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ABSTRACT

Smoke detectors in residential buildings contelmignificantly to fire safety in these buildings.
However, there are several examples of residdiréal known that, despite the presence and operatio
of smoke detectors, lead to fatality. This wasréeeson for the Institute for Safety to investigdie
effectiveness of smoke detectors in residentidtdngs.

In the Netherlands many residential buildings apgigped with smoke detectors. Nevertheless, in only
a third of the Dutch residential buildings thereisninimum level of protection by smoke detectors,
consisting of a working smoke detector on evergrflén a survey on fatal fires in residential bunlgs

it is found that prticularly people with an impaired mobility arectims of fires with working smoke
detectors. The mobile victims of fatal residentiailding fires were mostly sleeping and probablyldo

be saved by a working smoke detector. Howethmre are doubts whether smoke detectors (only) in
the circulation spaces provide adequate proteclibareforean unique serie of live fire experiments
are conducted in a block of furnished two-storeydes. These virtually identical houses were pravide
with smoke detectors in nearly every room. Tempeeaheat radiation, carbon monoxide (CO), oxygen
(O2) and nitrogen oxides (NPwere monitoredluring the experiments. The available escapeesulie
times are analysed based on the exceedance ¢frdshold values for incapacitation and lethality.

In this paper we present the results of the exmarimiand measures that resideats take to increase
the fire safety in their homes. In the experimenis found thathe available escape time is extended
considerabhyby placing smoke detectors in potential fire areasoAhe closing of interior doors has a
positive effect on the probability for survival fife, but has a negative effect on the detectioretof
smoke detectors in therculation spacelo improve the perceptibility of smoke alarms @améhcrease
the available escape and rescue time a measw@igiconnect the smoke detectors on every floor.

INTRODUCTION

A smoke detector is effective when a fire is detddh an early stage and the (dormant) people
present are quickly alerted by the smoke alarnblergathem to escape in time. Therefore we focus in
this paper on the limitations of smoke detectoreesidential fires, as well as on suitable measiores
improve the effectiveness of present smoke detetaesidential buildingsThe limitations of smoke
detectors are discussed in the context of deteetidity, the ability to wake up people, audibiliéynd
correct location of detector. The starting pointtfee analysis of the effectiveness of smoke detsct
on the probability of survival is that the level fofe safety in residential fires is determined &y
combination of factors, namely the risk factordfieatures), the environmental factor (buildingdiess)
and human factors (human features). To this atlidadtor is added, namely the smoke detector featur
An example of a fire feature is the location of tine and the path of the spread of smoke. A raieva
building feature can be whether interior doors@osed or open. For the human factors it is relevan
whether the person can escape by himself or wheltleeperson is impaired mobile and need to be
rescued. The interconnection of smoke detectorsbeaa relevant smoke detector feature for a fast
notification. The influence of these features, agsbrothers, are investigated in real life experitsen
Furthermore, the four factors are found to havmfimence on various stages of the escape proicess,
in the stage of discovery (detection), the stagearhing and the stage escape.



Detection time and nuisance alarmsrelated to type of detector

The literature review has shown that the momemthath the smoke detector is activated, depends on
the type of material which is burning, whethersitai smouldering or a flames fire, the locationhaf t
fire, and the presence of ventilation. For exanepdeeriments show that smoke detectors in the room
of fire origin (in these experiments the bedrooamy even those in the circulation space, can ditect
before the threshold values for incapacitation latithlity are reached. Furthermore, it has beewsho
that the effectiveness of the smoke detectorspsmiging on the type of alarm (optical or ioniziagd

the location to the fire.

By means of experiments it has been demonsttdled in smouldering fires the optical smoke detesct
generally responded faster than the ionizationatete. In case of flames fires, ionization detextor
responded quicker. It is also found that ventilatiooth mechanical as well as natural ventilatoam
influence the flow so that the smoke from the fioes not reach the smoke detector quickly. Aswtres
there is a delay in the alarm tirhe.

Based on several studies it is found that moshefriuisance alarms are due to cooKikgpossible
measure to reduce nuisance alarms is to replackesdeiectors for heat detectors. Therefore, in the
live fire experiments we investigate the differentéetection time of both types of detectors.

Audibility and ability to wake up people

When a smoke detector goes in alarm in a differ@oin than where a person is located, there will be
sound volume reduction. For a smoke detector iAastralian residence, with a sound frequency of
about 3100 Hz and a sound level of 85 dB(A), ac&dn is measured with an average of 36 dB(A) if
all the doors are open and an average of 45 dB@vthe doors are close@&moke detectors with a
sound frequency of about 3100 Hz and a sound @ED5 dB(A) is the reduction in the situation with
the doors closed even stronger, namely 58 dB(Ag0Adr the lower floor the reduction is strongearth
for rooms on the same floor. To decrease the effiesbund reduction in the live fire experiments th
measure of interconnected smoke detectors is athlys

After the smoke detector sounds, the time availtbkiurvive the fire can be limited, especially whe
the victim is in the room of fire origin. In resmmnto the alarm of the smoke detector it is theeefo
necessary to escape quickly. Besides hearing iegbagtderly people more people appear to be
vulnerable when it comes to waking up by the alafra smoke detector. Several studi¢8® 10111213

14 show that current detectors are barely able teewskchildren, people under the influence of altoho
and people who sleep very deeply.

Fatal residential building fires

An analysis of fatal residential building fires ¢ioms that people cannot be saved in all situationa
smoke detectol® The analysis is based on the database of theutiesfor Safety on unintentional
residential building fires in the Netherlands waikil fatalities due to the firdn the period from 2008
to 2013 a total of 186 people died in 172 firest s paper a selection of residential fatalities
analysed, namely only the cases wherein data isngbn the presence and functioning of smoke
detectors (n=126 fires). In 33% (n=41) of thesalféites at least one smoke detector was present. |
24% (n=30) of these cases the detector actually imexlarm, with the result of 33 victims.

A further selection is made, namely of the casesraih also the extend of mobility of the victim is
known (n=118 victims). This concerns 73 mobile st (62% of 118) and 45 impaired mobile victims
(38% of 118). About half of the mobile victims wayeesent in the room of fire origin (n=37; 51% of
73), compared seven out of ten impaired mobildmgtn=31; 69% of 45). In the room of fire origin
most of the mobile victims were asleep (n=22; 599871 and most the impaired mobile victims were
awake (n=17; 55% of 31). The contrast is largerfotims who were in another room, as three-quarter
of the mobile victims were awake (n=27; 75% of 8@)npared to six out of ten impaired mobile victims
(n=8; 57% of 14). This is the first indication tHat mobile victims the awakening by a smoke detect
is more relevant than for impaired mobile victirifie second indication is that 42% (n=19) of the



impaired mobile victims deceased in a residentiglding fire with a sounding smoke detector,
compared to only 12% (n=9) of the mobile victims.

Since most of the mobile victims who deceased anfite had no functioning smoke detector, the
assumption is that a sounding smoke detector caeatse the number of fatal fire victims. Nevertbg|e
some mobile victims with a sounding smoke detedied because of the fire. Therefore in the live fir
experiments the alarm times of smoke detectorswaral locations, several locations for the room of
fire origin and the environmental conditions foc@se and rescue in several rooms are investigated.
Smoke detectors seem less effective for impairedilm@ersons. To reduce this category of victims,
additional measures are needed to prevent firextiaguish the fire quickly, to restrict the spreafd
smoke and to make a quick rescue possible. Forghabn in the live fire experiments it is inveatay

if the closing of interior doors is a promising ragee to increase the probabilities of rescue.

Coverage, functioning and location

The legal requirement in the Netherlands is thatske built in 2003 or later shall be provided with
smoke detectors on each floor of the house initicalation space, that are powered by the power lin
Smoke detectors are not required by law for exgstiouses, but the general advice is to instatastl
one smoke detector per floor in circulation spatedl way/circulation spaces/landing). The data of
‘Woon Onderzoek Nederland 20[l2ousing Research Netherlands 2012] shows thitdriNetherlands
approximately 70% of all dwellings has a mountedlsenalarmt® That does not necessarily imply that
in all these dwellings, the smoke detector actudliyctions or is mounted on every floor. Fire
departments from several regions in the Netherldradge published about their home fire safety
inspections, wherein among others the presencetidoc and operation of smoke detectors is
described?® Based on the relative mean result of these ingpestit can be concluded that smoke
detectors are functioning in about two-thirds (6696) the dwellings. Through comparing this
information with the coverage of 70%, it can beestathat approximately 45% of all homes in the
Netherlands have working smoke detectors. Focussirtge location it shows that in about half of the
dwellings functioning smoke detectors are installedhe circulation space on every floor. Due to a
70% coverage, it implies that only 35% of the dimgk in the Netherlands has a working smoke detecto
in the circulation space on each floor. This petaga is relatively low. Moreover, there are doubts
whether smoke detectors (only) in the circulatipaces provide adequate protection. Therefore are in
the live fire experiments smoke detectors mountdanly in the circulation spaces but also in tmn

of fire origin and in the other rooms.

The alarm time of smoke detectors at various looathas been studied in earlier live experiments, b
these experiments are mainly performed in mockedfipgmes. 23 The live fire experiments described
in this paper, on the other hand, are performedah(demolition) houses which were inhabited dfort
before the experiments and are fully furnished wétv furniture. In addition, the main focus in foais
research is on the alarm times and most of therempats are finished as soon as the smoke detectors
went into alarm. The current live fire experimemtsamined not only the detection time of smoke
detectors, but also the growth of the fire andgesad of smoke in relation with the available psca
and rescue time.

METHODOLOGY

To gain a sound understanding of the factors ttiltdnce the effectiveness of smoke detectors,
the Fire Service Acadentpnducted an experimental fire studyiblock of identical two storey houses,
with identically furnished modern furniturig, a small town district due for demolitiohhe aim of the
experiments was to research the fire spread amdbitép in an average Dutch residential buildifidgre
live fire experiments started in three differerddtions, namely in the living (2x) or kitchen (1¢) the
ground floor or in the master bedroom (2x) on iih&t floor. During the experiments the surrounding
conditions were measured in the all the rooms & Hlbuse, including the hallway and landing.
Temperature, heat radiation,;, @O and N® were monitored in each of the five major roomsirayr
the fire growth and analysed on the tenability t&nfior people to escape and survive a fire.

The following measures are investigated to imprihee effectiveness of present smoke detectors in
dwellings.



« Detached smoke detectors in the circulation spatstead of no smoke detectors;

* Interconnected smoke detectors in the circulatacss, instead of detached smoke detectors
in circulation spaces;

e Interconnected smoke detectors in all rooms, ilstéanly in the circulation spaces;

« Heat detectors instead of optical smoke deteciotise room of fire origin;

« Closed interior doors, instead of open interiorrdoo

Description of thetested house

The live fire experiments were conducted in workatgss houses that were built in 1931. Since all
houses were built to the same floorplan, the difiees between individual houses are minor. However,
the floor-plans of adjacent houses are mirroreegrEWiouse has wooden floors and a stairs. Double
glazing have been installed at ground floor levehn(ilation grilles are present here as well) amsl t
ceilings being finished with plaster-board. Thesiiar and exterior doors can be closed to fit priype
but some cracks remain. Furthermore, the housetraditional brickwork structures and have tiled
roofs. The ground floor plan includes the livingea kitchen, small hall with bathroom and the stair
to the first floor. The floor plan is about 38.nAfhe first floor includes two bedrooms, landingl aairs

to the attic which can be closed by a shutter énatttic floor.

To simulate the real-life situation as well as [jass the homes had been fitted out with furnittirat
was customary in the Netherlands in 2014. Thisifure had been bought from three different major
furniture chain stores, focussing on the ‘cheaggsegment, bearing in mind the financial situat®

a young family.

Description of thetest design

Fire experiments

The fire experiments were set up such that as rfthe options of subsequent comparison as possible
were integrated. Among other things, this meatrttitt&nould be able to compare the situationsfoka

in on the ground floor with a fire on the upperoilpto compare a fire in a large room (living roomiph

a fire in a small room (bedroom) and to compargewith interior doors open with interior doors
closed. In Table 1 the setup of the fire experiménshown.

Table 1. Setup of the fire experiments

Object on
L ocation of which the Hallway Bedroom
Test | start of fire fire started door doors Ventilation
1 Bedroom Bed Closed Both open Exterior doors closed,
both bedroom windows
ajar
2 Bedroom Bed Closed Both closed Everything closaty,
bedroom window ajar
3 Living room Sofa Open 1 open/ 1 closed Everythiloged, only
bedroom window ajar
4 Living room Sofa Closed 1 open/ 1 closed Evengltdlosed, only
bedroom window ajar
5 Kitchen Deep fat Closed 1 open/ 1 closegd Everything closed,
fryer kitchen door open
halfway

Measurements (instruments and locations)

During the live fire experiments the temperatuestiradiation, CO, £and NQ are measured. There
was one measurement point per room. An exceptiatialiving room, where because of the size and
the geometry of the room the temperature has beasumned in two places, approximately in the middle
of the front and back of the living room. The temgtere is measured at two levels, namely at 50 and



180 centimetres height. The other measurements ({C®), O,) are measured at a height of 50
centimetres. The visual image is captured by hesistant video cameras.
The houses are equipped with smoke detectors. iBach has at least one optical smoke detector and
in most rooms also a thermal detector. In test@® %@ second optical detector was mounted in the
landing and in the bedrooms. The detectors are Bpmie Safety Products Ltd. The following types
are used:
e Optical smoke detectors type Fireangel WST-630-BNtiih a non-replaceable 3V lithium
battery with a lifespan of at least 10 years. Tinele detectors are wireless interconnected.
* Thermal detectors type BRK H380 with a 9 V battéiiye smoke detectors are linked via an
IFG-100 Wireless Interface Gateway 150m. singlgger operation.

Values for incapacitation and lethality
The threshold values below are used in this rekeararder to make an estimate of the degree tatwhi
occupants can still escape and survive and/or magjar risk of long-term damage to their health.

Table 2 contains the threshold values for the nreasents of the live fire experiments.

Table 2. Parameters and threshold values

Parameter Valuesfor incapacitation Valuesfor lethality (L Dso)

Heat FEDheat> 1 T>120°C at 0,5m height

(convection + radiation) q> 6 KW/n?

CcoO FEDtox> 1 10 min AEGL-3 (CO=> 1700 ppm)
OR 30 min AEGL-3 (CO> 600 ppm)
10 min AEGL-2 (CO> 420 ppm)

O, 0:<13% Q<6%

NOx 10 min AEGL-2 (NQ> 20 ppm) | 10 min AEGL-3 (NO> 34 ppm)

For the analysis of heat exposure the FractiorfalcB¥e Dose (FED) for a 50 percent lethality among
the population (FED=1) is used, shown in the TasléFEDheat’. The FED is calculated on the basis
of temperature and radiation in accordance with 18671 (2012). The FED is exclusively applicable
for the determination of the probabilities of esealpor survivability the temperature limit of 120 at
victim level (50 centimetre) is adopt&dRegarding radiation a limit of 6 kW/ns chosen, because it
appears that a person can be exposed to thisicadiat just 7 second<.18 19

In accordance with 1ISO 13571 (2012) the FED is akigulated for toxic substances, shown in the
Table as ‘FEDtox’. The calculation takes into aguobioth the presence of carbon monoxide (CO),
hydrogen cyanide (HCN) and carbon dioxide Z@nly the production of CO is measured. Because
in the experiments there is an (incomplete) combusdf polystyrene foam, the value for HCN is
estimated to be 1% ppm HCN per ppm CO emissidnsaddition to the FEDtox, the limit values for
CO exposure are determined according to the Comenith Acute Exposure Guidelines (AEGE JFor
escape the values of AEGL-2 apply, and for sunilitgtthe values of AEGL-3 are used.

Based on researéh the limit of the oxygen (€ concentration for escape is set at 13%. The relsea
findings suggest that at a percentage of 12 to th&%¥e is an increased respiration and heart rat®fan

a slightly decreased muscle coordination. At a ¢grtiage of 10 to 14% abnormal fatigue, impaired
respiration and emotional reactions are possildestrvivability the threshold value is set at Gace
then breathing stops after a few minutes, follolwga heart failure.

For the determination of the threshold values fogen oxides (NQ the use of AEGL values is hot
unusualt AEGL-2 is used as a threshold for escape. Surisviadsed on the AEGL-3 value. A level of
50 percent lethality among the population is onthiaved at very high NOvalues, but an NO
concentration from AEGL-3 without medical treatmédogs lead to a major risk of long-term damage
to health or, for sensitive groups, even to pedglag after some time.



RESULTS

Description of fire development

In test 1 flames are visible on the top side oftbddings within a minute. After 1,4 minutes, threoke
layer in the master bedroom reaches to 180 cemgmérom the floor). The room fills up quickly \wit
black smoke and burning (liquid) parts of the nsdrand beddings are dripping on the carpet, and it
begins to burn. After 2 minutes, the smoke layeches the side of the landing up to 50 centimetres
(from the floor). There is 75 to 90 centimetredret space on the window side. There are flamés of
meter high on the bed. One minute later, the flareash the ceiling and later the smoke layer starts
ignite at the ceiling. After about 4 minutes, tire fntensity is decreasing. Over time, the densitthe
smoke layer also decreases. Only the bed is arBf@eause of firefighter interventions the experitne

is ended 14 minutes after ignition.

In test 2 within a minute after ignition there 8eemes of 5 centimetres visible in the corner &f bed
where the fire ignited. 2 minutes after the firerstd, there is already a clear smoke layer visibthe
room and the outgassing of the matrass and bedidiradso visible. 4 minutes after the start of fihe

the aware markers are barely visible through thek ttmoke and flames on the bed are 1 meter height.
In the master bedroom there is a rapidly develofineg though the fire is not fully developed (ftas
over). After a rapid increase in temperature talge200°C, the temperature drops rapidly again. The
fire was probably tempered by a lack of oxygen. fitteeraged a full hour before intervention hasrbee
made by the safety crew. At that time, the fireegpp to be almost extinguished.

In test 3 the temperature in the living room risgsidly after igniting the fire in the sofa. Within
minute, the first flames are visible above the sbfam 1,5 minutes the smoke layer begins to fonm o
the ceiling that builds up quickly. After 2 minutds smoke layer in the living room reaches to 180
centimetres (from the floor) and has now spreaithéchallway and landing. Besides the sofa also the
shelf above the sofa is burning. After about 5 ésua peak in the temperature in the living ro@as h
been reached and as a result of lack of oxygetethperature drops. At that time, the landing ikdtil
grey and black smoke. For a full hour, the firegedjand after 61 minutes, the safety crew inteene
In test 4 after 3,5 minutes the first flames abthas sofa are visible. After 4 minutes, a smoke Haye
starts to build up against the ceiling. 30 secdatds the smoke layer reaches a height of 180meitrtes
(from the floor). The entire room is filled withitk black smoke, and the flames on the sofa deereas
After 4,5 minutes, there is getting some smokeuphothe floor in the master bedroom. About 30
seconds later, this happens also in the baby rédtar 7 minutes, the first smoke from the master
bedroom flooded in the landing. After more tham#&8utes the safety crew intervened.

In test 5 the fire develops very rapidly after itpeiting of the deep fat fryer. Within 2 minutestk is

a thick smoke layer at the ceiling of the kitchehijch is beginning to extend into the living roofme

fire reaches the first kitchen cupboard within Zhates. The fire in the kitchen is raging first iret
kitchen cupboards above the sink; after that, tiveh&n cupboards under the countertop are also
involved in the fire. The smoke is spreading thiotige floor structure to the bedrooms. During the
experiment the fire gets through the plaster agitind begins to spread in the roof (of the kitchem)
thick smoke under the tiled roof of the kitchemprsssed out. More than 47 minutes after the diart t
safety crew started to extinguish the fire as itieetfireatened to spread to the roof and affecadj@cent
houses.

Description of measurementsin general
In Table 3 the results are given for the measurésetated to the times when the first detectortwen

into alarm and to the times in which the tenabilityits for people to escape and survive a fireaver
exceeded.



Table 3. Overview of times of alarm, possibilitysafve escape and rescue possibility

Possibility of a save escape Rescue possibility
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= [Room Sl < < |52 | =35 |55 |55 | W =S5 |55 |So
1 [Master bedroom (*)| o 00:43|01:40 |02:42 | 01:30 | 01:30| 01:59(02:51 | 01:39 | 01:39| 02:08
1 |Landing 01:12 | NOT |02:42 | 01:30 | 01:30| 01:59/03:09 | 01:57 | 01:57| 02:26
1 |Nursery room o| 01:24|03:37 |02:42 | 01:30 01:30| 01:59|03:36 | 02:24 | 02:24| 02:53
1 |Hallway 08:03 | N/A max max max max | max max max max
1 |Living c| 23:31 | N/A max max max max | max max max max
1 |Kitchen 30:58 | N/A max max max max | max max max max
2 |Master bedroom (*)| ¢ 00:35| N/A | 04:04 | 00:02 | 00:02| 03:39/04:07 | 00:05 | 00:05| 03:32
2 |Landing 04:02 | NOT |37:10 | 33:08 | 33:08| 36:35| max max max max
2 |Nursery room c| 18:22| NOT |37:10 | 33:08 33:08| 36:35| max max max max
2 |Hallway 14:53 | NOT | max max max max | max max max max
2 |Living c | NOT | NOT | max max max max | max max max max
2 |Kitchen NOT | NOT | max max max max | max max max max
3 |Living (*) o | 01:20 |02:21 |04:26 | 02:25 | 02:25| 03:06|14:45 | 12:44 | 12:44| 13:25
3 |Kitchen 01:59 | 03:11 |04:26 | 02:25 | 02:25| 03:06] N/A N/A N/A N/A
3 |Hallway 02:01 | 03:40 (06:09 | 04:08 | 04:08| 04:49|14:09 | 12:08 | 12:08| 12:49
3 |Landing NOT(!) | 04:45 | 05:54 | 01:09(!) | 03:53 | 03:53|14:00 |09:15(!) | 11:59 | 12:40
3 |Master bedroom g 03:07/04:59 | 05:54 |01:09(") | 03:53 | 03:53|14:54 |10:09()) | 12:53 | 13:34
3 |Nursery room c| 07:21| NOT |05:54 |01:09(!) | 03:53| 03:53|39:48 |35:03(!) | 37:47 | 38:28
4 |Living (*) c | 01:35 |02:35 |04:36 | 02:03 | 02:03| 03:01|13:48 | 11:15 | 11:15| 12:13
4 |Kitchen 02:24 | 03:28 | 04:36 | 02:03 | 02:03| 03:01] N/A N/A N/A N/A
4 |Hallway 02:33 | 50:28 [ 23:18 | 20:45 | 20:45| 21:43|45:36 | 43:03 | 43:03| 44:01
4 |Landing 06:53 | 55:00 |15:57 | 09:04 | 13:24| 14:22|33:51 | 26:58 | 31:18| 32:16
4 |Master bedroom q 03:37/59:37 | 15:15 | 08:22 12:42 | 13:40| 16:55 10:02 14:22 | 15:20
4 |Nursery room c| 03:06| NJ/A |15:57 | 09:04 13:24 | 14:22| max max max max
5 |Kitchen (*) 00:10 |04:00 |05:30 0 0 05:20 | N/A N/A N/A N/A
5 |Living c | 01:52 |05:58 |16:12 | 08:57 | 08:57| 14:20(22:24 | 15:09 | 15:09| 22:14
5 |Hallway 07:15 | NOT |25:58 | 18:43 | 18:43| 25:48|47:46 | 40:31 | 40:31| 47:36
5 |Landing 13:24 | N/A | 25:58 | 12:34 | 18:43| 25:48|47:33 | 34:09 | 40:18| 47:23
5 |[Master bedroom g 06:56] N/A [25:39 | 12:15 | 18:24| 25:29|47:21 | 33:57 | 40:06| 47:11
5 |Nursery room c| 07:56| N/A |2558 | 12:34 18:43 | 25:48|47:29 | 34:05 | 40:14| 47:19

(*) = Room of fire origin; N/A=not available / not measured;; NOT = no alarm; malimit not reached till end of test;
(1) = calculation based on thermal detector in lamgl as optical smoke detector was probably defect

In Table 3 the alarm times of the optical smokedtetrs and the heat detectors are shown. In tasd 2
5 there were two optical smoke detectors presesbine rooms. In test 2 the second optical smoke



detector in the master bedroom, which is the robifire@ origin, went 44 seconds later in alarm, the
time difference in the landing was 35 seconds amt&inursery room it was 5 seconds. In test Sitine t
difference in the landing was 20 seconds, in thstemaoom it was 23 seconds and in the nursery room
it was 54 seconds.

Also the calculated available times for escaperasdue are presented in Table 3. The calculation is
based on the measured times of exceedance of lignkitnits, both for incapacitation and lethalitin
test 1 the oxygen limit for incapacitation was ecten all upper rooms. For lethality the limit for
radiation was exceeded in the master bedroom (i@fdire origin) and for oxygen in the other upper
rooms. In the master bedroom (room of fire origirtest 2 the FEDheat was exceeded for incapamitati
and the temperature for lethality. In the otherarpmoms only the AEGL limit for carbon monoxide
was exceeded for incapacitation. In test 3 the FaDwas exceeded for incapacitation in the living
(room of fire origin) and the kitchen. In the oth@oms the oxygen limit for incapacitation was
exceeded. For lethality the AEGL limit for nitrogdioxide was exceeded in living (room of fire onpi
hallway, landing and master bedroom. In the nurseoyn the AEGL limit for carbon monoxide was
exceeded for lethality. In test 4 the FEDheat waeeded for incapacitation in the living (room oéf
origin) and the kitchen. In the other rooms theagjen dioxide AEGL limit for incapacitation was
exceeded. For lethality the AEGL limit for nitrogdioxide was exceeded in living (room of fire oni
and master bedroom. In the hallway and landingM&&L limit for carbon monoxide was exceeded for
lethality. In test 5 temperature limit for incapation living in the kitchen (room of fire originT.he
FEDheat cannot be determined as the radiationtimeasured in the kitchen. In the living the oxygen
limit for incapacitation was exceeded and in tHeeorooms the AEGL limit for carbon monoxide. For
lethality the AEGL limit for carbon monoxide wergoeeded in all rooms, except for the kitchen as it
was not measured there.

The available times for escape and rescue arefiedtcalculated for the hypothetical situationwhich

the (dormant) people are not alarmed by signaksratfan sound, so they will not wake up in the abse

of a smoke detector. Subsequently the availablestifor escape and rescue are calculated for three
measures with the application of smoke detectonidasure 1 the escape time is defined by caloglati
the difference between the maximum escape timer(gtieally on the basis of the threshold values) an
the moment when the smoke detector goes into atathe hallway (for escape from the ground floor)
or landing (for escape from the first floor). Meses@ is based on the time at which the smoke datect
goes into alarm in the circulation space adjacetité room of fire origin and measure 3 is basethen
time the smoke detector sounds in the room ofdfiigin.

Interpretation of test results

Measure 1: Detached smoke detectors in circulagjmaces, instead of no smoke detectors

In the experiments wherein the fire is ignitedtia thaster bedroom on first floor (test 1 and Drdhs

a rapid fire development. After ignition there i3 @scape possible from the room of fire origin with

2 minutes and 42 seconds in test 1 and 4 minutés4aseconds in test 2. Though there is only a
possibility to escape or being rescued if theiiraoticed. It took some time before the smoke aete

in the landing went into alarm. After the soundtaf alarm there is barely no to about 1,5 minutes t
left to escape from the room of fire origin. Aftlat the limit for survivability is quickly reached

The probability that people survive these fireslevtiiey are sleeping in the room of fire origirfvsry)
small. In test 1, in which all the interior doons the floor were open, the probabilities of escape
survival in the other rooms on the first floor Isa(very) small. In test 2 the interior door beémehe
landing and the room of fire origin was closed. rEfiere there was considerable time available for
escape from the nursery room and the landing #ftersmoke detector went into alarm. In both
experiments the limits for escape and rescue areeaohed on the ground floor.

In the experiments wherein the fires started irlithieg on the ground floor (test 3 and 4) theral®ut
4,5 minutes time available to escape from the robfire origin. In the hallway there is 6 minutdedt

3) to 23 minutes (test 4) available for escapett@nupper floor there is less time available. bt
there is even about 8 minutes less time avail®uethe possibility of rescue there is in test 80
minutes extra time available after the tenabilityits for escape are exceeded. Except for the nurse
room, where more time is available as the inner @oolosed. In test 4 the interior door of thenpof

fire origin is closed, which lead to a good pod#ibfor rescue from the upper floor. Except foeth



master bedroom, where the smoke poured into tha k@ the floor. These possibilities are only valid
if the fire is noticed. However, after the alarnusds the persons in the room of fire origin haviy @n

to 2,5 minutes to escape. On the upper floor is emmaximum of 1 minute (test 3) to 8,5 minutest(te
4) available for escape. Only in test 4 therehal&minute extra time to escape from the nurseon.

In the landing there is about 9 minutes (test 27aninutes (test 4) available for rescue afterstiend

of the smoke alarm. As in test 4 the smoke pounarlthe master bedroom via the floor, there is only
10 minutes available. In the nursery room ther& igast 35 minutes time available for rescue i bo
experiments. This is because the interior doohefriursery room is closed.

The findings show that for persons in the roomiref érigin a smoke detector in the joining circidat
space is hardly effective when the dimensions efrttom are small (bedroom). When the room of fire
origin is on a higher floor, there is a very higblpability for escape and survival for the personsghe
lower floor.

Measure 2: Interconnected smoke detectors, instéddtached ones, in circulation spaces

When the fire starts on an upper floor, and theeere persons present on the higher floors, the
interconnection of smoke detectors has no effdut. first smoke detector that goes in alarm, after a
IS mounted in the circulation space where peopltherupper floor have to escape through. The ®sult
of test 1 and 2 confirm this. When the fire ocowninsthe ground floor the interconnection has also no
effect, as it is the location of the first detedtmat goes into alarm. However, for the peoplehenupper
floors the interconnection has a great effectedtds to about 2,5 minutes extra time for escapa (an
rescue) in test 3, about 4,5 minutes extra indestd little more than 6 minutes extra in test 5.

The findings show that the interconnection of smdé&gectors is an effective measure for escape (and
survival) in cases wherein the fire starts on tteaigd floor. This is an essential finding as anysis

of fire incidents in residential building revedtst, at least in two Fire Regions in the Nethersand
almost three-quarters of the residential firest starthe ground floor®

Measure 3: Interconnected smoke detectors in alin®, instead of only in the circulation spaces

By mounting smoke detectors not only in the cirtalaspaces, but also in all rooms where fire may
occur and / or where people can stay dormant, @aimddrconnect the mounted smoke detectors, a
substantial extra time can be achieved for escame gurvival). In the fire experiments was the time
increase in the worst case (test 1) half a mirtsitece the available escape time without the measure
just 1,5 minutes, the half-minute extension canertak difference between whether or no probability
of escape.

The measure also has a substantial impact on g®hjildy to escape out of fire rooms in cases wher
the smoke alarm in the adjacent circulation spasetw alarm too late. This is the case in tesir@ (

in master bedroom) and test 5 (fire in kitchen)odrth experiments the fire room door was closed, so
the smoke gases could not come close to the defasteenough. In test 2 and 5 a smoke detector in
the room of fire origin provides not only a time@xsion of 3,5 minutes, respectively 5,5 minutes, b
above all the smoke detector ensures that peopept can escape at all.

The measure also has a strong effect when the sspo&ads through the ceiling/floor structure to
upper rooms. This is the case in test 4 and 5.€[faesmoke detector in the room of fire origin, ebhi

is interconnected with smoke detectors in the &ttan spaces, results in time gains of almost 5,5
minutes (test 4) and 13 minutes (test 5). In bases, the available escape time was already
substantial with detached smoke detectors, i.eert@n 8 minutes (test 4) and 12 minutes (test 5).
Given the sometimes decisive extra time for eseagerescue that can be achieved, it is highly
recommended to mount interconnected smoke deteaotte potential rooms of fire origin, and in
rooms where people can stay dormant.

Measure 3: Interconnected smoke detectors in alimg, instead of only in the circulation spaces

By mounting smoke detectors not only in the cirtalaspaces, but also in all rooms where fire may
occur and/or where people can stay dormant, andtéoconnect the mounted smoke detectors, a
substantial extra time can be achieved for escaipe gurvival). In the fire experiments was the time
increase in the worst case (test 1) half a miritece the available escape time without the medsure
just 1,5 minutes, the half-minute extension canerthle difference between whether or no probability
of escape.



The measure also has a substantial impact on gmbjildy to escape out of fire rooms in cases wher
the smoke alarm in the adjacent circulation spaget\w alarm too late. This is the case in tedirg (

in master bedroom) and test 5 (fire in kitchen)bdnth experiments the fire room door was closed, so
the smoke gases could not come close to the defestoenough. In test 2 and 5 a smoke detector in
the room of fire origin provides not only a timeenxsion of 3,5 minutes, respectively 5,5 minutes, b
above all the smoke detector ensures that peopept can escape at all.

The measure also has a strong effect when the sspo&ads through the ceiling/floor structure toarpp
rooms. This is the case in test 4 and 5. Theren@kes detector in the room of fire origin, which is
interconnected with smoke detectors in the cirtaegpaces, results in time gains of almost 5.5uteim
(test 4) and 13 minutes (test 5). In both casesathailable escape time was already substantill wit
detached smoke detectors, i.e. more than 8 milfiests4) and 12 minutes (test 5).

Given the sometimes decisive extra time for esaam rescue that can be achieved, it is highly
recommended to mount interconnected smoke deteictdle potential rooms of fire origin, and in
rooms where people can stay dormant.

Measure 4: Closed interior doors, instead of op#eiior doors

In general, it can be stated that when the dodh@froom of fire origin is closed, the environménta
conditions in the other rooms last longer than wttendoor of the room of fire origin is open. For
example, in the experiment with the fire on thetfftoor and the door of the room of fire origineop
(test 1), the available escape time from the otbems on the first floor is only 1,5 minutes aftiee
sounding of the smoke detector. While in same sdnavith a closed door (test 2) this is more tB&n
minutes. Also the time saving for the possibilities rescues is substantial since the thresholdegl
are not achieved with a closed door, while withdber open the available time for rescue is justd.
2,5 minutes. In the experiments with fire on theugd floor and the door of the room of fire origin
open (test 3), the closing the doors of the roomthe upper floor there is only results in a savinthe
time for rescue. Specifically, in the room withlased door (nursery room) there are 15 minutesextr
available for rescue compared to room with the agpan (master bedroom). On the other hand, closing
the door of the room of fire origin has a nega¥kect on the alarm time and on the audibility lod t
smoke detector(s). As shown in Table 3 in the 8dna with an open door the smoke detector in the
adjacent circulation space goes into alarm afteutb minute (test 1) to 2 minutes (test 3), whiléhe
situations with the door closed the smoke detegbes into alarm after 2,5 minutes (test 4) to afout
minutes (test 5). So the findings demonstratetti@tondition of the doors also influence the mamen
at which the smoke detector is activated, in aoditd the type of material which is burning, thpey

of fire (smouldering or flames), the location oktfire, and the presence of ventilation as litestu
already revealed.

Also for (dormant) people present in the room of forigin the closing of the door has a substantial
negative effect. With a closed door the smoke fibisnd that the detector sound too late to esdase (

2 and 5) or even to be saved (test 2). On the agntwith the door open there is time to escapefor
least 1,5 minutes after the smoke detector sourds X). Furthermore with a wooden floor structure
(and possibly other structures with empty spaceloarsmall openings) there is a risk of smoke
spreading through the ceiling and floor structuhemwthe door of the room of fire origin is closédis

has been observed in test 4 and 5.

Measure 5: Heat detectors instead of optical smskectors in the room of fire origin

In total, eight (36%) of the 22 placed heat detecttid not go into alarm. The optical smoke detecto
mounted next to the heat detector, did detectitbedxcept for the two cases in which the situatio
that room has not been threatening up to the etideoéxperimentn only two tests (test 3 and 4) the
heat detector placed in the circulation space weatalarm. Though it detects the fire (much) labem

the optical smoke detector, except for the detdnttine landing in test 3 as that detector was ginbb
defect. Therefore, it is not recommended to reptgutiecal smoke detectors in circulation spacesdat h
detectors. The alarm time difference between tla Hetector and the optical smoke detector in the
rooms of fire origin are relatively small as it e between about 1 minute and 4 minutes. After the
sound of the alarm of the heat detector there dsitab minute to 2 minutes time left to escape.tSo i
gives better results in the room of fire origin gared to detectors the circulation space. In orteef
experiments the fire started in the kitchen andat detector went into alarm before the tenaHitiyt



for a save escape was exceeded. In literaturéatired that an optical smoke detector in a kitcbien
leads to nuisance alarms. Only in these situatibissrecommended to make use of heat detectors,
although it detects a fire in a later stadium tlo@tical smoke detectors do. In other situationg hea
detectors are even strongly discouraged for re8aldmuildings, in particular in circulation spaces

DISCUSSION

The threshold values below are used in this rebaarorder to make an estimate of the degree
to which occupants can still escape and survivéoamdn a major risk of long-term damage to their
health. However, in this context it should explictbe noted that the estimate concerns healthytadul
Other age groups or people with greater sensitwitlyexperience an impediment to escaping sooner
and will probably also die sooner. The thresholdesstated concern 50 percent of the populatibis. T
means that the other 50 percent will undergo tliecesf sooner or later than the moment specified.
Besides, it concerns a theoretical estimate basaddividual factors. The combination of factors is
difficult to qualify, but will have a, mostly nege¢, effect in practice. Furthermore, it shouldrmed
that the extra probability to survive due to re#asion has not been considered in this research.

CONCLUSION

A smoke detector is effective when a fire is detkatean early stage and the (dormant) people
present are quickly alerted by the smoke alarmblengathem to escape in time. Thoughly in a third
of the Dutch residential buildings there is a minimlevel of protection by smoke detectors, congisti
of a working smoke detector on every flodherefore we focused in this paper on the limitadiof
smoke detectors in residential fires, as well asuatable measures to improve the effectiveness of
present smoke detectorsresidential buildingsThe literature review has shown thlaé moment at
which the smoke detector is activated, depends@type of material which is burning, whether iais
smouldering or a flames fire, the location of tive,fthe presence of ventilation and of the type of
detector. Based on the results of the live firesgixpents it is not recommended to replace optivalkse
detectors by heat detectors. In literature isfalsnd thathe current sound frequency of smoke detectors
is not optimalWhen a smoke detector goes in alarm in a differ@min than where a person is located,
there will be a sound volume reduction. To reducedhie smoke detectors on every floor can be
interconnected. The live fire experiments revedhadthe interconnection of smoke detectors is also an
effective measure for increase the time for es¢apd survival), especially in cases wherein the fir
starts on the ground floor. This is an essentialifig as most of the residential fires start ongitweind
floor. Therefore it is highly recommended to mourterconnected smoke detectors in the potential
rooms of fire origin, and in rooms where people stay dormant. fier the smoke detector sounds, the
time available to survive the fire can be limitedpecially when the victim is in the room of finggin.
Several studies show that current detectors aedybable to wake up hearing impaired elderly people
children, people under the influence of alcohol aedple who sleep very deeply. An analysis of the
database of fatal residential fires confirms thewgde cannot be saved in all situations by a smoke
detector as in a quarter of the analysed casedetieetor actually went in alarm. Frequently impaire
mobile persons are victim of fatal fires with soumgdsmoke detectors. In the live fire experiments
therefore the measure of closing interior doorisvestigated. The results indicate that when thar do
of the room of fire origin is closed, the enviromte conditions last longer in other areas thanmihe
is open. Closing the doors of other rooms lea@xta time for rescue as in some experiments éwen t
threshold values for lethality are not exceedethose rooms at all. This is particularly relevamt f
rooms wherein persons present are sleeping. F@omperin the room of fire origin the live fire
experiments reveal that a smoke detector in thecadi circulation space is hardly effective when th
dimensions of the room are small (bedroom). Wherrdlom of fire origin is on a upper floor, there is
a very high probability for escape and survivaltfoe persons in the rooms on the lower floor.
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