Materials Evaluation (CCCME) requested the
National Research Council of Canada Institute for Research in Construction (NRC-IRC)
to undertake research into fires in single-family houses to determine factors that affect
the life safety of occupants.

The research sought to establish the typical sequence of events such as the smoke
alarm activation, onset of untenable conditions, and structural failure of test assemblies,
using specific fire test scenarios in a full-scale test facility. This test facility (referred to as
the test house hereafter) simulated a typical two-storey detached single-family house
with a basement, which complied with the minimum requirements in the National
Building Code of Canada (NBCC). The full-scale experiments addressed the life safety
and egress of occupants from the perspective of tenability for occupants and structural
integrity of structural elements as egress routes.

The overall research is planned for a number of phases of experimental studies with
each phase investigating specific structural systems of single-family houses based on
specified fire scenarios. Phase 1 of the experimental studies focused on basement fires
and the floor assembly located over a basement. The objectives were to understand the
factors that impact on the ability of occupants on the upper storeys to escape in the
event of a basement fire. The safety of emergency responders in a fire originating in
single-family houses was not within the scope of this research project. This report
provides a summary for Phase 1 of the research.

A range of engineered floor systems, including wood I-joist, steel C-joist, metal plate and
metal web wood truss assemblies as well as solid wood joist assemblies, were used in
the full-scale fire experiments. A single layer of oriented strandboard (OSB) was used for
the subfloor of all assemblies without additional floor finishing materials on the test floor
assemblies. This was considered the code minimum since there are no specific code
requirements for floor finishing materials to be installed atop the OSB subfloor. For each
experiment, a floor assembly was constructed on the first storey directly above the
basement fire compartment under an imposed load of 0.95 kPa plus the dead load
(mainly the weight of the assembly). Given that there are no specific fire resistance
requirements in the NBCC for the floor assembilies in single-family houses, the floor
assemblies used in the experiments were constructed with the structural elements
unprotected (unsheathed) on the basement side (considered as the code minimum).

A simple fuel package was developed for use in Phase 1 full-scale experiments to create
a repeatable fire that simulated a basement living area fire. This fuel package consisted
of a mock-up sofa constructed with exposed polyurethane foam and wood cribs. As the
first item ignited, the polyurethane foam produced a relatively severe, fast-growing fire,
which was sustained by the wood cribs. With the flaming combustion of polyurethane
foam and wood cribs, the primary gas products were toxic carbon monoxide (CO) and
asphyxiant carbon dioxide (COz2) in a vitiated oxygen (Oz2) environment. Given the
amount of polyurethane foam in the fuel package and the volume of the test house,



hydrogen cyanide (HCN) produced from the combustion of polyurethane foam did not
reach a concentration of concern to occupant life safety. The fuel package contained no
chemical components that would produce acid halides or other irritant in the combustion
gases.

Combined with different ventilation conditions, the fuel package provided two relatively
severe basement fire scenarios with a reproducible fire exposure (above 800°C) to the
unprotected floor-ceiling assemblies. There was good repeatability of the fire
development and severity in all experiments. The only procedural difference between the
two fire test scenarios was whether the doorway at the top of the basement stairwell had
a hollow-core interior door in the closed position (closed basement doorway) or had no
door at all (open basement doorway). There is no requirement for a basement door in
the NBCC. It is acknowledged that neither fire scenario represents a frequent household
fire scenario since a basement is not the most frequent site of fires for single-family
houses. On the other hand, the basement is the location where a fire is most likely to
create the greatest challenge to the structural integrity of the unprotected floor-ceiling
assemblies. The structural integrity of the assemblies is essential for occupants on the
first and second storeys to escape in the event of a serious fire. The results of this
research must be interpreted within the context of the relatively severe fire scenarios
used in the full-scale fire experiments.

Heat, combustion products and smoke produced from fires can, either individually or
collectively, create conditions that are potentially untenable for occupants. Tenability
analysis was conducted using temperatures, concentrations of combustion products and
smoke optical densities measured during the full-scale fire experiments. The purpose of
the tenability analysis was to provide an estimation of the time available for escape —
the calculated time interval between the time of ignition and the time after which
conditions become untenable for an individual occupant. For this project, incapacitation
— a state when people lose the physical ability to take effective action to escape from a
fire — was chosen as the endpoint when undertaking the tenability analysis. A fractional
effective dose (FED) approach was used to estimate the time at which the accumulated
exposure to each fire effluent exceeds a specified threshold criterion for incapacitation.
The time available for escape thus calculated is the interval between the time of ignition
and the time after which conditions become incapacitating for an individual occupant.

Since the general population has a wide range of susceptibility to fire effluents and heat,
the exposure thresholds for incapacitation can change from subpopulation to
subpopulation. Thus, each occupant is likely to have a different time available for
escape. The tenability analysis for this project was conducted for 2 typical FED values
(e.g. FED = 1 for a healthy adult of average susceptibility and FED = 0.3 for a more
susceptible person). The methodology can be used to estimate the time available for
escape associated with other FED values, if required.

Potential exposure to the toxic and asphyxiant gases, heat and smoke obscuration
under the test conditions was analyzed independently to estimate the time available for
escape, without consideration of the simultaneous exposure and their combined effect
(the analysis for the gases involved CO and CO2zand oxygen vitiation only). The toxic
effect of CO is due to its affinity with the hemoglobin in human blood to form
carboxyhemoglobin (COHb), which reduces the transport of oxygen in the blood to
various parts of the body. In addition, COz2 stimulates breathing that causes
hyperventilation and smoke causes sensory irritation; both effects accelerate impairment



from toxic gases. Although the test scenarios used in this project did not include typical
furnishings, most house fires today create toxic combustion products as a result of the
burning of synthetic materials.

Smoke obscuration was the first fire hazard to arise in the experiments. The smoke
obscuration limit (optical density = 2 m™ at which occupants cannot see more than a
distance of an arm’s length) was reached consistently around 180 s in the experiments
with the open basement doorway. Although smoke obscuration would not directly cause
incapacitation, it could impede evacuation and prolong exposure of occupants to other
hazards. It must be pointed out that people with impaired vision could become
disoriented earlier at an optical density lower than 2 m™.

For the experiments with the open basement doorway, heat exposure reached the
incapacitation doses on the first storey at times shorter or similar to CO exposure
(except for Test UF-01); on the second storey, CO exposure reached the incapacitation
doses earlier than heat exposure (except for Test UF-07). In most cases, the time
difference for heat exposure and CO exposure to reach the incapacitation doses was not
significant with the open basement doorway.

Because of the variation in people’s susceptibility to heat and/or gas exposure, the time
to untenable conditions (incapacitation) is not a single value for a given fire condition.
For the set of experiments using the fire scenario with the open basement doorway, the
calculated time difference for incapacitation between an adult with average health
(FED=1) and a more susceptible occupant (FED=0.3) was no more than 40 s. The
tenability analysis indicates that, regardless what test floor assemblies were used, the
untenable conditions (for incapacitation) were reached at a consistent time frame in the
experiments with the open basement doorway. The incapacitation conditions due to heat
or toxic fire gases were reached soon after smoke obscuration. The presence of a
closed door in the doorway to the basement reduced the rate at which combustion
products were conveyed to the upper storeys and thereby prolonged the time available
for escape before the onset of untenable (incapacitation) conditions.

In all of the experiments, structural failure of the test floor assemblies occurred. The
moment of floor failure was characterised by a sharp increase in floor deflection and
usually accompanied by heavy flame penetration through the test assemblies as well as
by a sharp increase in compartment temperature above the test floor assemblies. With
the relatively severe fire scenarios used in the experiments, the times to reach structural
failure for the wood |-joist, steel C-joist, metal plate and metal web wood truss
assemblies were 35-60% shorter than that for the solid wood joist assembly. In all
experiments with the open basement doorway, the structural failure occurred after the
inside of the test house had reached untenable (incapacitating) conditions. Results from
replicate tests gave very repeatable durations to structural failure. Having a closed door
to the basement limited the air available for combustion, given the relatively small size of
the basement window opening, and prolonged the times for the test assemblies to reach
structure failure (from 50-60% longer than with the open basement doorway).

There was structural deflection of all of the floor assemblies prior to their structural
failure. The steel C-joist floor assembly produced the highest deflection rate, followed by
metal-web and metal-plate wood trusses. The solid wood joist assemblies produced the
lowest deflection rate. There were three distinct patterns for structural failure of the test
assemblies. For the solid wood joist assembilies, the structure failure occurred after



deflection of the floor, mainly in the form of OSB subfloor failure (burn through). For all
other floor assemblies, after deflection of the floor, the structure failure occurred either in
the form of complete collapse into the basement or in the form of a “V” shaped collapse
due to joist or truss failure.

A literature review was conducted to estimate the time required to egress from
single-family houses for ambulatory occupants assuming a tenable indoor
environment and a structurally sound evacuation route. Each occupant is likely to
have a different time required for escape because of different characteristics and
behaviours of the occupants among other variables. In fire situations, occupants
may not necessarily begin evacuation immediately upon recognizing the warning
from smoke alarms. They may spend time in various pre-movement activities,
such as confirming the existence of a fire, attempting to fight the fire, warning and
gathering family members, gathering valuables and donning warm clothes in
winter, etc. If occupants get involved in these various pre-movement activities
rather than begin evacuation immediately, they may miss the window of
opportunity to evacuate safely under certain circumstances. Data related to
egress time from single-family houses is very limited. It is not possible with the
limited data available to provide precise estimates at this time. More research is
needed on the required egress times from single-family houses to provide
confident predictions.

The following conclusions can be drawn from this study on unprotected floor assemblies
exposed to relatively severe basement fire scenarios selected for the study. The test
facility represented a typical two-storey single-family house, which complied with the
minimum code requirements in the NBCC. Overall, the fire scenario with the open
basement doorway was more severe than the fire scenario with the closed basement
doorway in terms of the structural integrity of the unprotected floor-ceiling assemblies
and the life safety of occupants.

For Fire Scenario with Open Basement Doorway

¢ Under the relatively severe fire test scenario with the open basement doorway,
fire events followed a chronological sequence: fire initiated and grew, smoke
alarms activated, tenability limits were exceeded, and then structural failure of
the test floor assembly occurred. There was a structural deflection of all of the
floor assemblies prior to their structural failure.

e The estimated time to reach untenable conditions in the tests using engineered
floor systems was similar to that in the test using a solid wood joist floor system.
The change in floor construction basically did not change the estimated time to
reach incapacitation for occupants. Data analysis indicates that tenability
conditions and the time to reach untenable conditions appear to be the critical
factors affecting the occupant life safety under the fire scenario tested.

e The failure of unprotected floor assemblies in the test fire scenario does not
appear to be the critical issue affecting occupant life safety since the tenability
limits were reached before the structural failure of the test floor assembilies.



For Fire Scenario with Closed Basement Doorway

e The presence of the closed door in the doorway to the basement reduced the
rate of fire growth in the fire room and impeded the transport of combustion
products from the basement to the upper storeys. The closed door prolonged the
time available for escape and the time for the test assemblies to reach structural
failure. The times available for escape before the onset of untenable
(incapacitation) conditions were roughly doubled and the times to reach
structural failure were from 50-60% longer than with the open basement doorway
scenario.

e Limited experiments using the closed basement doorway scenario were
conducted with the solid wood joist assembly and two selected engineered floor
assemblies. One engineered floor assembly, which gave the shortest time to
reach structural failure in the open basement doorway scenario, failed
structurally in the closed basement doorway scenario before the tenability limits
were reached for healthy adults of average susceptibility. Because the floor failed
structurally before the tenability limits were reached, this would represent a risk
factor for the occupants.

For Both Fire Scenarios

e Fires started with polyurethane foam, a material widely used in upholstered
furniture, developed rapidly to produce relatively severe fire conditions both to
the occupant life safety and the structural integrity of the test assemblies.

e An early alert to a fire appears to be the key to occupant life safety. The smoke
alarm located in the basement fire compartment consistently took 30-50 s to
activate. (Note that the ionization smoke alarm was not installed in the basement
fire room to avoid dealing with radioactive materials in the cleanup of debris after
the fire tests and that using photoelectric smoke alarms in the basement resulted
in more conservative activation times than using ionization smoke alarms for the
flaming fire scenarios.) The experimental results highlight the importance of the
requirements in the NBCC — that working smoke alarms be located on each
level and that all smoke alarms be interconnected to ensure an early alert by one
smoke alarm (the basement one in this study) will activate all the smoke alarms
in the house. This would facilitate the occupants becoming aware of the fire
sooner and would provide more time for occupant evacuation before the
conditions in the house become untenable.

e  With the relatively severe fire scenarios used in the experiments, the times to
reach structural failure for the wood I-joist, steel C-joist, metal plate and metal
web wood truss assemblies were 35-60% shorter than that for the solid wood
joist assemblies. The main mode of structural failure for the solid wood joist
assemblies after they structurally deflected was by flame penetration through the
OSB subfloor, with most of the wood joists significantly charred but still in place
at the end of the tests. Whereas for all other floor assemblies, after they
structurally deflected, they failed by complete structural collapse due to joist or
truss failure. The time gap between the onset of untenable conditions and the
structural failure of the floor assembly was smaller for the engineered floor
assemblies than for the solid wood joist assembly used in the experiments.

. Untenable conditions were not reached, for the duration of the tests, in the
second storey bedroom where the door to the bedroom was closed.



Data obtained from the test program demonstrated good repeatability of the fire
severity (temperature profiles in the fire compartment), smoke alarm responses,
times to untenable conditions and to structural failure.

The results of this study reinforce the importance of continued public education
on the awareness of fire hazards and the need for home fire emergency
preparedness. In the event of fires similar to the relatively severe fire scenarios
used in this study, the time window for safe evacuation can be very short and,
therefore, it is vital for occupants to understand that when the smoke alarm
sounds, everyone should leave the house immediately. It is important to have a
home fire escape plan and practise the plan so that occupants know what to do
in the event of a real fire in order to minimize the pre-movement activities and to
quickly evacuate from their house before the conditions inside become
untenable.

More research is needed on the required egress times from single-family houses.



SOMMAIRE

L’arrivée de nouveaux matériaux et de produ its et systémes novateurs dans le secteur
de la construction résidentielle oblige a déterminer quelle s répercussions leur utilisation
aura sur la sécurité d es occupan ts en cas d’'incendie, et a établir un fondement
technique p our I'évaluation de leur résistan ce au feu. C'est pourquoi la Commis sion
canadienne des codes du batime nt et de prévention des incendie s (CCCBPI) etla
Commission canadienn e d’évaluation des ma tériaux de construction (CCEMC) ont
demandé a I'Institut de recherche en construction du Conseil national de recherches du
Canada (IRC-CNRC) de mener une étude afin de mieux comprendre les facteurs qui ont
un impact sur la sécurité des occupants en cas d’incendie dans une maison individuelle.

L’étude visait a établir la chaine d’événements qui surviennent habituellement durant un
incendie, n otamment le déclench ement des avertisseurs de fumée, 'atteint e de
conditions intenables et la défaillan ce structurale de l'instal lation d’essai, dans le cadre
de scénarios d’incendie concrets mis en ceuvre dans une in stallation en vraie grandeur.
Cette installation d’e ssai (ci-apré s appelée « la maison d’essai ») e st une maison
individuelle ordinaire de deux étages avec sou s-sol respectant les exigences minimales
du Code national du batiment du Canada (CNB). Les essais en milieu réel ont porté sur
la sécurité et I'évacuation des occupants, sur les plans de la viabilité pour les occupa nts
et de l'intégrité structurale des éléments d'ossature qui servent a évacuer les lieux.

Le programme de recherche glo  bal prévoit une étude expérimen tale en div erses
phases, qui porteront chacune su r des structures particu liéres au sein de mai sons
individuelles selon des scénarios d’incendie précis. La Phase 1 de I'étude expérimentale
était axée sur les incen dies qui se déclarent dans un sous-sol et sur le pla ncher se
trouvant au-dessus de cette zon e. Les ¢ hercheurs avaient pour objectif de mieux
comprendre les facteurs qui restreignent la capacité des occupants situés aux ét  ages
supérieurs d’évacuer le s lieux dans le ca s d'un incendie au sous-sol. La sécurité des
intervenants d’urgence pendant I'incendie d’'une maison individuelle n’entrait pas dans le
cadre de ce projet de recherche.  Le rapport ci-jointco mprend un sommaire de la
Phase 1 de I'étude.

Divers composants de planchers e n bois d’'ing énierie ont été utilisés pour mener les
essais, dont des solives de bois en |, des soliv es d’acier e n C et des fermes de b ois
ajourées a plaques de métal ou a armature métallique, ainsi que des planchers a solives
de bois ma ssif. Pour réaliser les planchers d’essai, on n' a eu recours qu'a une seule
épaisseur de panneaux a copeaux orientés (OSB) pour tous les supports de revétement
de sol, san s autre matériau de fin ition. Comme il n’existe pas d’exigences pour les
matériaux de finition a installer sur un support de revétement de sol e n panneaux OSB,
nous avons considéré cet assemblage comme étant I'exigence minimale du CNB. Pour
chaque essai, un plancher a été construit au r ez-de-chaussée, directe ment au-dessus
du compartiment a incendie du sou s-sol, en te nant compte d'une cha rge imposée de
0,95 kPa en plus de la charge permanente (principalement le poids de la structure). Le
CNB n’a yant aucune exigence particuliére r  elativement a la résist ance au feu des
planchers d es maisons individuelles, les éléments structu raux des pl anchers utilisés
pendant les essais n'o ntpas été protégés (sans revétement) du coté du sou s-sol
(considéré comme I'exigence minimale du Code).

Un ensemble combustible simple a été élaboré en vue des essais en vr aie grandeur de
la Phase 1 pour créer un incendie reproductible qui simule un incendie dans un sous-sol



aménageé. Cet ensemble était composé d’un fa ux canapé en mousse de polyuréthane,

sans revétement, et de blchers. Au moment de l'inflammation, la mouss e de

polyuréthane a produit un incendie assez violent qui, alimenté par| es blchers, s’est
répandu rapidement. Les principaux gaz produit s par la co mbustion accompagnée de
flammes de la mousse de polyuréthane et du bois sont le monoxyde de carbone (CO)
(toxique) et le dioxyde de carbone (CO ) (asp hyxiant) dans un milieu d’'oxygéne (O5)
vicié. Etant donné la q uantité de mousse de polyuréthane présente dans I'ense mble
combustible et le volume de la maison d’essai, I'acide cyanhydrique (HCN) produit par la
combustion de lamo usse n’a p as atteint u ne concentr ation préoccupante po urla
sécurité de s occupants. L'ensemble combustible ne conten ait aucun pr oduit chimique
susceptible de produire des ha logénures d’acyle ou d’au tres irritants dans le s gaz de
combustion.

Dans différ entes cond itions de v entilation, 'ensemble combustible a produitd eux
scénarios d’incendie relativement violents au sous-sol ou les structures plancher-plafond
non protégées ont été soumises a un feu de plu s de 800 °C. Tous les e ssais ont révélé
une bonne reproductibilité du déclenchement des incendies et de leur violence. La seule
différence d e procédur e entre les deux scénarios était la suivante :dans un cas,

I'escalier du sous-sol était fermé en haut par un e porte d’'intérieur a &me alvéolée (porte
du sous-sol fermée); dans l'autre cas, il n’y avait pas de porte (accés lib re au sous-sol).
Le CNB ne mentionne aucune ex igence a cet égard. Il estentend u qu’aucun des
scénarios n’est représe ntatif d’'un incendie courant, car le sous-sol n’e st pas le fo yer
d’incendie le plus fréquent dans les maisons in dividuelles. Cependant, c’est dans le cas
d’incendies au sous-sol que I'intégrité des structures plancher-plafond non protégées est
le plus rude ment mise a I'épreuve. L'intégrité structurale e st essentielle pour permettre
aux occupants du rez-de-chaussée et de I'étage d’évacuer la maison en cas d’incen die
grave. Les résultats de la présente étude doivent donc étre interprétés en tenant compte
des scénarios d’incendie relativement violents utilisés dans les essais en vraie grandeur.

La chaleur, les produits de combustion et la fumée généré s par un incendie sont des
éléments qui, seuls ou combinés, risquent de créer des co nditions intenables pour les
occupants. Ce concept de viabilité a été ana lysé en utili santle s te mpératures, les
concentrations de produits de combustion et les valeurs de densité optique de la fu mée
enregistrées pendant le s essais en vraie grandeur. On vo ulait ain si e stimer le te mps
d’évacuation disponi ble, c'est-a-d ire l'intervall e de temps entre linflammation et le
moment ou les conditions deviennent intenable s pour I'occupant. Dans le contexte du
présent projet, I'incapacité (état d’'une personne qui perd sa capacité physique a prendre
les mesures d’évacuation nécessaires) a été d ésignée comme critére d’évaluation pour
'analyse. Une méthode fondée sur les fractions de dose efficace (FDE) a servi a évaluer
le moment auquel 'exposition cum ulée a chaque effluent de combu stion excéde un
certain seu il d’'in capacité. Le te mps dispo nible pour [I'évacuatio n ainsi mesuré
correspond a lintervalle entrele moment de l'inflammationetle mo mento ules
conditions deviennent incapacitantes pour I'occupant.

Les degrés de sensibilité aux effluents de combustion et a la chaleur dans la population
générale étant trés variés, les seuils d’exposition menant a I'incapacité peuvent changer
d’'une sous-population a une autre. Par conséquent, chaque occupant ne dispose pas du
méme te mps d’évacuation. L'analyse de viabilit € réalisée p our cette ét ude a pris en
compte deux valeurs de FDE types (1 = adulte en santé moyennement sensible; 0,3 =
une personne plus sensible). La méthode peut servir a évaluer le temps disponible pour
I’évacuation associé a d’autres valeurs de FDE, au besoin.



Le risque d’exposition aux g az toxiques et asph yxiants,a lachaleu reta
'obscurcissement par | a fumée da ns les conditions d’essa i a été analysé séparémen t
pour évaluer le temps d’évacuat  ion dispon ible, sans t enir compte de 'exp  osition
simultanée et des effets combinés (I'analyse des gaz po rtait surle CO,le CO , et
'oxygéne vicié seulement). La toxicité du CO e st due a sa capacité d’interaction a vec
I’'hémoglobine du sang humain po ur former de la carboxyhémoglobi ne (COHb), qui
restreint le transport de 'oxygéne dans le sang vers les différentes parties du corps. En
outre, le CO , provoqu e I'hyperventilation en stimulant la respiration et la fumée cause
une irritatio n sensoriel le; ces deu x effets accélérent I'in capacité cau sée par les gaz
toxiques. Bien que les scénario s d’essai du projet ne comprennent pas de mobilier
courant, la plupart des incendie s résidentiels de nos jour s générent des produits de
combustion toxiques découlant de la combustion de matériaux synthétiques.

L’'obscurcissement par la fumée a été le premier danger d’incendie a étre soulevé
pendant I'étude. La limite d’obscurcissement (densité optique de 2 m™ au niveau duquel
les occupa nts ne peuvent  voir plus loin que la longueur de leur bras) a été
invariablement atteinte aprés environ 180 secondes lors des essais ave ¢ acces libre au
sous-sol. Sans étre la cause directe de I'incapacité, I'obscurcissement par la fumée peut
nuire a I'évacuation de s occupants et prolonger leur exposition a d’autres dang ers. |
convient de souligner que les per sonnes aya nt une déficience visu elle se sentiront
désorientées plus rapidement, avec une densité optique inférieure 8 2 m™.

Pour ce qui est des essais menés en acceés libr e au sous-sol, les dose s incapacitantes
d’exposition a la chale ur au rez-d e-chaussée sont at teintes plu s ra pidement ou a la
méme vitesse que I'ex position au CO (sauf pour le Test UF-01); a I'étage, les d oses
incapacitantes d’exposition au CO sont atteintes plus rapide ment que dans le cas de la
chaleur (sauf pour le Test UF-07). Dans la plupart des cas, la différence de temps p our
I'atteinte des doses incapacitantes entre I'exposition a la chaleur et I'e xposition au CO
n’est pas significative dans les essais avec accés libre au sous-sol.

Etant donné que les gens n'affichent pas tous le méme degré de sensibilité & I'exposition
a la chaleur ou au ga z, le temps pour 'atteinte de conditions intenables (incapacité) ne
peut se ré sumer a une seule vale ur pour une situation d’incendie do nnée. Pour les
essais menés avec acces libre au sous-sol, la différence de temps pour 'atteinte de
lincapacité entre un adulte de santé mo yenne (FDE = 1) et un occupant plus sensible
(FDE = 0,3) n'a pas dép assé 40 secondes. Selon I'analyse de viabilité effectuée, et peu
importe la structure de plancher utilisée, les co nditions inte nables sont atteintes d ans
sensiblement les mémes temps  lors des essais ave ¢ acces lib re. Les conditions
d’incapacité causées parla chaleur ou le s gaz de combustion toxiqu es sont atteintes
peu de temps aprés I'o bscurcissement par la f umée. La présence d’'u ne porte fermée
dans I'entré e qui méne au sous- sol réduit la vitesse de propagation d es produits de
combustion aux étage s supérieur s, ce qui allonge le temps d’évac  uation disp onible
avant I'apparition des conditions intenables (incapacitantes).

Tous les essais ont provoqué une défaillance stru  cturale des planchers. Cette

défaillance était caract érisée par une forte a ugmentation de la f lexion du planch er et
s’accompagnait habituellement d’'une pénétration importante des flammes a travers les
structures d’essai, ainsi que d’'une augmentation marquée de la température dan sle
compartiment au-dessus du plan cher. Dans les scéna rios d’in cendie relative ment
violents util isés lor s de s essa is, le délai d ’atteinte de la défaillan ce structural e des



planchers a solives de bois en |, a solives d’acier en C ou des fermes de bois ajourées a
plaques de métal ou a armature métallique a été de 35a 60 % plus court que pour le
plancher a solives de bois massif. Dans tous les essais avec accés libr e au sous-sol, la
défaillance structurale est survenue aprés l'atteint e des conditions int enables
(incapacitantes) a I'int érieur de la maison d’essai. Les résu Itats du méme essai répét é
ont donné des délais similaires a vant la défa illance. Lors des essais menés ap orte
fermée, la quantité d’air disponible pour la combustion était limitée, étant donné |a taille
relativement petite de s fenétresd u sous- sol, etle délaiavantla défaillance des
structures d’essai a pu étre prolongé (de 50 a 60 % plus long que dans les scén arios
avec acces libre).

Il'y a eu dé formation structurale de tous le s planchers avant la défailla nce structurale.
Ce sont les planchers a solives d’acier en C qui ont subi la flexion la plus rapide, suivis

par les fermes de bois ajourées a plaques de métal ou a armature métallique. La fl exion
des planchers a solives de bois massif s’est avérée la plus lente. Trois tendances se
dessinent en ce qui concerne la défaillance des structures d’essai. Pou r les planchers a
solives de bois massif, la défaillance structurale se produit aprés la flexion du p lancher,
et se prése nte surtout sous la forme d’'une défaillance du support de revétement de sol
en OSB (pergage par br Glure). Pour tous les autres planchers, la défaillance structurale
se produit a prés la flexion et provoque I'effond rement complet dans le sous-sol o u un
effondrement en « V » causé par la défaillance des solives ou des fermes.

Une analys e documen taire a été réalisée pour évaluer le temps nécessair € a
I'évacuation d'occupants ambulatoires dans des maisons individuelles, avec un milieu
intérieur tenable et une voie d’évacuation dont la structure est solide. Ce temps risque
d’étre différ ent d’'un occupant a I'autre, entre autres en raison des différentes
caractéristiques et du comportement de chacun. Enca s d’ince ndie, les occup ants
n’évacuent pas néce ssairement désla reco nnaissance de I'a lerte donnée p arles
avertisseurs de fumeée. lls sont su sceptibles de faire d’abord quelques vérificatio ns,
comme co nfirmer la présence d ’unincendie, tenter d’éteindre le feu, alert eret
rassembler les membres de la famille, ramasser des objets de valeur et des vétements
chauds, etc. S’ils se consacrenta ces ac tivités de pré-évacuation au lieu d’évacuer
immédiatement, les occupants risquent de rater 'occasion d’évacuer la maison de fagon
sécuritaire. Les données disponible s surles temps d’éva cuation dan s les maisons
individuelles étant rares, il n’est pas possible de présenter des estimations précises pour
le moment. |l faudrait pousser les r echerches sur les temp s d’évacuation nécessaires
dans les maisons individuelles pour pouvoir faire des prédictions fiables.

L’étude permet de tirer les conclusions suivant es au sujet des planchers non protégés
exposés a des scénarios d’'incendie relativement violents. L ’installation d’essai était une
maison individuelle courante a deux étages, qui répondait aux e xigences minimales du
CNB. En régle générale, l'issue des essais menés avec accés libre au sous-sol était plus
grave que lorsque la porte du sous-sol était fermée sur les plans de l'intégrité structurale
des structures plancher-plafond non protégées et de la sécurité des occupants.

Scénario d’incendie avec acces libre au sous-sol

e Lors des e ssais menés selon un scénario d’in cendie relativement violent avec
acces | ibre, les événements ont suivi une suite chronol ogique : I'in cendie se
déclare et prend de I'ampleur, les avertisseu rs de fumé e se déclen chent, les
limites de vi abilité sont dépassées et la défai llance structurale du pla ncher se





