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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
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Introduction

This Technical Report provides information (sometimes called “advice” or “guidance”, although there is no
intention to present mandatory guidance) on engineering methods currently available for the evaluation of
life-safety aspects of a fire-safety engineering design for the built environment, including structures such as

tun

nels. underground complexes. ships and vehicles. Advice is presented on the evaluation and m

nagement
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salety engineering strategy is usually to ensure that such exposure does-not significantly impede
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occupant behaviour, particularly escape behaviour, during a fire emergency and for the ey
tupant condition and capabilities, particularly in relation to the effects of exposure to fire effluentz

b guidance focuses mainly on the evacuation of the occupants, although maintenance.in-place o
an area of refuge or safety can be appropriate alternatives in some situations. -A basic g
formance-based (fire-safety engineering) design is that the available safe-escapéitime (ASET
n the required safe-escape time (RSET) by an adequate margin of safety.

buld a fire occur in which occupants can be exposed to fire effluent and/or heat, the objective

safe escape (if required) of all of the occupants, without their experiencing or developing seri
BCts.

bluation of
nd heat.

relocation
rinciple of
is greater

of the fire
or prevent
ous health

5sible objectives for a fire-safety design can include ensuring that those occupants outside the
jin are able to reach (or remain in) an area of safety without ever coming into contact with, or
are of, fire effluent and/or heat, while those inside the enclosure of fire origin are not subje
batening conditions. These are proposed as the m@in design criteria for the safety of the
Cupants in multi-compartment structures.

bre are, inevitably, some potential scenarios when some occupants do become aware of, or are

hrea of fire
ven being
ed to life-

ajority of

xposed to,

or fire effluent, particularly when the occupants are in the enclosure of fire origin. This can vany between
bing flames or smoke or exposure to slight'smoke contamination, common in many fires, to life-threatening

exposures. For all scenarios, it is important to be able to assess the likely behavioural responsg¢s and the
effects of such experiences, either as part of the main design or as part of a fire risk assessment.

In prder to achieve these evaluatiens, detailed input information is required in four main areas:

—| building design and emergency life safety management strategy;

—| occupant characteristics;

—| fire simulatien~dynamics;

—| intervention effects.

The (response of occupants to a fire condition is influenced by a whole range of variables in fthese four
categories,; Tefatedtothe characterizationmof theoccupants—mtermrsof their mumber,distribution within the

building at different times, their familiarity with the building, their abilities, behaviours and other attributes; the
characterization of the building, including its use, layout and services; the provision for warnings, means of
escape and emergency management strategy; and the interaction of all these features with the developing fire
scenario and provisions for emergency intervention (fire brigade and rescue facilities).

Guidance is provided on
a) the evaluation of escape and evacuation times from buildings:

for occupants not directly affected by fire (for example, in building locations remote from the fire
compartment),
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— for occupants whose escape behaviour and, therefore RSET, is influenced by fire effluents and heat;

b) the evaluation of ASET in relation to tenability limits due to fire effluents and heat.

NOTE
tenabil

Reference can be made to ISO 13571 for details of calculation methods used for the evaluation
ity in relation to exposure to fire effluent and heat.

The time required for escape depends upon a series of processes consisting of

— time from ignition to detection;

—

|
@

Time from ignition to detection and from ignition to alarm are covered in ISO/TR 13387-7. In terms
pctivity time recognition and response times, most research (see References [1], [2], [3], [4], 5], [6],

pre-travel

[71, [8] and also ISO/TR 13387-8) has been essentially qualitative, describing the psychological, behaviou
blogical factors affecting detection and recognition of fireshand the wide range of behaviours
n by groups of occupants. There are few methods available for the quantification of thgse

and physi
engaged

phenomena and the interactions between them, although some data‘on response time distributions have be
obtained f:liom observations of behaviour during real or simulated-emergencies; see References [4], [5] and

These stu

of the time| required for escape.

Travel to and through exits and escape routes involves' more physically based processes, which have bg
relatively well quantified and are amenable to relatively simple calculation methods for design purposes; s

— travel time (the time required for occupants to travel to a safe location),

me from detection to the provision of a general evacuation warning to occupants;
Vacuation time, which has two major phases:

- pre-travel activity time, which consists of the time required to recognize the emergency and tk
carry out a range of activities before the evacuation travel phase,

ies have shown that the overall times required for.these behaviours can comprise the greatest

of

en

of
ral
en

[9].
art

en
ee

Referencep [10], [11], [12] and [13]. Nevertheless;-travel times can be affected by behaviours such as wpy-

finding ang

There are

exit choice. Also, certain physical-phénomena, such as merging flows, have not been adequately
evaluated;|see References [11] and [14].

considerable interactions bétween the various aspects of pre-travel activity time and travel timeg in

the determination of total evacuation times for groups of building occupants. This has consideraple

implicationts for design performance evaluations; see References [6], [14], [15] and [16].

It is expecfed that users of-this Technical Report are appropriately qualified and competent in the fields of f

safety engjneering and firerisk assessment. It is particularly important that users understand the parameters

within whi

Ch particularsmethodologies can be used. Users are cautioned that methods developed for, 3

nd

assumptiops based{on observations from, building evacuations might not be directly applicable to differpnt

occupanci

Vi

bs or to~other built environments, such as tunnels or ships.
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Fire-safety engineering — Technical information on methods
for evaluating behaviour and movement of people

1| Scope

Thfs Technical Report is intended to provide information to designers, regulators and firetsafety professionals
on|the engineering methods available for evacuation strategies in relation to the evaluation of|life safety
aspects of a fire safety engineering design. Information is presented on the evaluation, quantification and
mgnagement of occupant behaviour, particularly escape behaviour, during a fire emergency.

Thfs Technical Report addresses the parameters that underlie the basic pringiples of designing for life safety
angl provides information on the processes, assessments and calculations_ingCessary to determine the location
angl condition of the occupants of the building, with respect to time.

Thfs Technical Report provides information on methods for the quantification of the different aspect$ of human
evacuation behaviour in a design context. It is intended for usétogether with the parts of ISO/TR [13387 and
ass$ociated guidance documents and standards. These provide some of the information useful in pgrforming a
life safety evaluation and a means for incorporating the *results of the life safety evaluation intd the wider
aspects of a fire safety engineering design.

The use of lifts (elevators) in emergency evacuations'is not dealt with in this Technical Report.

2 [ Normative references

The following referenced documents-are indispensable for the application of this document. |[For dated
references, only the edition citéd applies. For undated references, the latest edition of the feferenced
do¢ument (including any amendments) applies.

ISQ/TR 13387-8, Fire saféty-engineering — Part 8: Life safety — Occupant behaviour, location and|condition
ISQ 13943, Fire saféty)~— Vocabulary

3 | Terms.and definitions

For the\purposes of this document, the terms and definitions given in ISO/TR 13387-8 and ISO 13943 and the
following apply.

NOTE It has been necessary to produce a number of new terms to identify particular elements of behaviour useful in
the quantification of escape and evacuation times.

31

design behavioural scenario
qualitative description of occupant characteristics, the built environment and systems, and fire dynamics,
identifying key aspects affecting escape behaviours and escape time

3.2
escape route
path forming that part of the means of escape from any point in a building to a final exit or other safe location

© 1SO 2009 — All rights reserved
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escape time
interval between ignition and the time at which all occupants are able to reach a safe location

3.4
exit

doorway or other suitable opening giving access towards a place of relative safety

3.5

flow time

time requi'nd for a Group. of nr\r\llpanfc to pass fhrr\llgh a epnr‘ifir\ exit-or-set of exits from-an-enclosure or
building

3.6

margin of|safety

extra quaptity or time factor applied to a design calculation or performance requirement-to allow (for
uncertainties and/or statistical distributions of parameters relevant to the design performance

NOTE In relation to occupant behaviour and evacuation, an adequate margin of safety/takes account of the risks
associated with different types of occupancies and the people likely to use those occupanCies, as well as potential [fire
scenarios and the uncertainties in the prediction of ASET and RSET for particular design scenarios.

3.7

managemgent

person or persons (or their actions) in overall control of the premises whilst people are present, exercising this
responsibility either in their own right, e.g. as the owner, or by delegation (of statutory duty)

3.8

merge ratjo

ratio of the number of lanes of flow upstream and the number of lanes of flow downstream after flows have
reached a|lmerge point or shared space; or the proportional share of downstream flow accounted for by flqws

that have et at merge points

3.9
pre-travel
PTAT

interval befween the time at which a warning of a fire is given and the time at which the first move is made
an occupaht towards an exit

NOTE 1

NOTE 2

— pre-travel activity time‘of the first occupants to move;

— pre-travel activity'time distribution between the first and last occupants to move.

3.10

recognitign time

interval be

3.11
response

activity time

This consists of two components: recognition time (3.10) and response time (3.11).

For groups of oceupants, two phases can be recognized:

by

tween the time at which a warning of a fire is given and the first response to the warning

time

interval between the time at which the first response to the event occurs and the time at which travel begins to
a safe location

3.12

safe location

location re

NOTE

mote or separated from the effects of a fire so that such effects no longer pose a threat

The safe location may be inside or outside the building depending upon the evacuation strategy

© 1SO 2009 — All rights reserved
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3.13
tenability criteria
maximum exposure to hazards from a fire that can be tolerated without causing incapacitation

3.14

travel time

time needed, once movement towards an exit has begun, for an occupant of a specified part of a building to
reach a safe location

warning time
interval between detection of the fire and the time at which a general alarm(or other warning is proyided to all
ocgupants in a specified space in a building

4 [ Symbols

tadeT available safe-escape time

'RAET required safe-escape time

tevhe time for evacuation

l4e time to detection

fwan time to a general alarm’or warning
Tord pre-travel activity time

tirals travel time

lrals (walking) walking time during travel time

lraly (flow) time required to flow through the exits

red recognition time

res response time

Imarg adequate margin of safety

© 1SO 2009 — All rights reserved 3
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5 Integration of behaviour and movement into performance-based design

5.1 General

In most systems of fire safety regulation, measures are taken to ensure the life safety of the occupants by
prevention of ignition, prevention of rapid fire spread, provision of facilities and access for fire brigades,
provision of detection and warning systems and adequate means of escape. These are often applied through
prescriptive means covered by documents and codes relating to national legislative requirements.

The fire safety engineering approach adopted in ISO/TR 13387 (all parts) considers a performance-based
approach {o achieve a global objective of fire-safe design. The global design, described in more detail in the
framework] document ISO/TR 13387-1, is subdivided into a series of subsystems. One principle (is-that
inter-relatipnships and inter-dependencies of the various subsystems are appreciated and~that the
consequerjce of all the considerations taking place in any one subsystem are identified and realized.

Another piinciple is that the evacuation is time-based to reflect the fact that real fires vary,ifi-growth rate and
spread with time. Despite this performance-based approach, it has to be recognized that it can be necesspry
to observe|some prescriptive parameters in any assessment of the life safety provisions within a building.

5.2 Basjis of performance-based design for life safety

The basis |of life-safety design consists of provisions for the protection of-oceupants from fire exposure gnd
provision fpr means of escape. This in general consists of

— adeqgyate escape route provision (number and width of exits: and protected escape routes, trgvel
distances to an exit);

— estimates and controls on occupant number and density, (€.g. floor-space factors);

— fire sgparation (passive protection between compattments, passive protection of escape routes, fire gnd
smoké doors and lobbies);

— provisjon of warnings (manual or automatic.detection and alarm system, fire-safety management);
— activelfire protection (sprinklers, smoke extraction);
— signage, emergency lighting, etc,

Performanice-based (FSE) desigh evaluation depends on a time-based comparison of the time available |for
occupants|to escape (if necessary) or to reach a safe location (ASET) and the time required for escape
(RSET).

5.3 ASET calculations

Time availpble for escape depends upon parameters related to the developing hazard to occupants from the
fire. From theZmoment a fire starts_its Qphprp of influence increases, fhrpafpning Inrgnr areas and maore of the
occupants. Therefore, there is for each space an available safe-escape time (ASET) for the occupants to
evacuate to a safe location, before the onset of untenable conditions. Assessment of these processes for any
particular scenario is aimed at calculating the time when an occupant would receive an incapacitating
exposure to fire effluent.

The prediction of ASETs requires estimation of the time-concentration (or intensity) curves for the major toxic
products, smoke and heat in a fire (see ISO/TR 13387-2, ISO/TR 13387-3, ISO/TR 13387-4, ISO/TR 13387-5,
ISO 16732 and ISO 16733) and the derivation and estimation of ASET endpoints for these hazards (see
ISO 13571 for details).

4 © 1SO 2009 — All rights reserved
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Escape time depends on a range of parameters related to detection, the provision of warnings, occupant
escape behaviour and movement. The characterization and determination of escape behaviours can be
simplified in terms of two broad categories:

a) Pre-travel activity behaviours, sometimes knows as pre-movement behaviours: those involved in the
responses of occupants before they start to move through escape routes.

Although pre-travel activity behaviours can involve periods when occupants are inactive, they also include

movement

[15].

S—ranc U3l 2N SV W PR TSR - WP~ [W - B~ V- S WP~~~ P-C~C S ~C T B | ~P~V~N bhabaviaoiiea ol nat—aanaralbiinaliad

o Iully\’ VT NOUTTIAvVIVUT O IIIVUIVIIIH IIIUVUIII\;III., VUL UTUOU VOTIAdVviIivUuTo Uuvu TIUL U\’II\/I(AII‘Y mroraue
towards the escape routes. An important finding of behavioural research is that the pre-tra
phase can often comprise the longest part of the total escape time; see References [2],\[5],

b) | Travel behaviours: those involved in physical movement of occupants into and through escape

A gimplified diagram of the processes related to escape is illustrated,in Figure 1.

Where it is predicted that occupants see fire or smoke during an evacuation{or.are exposed to
effluent, their pre-travel activity and travel behaviours can be affected. Inthis case, it is necess
the fire condition data (see Clause 6) into account. Guidance relative to the effects of the fire ¢
RSET are provided in this Technical Report.

Asgessment of these processes for any particular fire scenario is aimed at calculating the RSET.

tASET

vel activity
6], [9] and

outes.
heat or fire

ary to take
bndition on
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mar

|

t warn
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Figure 1 — Simplified diagram of processes in required safe-escape time
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5.5 Evacuation strategies

Evacuation strategy can have a large effect on evacuation times. Simultaneous evacuation of all occupants on
detection of a fire is often not the preferred (or possible) initial course of action for many buildings and
occupancy types. For many large buildings, phased evacuation strategies are used, whereby occupants are
evacuated progressively from parts of a building threatened by fire. For such buildings, the escape route
capacity can be insufficient for a rapid simultaneous evacuation of the entire building.

The disruption resulting from total evacuation of a large building in response to a minor fire incident is also an
issue. In some countries, for flats and maisonettes for example, the design strategy is to evacuate only the
compartm e oricin_ o ; crone oo \ the fire. - itals. .

evacuatior] can be impractical. A strategy of progressive horizontal evacuation is often used, whergby
occupants|are evacuated to an adjacent compartment as a place of temporary refuge. Even when a‘stratg
of immediate simultaneous evacuation is used, the time required for evacuation can be long (up| to
approximagely an hour) for some occupancies, particularly those involving sleeping accommodation:

5.6 Margin of safety

5.6.1 Geheral

An adequate margin of safety takes account of the risks associated with différent types of occupancies gnd
the peoplq likely to use those occupancies, as well as potential fire scenarios and the uncertainties in the
prediction pf ASET and RSET for particular design scenarios.

5.6.2 Pefformance-based design

Performanice-based design relies on engineering calculations.fefthe various time-dependent elements of the
design andl, in particular, the adequacy of the safety margin.depends upon the rigour of the ASET and RSET
calculations. It is useful if these calculations show the, assumptions made for each step of the fire efflupnt
production| and spread, and for each step of the occupant escape calculations. It is also useful to provide|an
audit trail [for each step, detailing the assumptions made, including assumed ranges of variation and
uncertainty.

Guidance pn probabilistic approaches for dealing with uncertainty is provided in ISO/TS 16732.

5.6.3 Deterministic design

For deterministic assessments, the ‘choices made for specific parameters may be justified and a numbef of
calculations may be made to demonstrate the effects of variations in key parameters.

For any specific set of ASET and RSET calculations, 5.4 is represented by the difference between ipgg7 and
RseT-> @s ghown in Equation (1):

Imarg T ASET,= IRSET (1)

5.6.4 Impactof fire scenario

In considering the margin of safety provided by a design, it is important to recognize the impact that the fire
scenario, against which the design is being considered, can have on any of the provisions related to means of
escape. It can be important to consider that some of the elements provided might not be available due to the
nature, location or other impact of the fire and its effluent, and to take this into account.

5.7 Elements used in the quantification of RSET

The basic formula used for determining the escape time for a building is as shown in Equation (2):

IRSET = ldet t fwarn + (tpre + ttrav) )

6 © 1SO 2009 — All rights reserved
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NOTE trseT: the escape time, includes all four terms in Equation (2). Evacuation time, ¢,,,., consists of only the last
two terms of this equation.

The time from ignition to detection, 74, by an automatic system or by the first occupant to detect fire cues,
depends on the fire-detection system in place and the fire scenario. Guidance on estimation of fire-growth
characteristics within the enclosure of origin is provided in ISO/TR 13387-1, ISO/TR 13387-2, ISO/TR 13387-3,
ISO/TR 13387-4 and ISO/TR 13387-5, and guidance on detection by mechanical and electrical systems is
provided in ISO/TR 13387-7. The human role in detection and warnings is discussed in Annex A.

re there is
nolautomatic detection). Guidance on default warning times for different system configurations.is”provided in
Anhex A.

Pre-travel activity time, #,.,, has two behavioural elements for each individual oceupant, recognition and
redponse times, which are addressed in some evacuation models. Further guidanCe on pre-trayel activity
behaviours is provided in Annex B. However, with regard to the main elements of escape and gvacuation
times of occupant groups, it is important to recognize two phases:

—| period between the raising of a general alarm and the travel of the first few occupants: pre-trgvel activity
time of the first occupants, ¢ (irst occupants);

—| subsequent distribution of pre-travel activity times for the sceupant group 7, (occupant distribution) Which
can be expressed as a distribution of individual times or.represented by a single time such as|that of the
population mode or the last occupant to move, depending.upon the type of analysis.

The quantification of pre-travel activity times depends upon a wide range of variables. These are discussed in
Clauses 6 and 7.

The travel time of the enclosure occupants ~or' building occupants, #,,,, has sub-categories which it is
negessary to identify and assess in a design«feview and incorporate into the performance assessmgnt.

It Has two major components.

—| The time required for occupanis‘to walk to an exit leading to a protected escape route is the walking time,
lrav (walking): VWalking time~may be expressed as a distribution of individual times or repres¢nted by a
single time, such as thie,average time required to walk to the exits, or the time required fpr the last
occupant to walk to an exit. This, in turn, depends on the walking speed of each occupan} and their
distance from anCexit. Walking time is determined by the physical dimensions of the bdilding, the
distribution of the-occupants and their walking speeds. Walking speeds and walking times are [dependent
upon occupant density, since walking is impeded by crowding at high levels of occupant density within the
enclosure; Where walking is unimpeded at low densities, this represents the minimum time fequired to
walk todhe exits.

—| The'time required for occupants to flow through exits and escape routes is the flow time, 5y iow), Which

isy determined by the flow capacity of the exits. This can also be evaluated in terms 0(1 individual
occupants or represented by thetotattime requiredfor theoccupant poputationto-ftow through the exits.
Flow time represents the time required to evacuate an enclosure assuming all occupants are available at
the exits and optimal use of exits is made.

Walking times and flow times may be used to estimate the times required for an occupant population to enter
a protected escape route, such as through storey exits into a protected stairwell, but it may also be applied to
travel through escape routes to the final exits of a building.

The quantification of travel speeds and flow rates depends upon a range of variables. These are discussed in
Clauses 6, 8 and 9.

© 1SO 2009 — All rights reserved 7


https://standardsiso.com/api/?name=fb2ec5d4d61a4bc06ef1ce35f1b2c857

ISO/TR 16738:2009(E)

A concept found useful in the evaluation of evacuation times is that of “presentation time”. Presentation time
represents the time from a warning to that when an occupant presents himself/herself at an exit with the aim
of leaving the enclosure, assuming that the person's progress across the space and through an exit is
unimpeded (so that walking speed is unrestricted).

Another important concept is that of time to queue, fqueue This represents the time from the raising of a
general alarm to that when queues form at the exits. Queue formation occurs when the occupant presentation
rate at the exits exceeds the maximum occupant flow rate that can be sustained through the exits.

For groups of occupants both PTAT and travel times follow distributions and there is a considerable degree of
interactionbetween-the distributions

Human behaviour is involved to a greater or lesser extent in all these processes, and so it is necessary to
consider ahd quantify each in a design context. While travel and flow calculation methods are relatively simple
and robust, issues relating to occupant behaviour are more complex and difficult to quantify. A,major ain of
this Technjical Report is to provide practical guidance on how these issues may be addressed in a desjgn
context.

6 Design behavioural scenarios for quantification of RSET

In the same way that an engineering design fire scenario is necessary for the, ‘quantification of ASET, so|an
engineering design behaviour scenario is necessary for the quantification of/RSET.

The quantffication of pre-travel activity and travel times is highly influeneed by aspects of occupant behavipur
and, depepding upon the systems in place, detection and alarm timies can also be influenced by behavioyral
consideratjons.
In order tq develop a design behavioural scenario (or scenarios) for any particular occupied structure, it is
necessary|to consider the occupant behaviours involvedZin escape, which depend upon a range of factprs
including

— building (or other structure) characteristics,  particularly occupancy type, method for detection, the
provisjon of warnings, fire safety management systems and building layout;

— occup@nt characteristics, particularly.occupant numbers, physical abilities, alertness (waking or sleepihg)
and fgmiliarity with the building and)its systems;

— fire dynamics (see ISO/TR.133887-8), in situations where occupants are exposed to fire effluent;
— fire infervention effects:

Within eadgh of these.gategories, there is a wide range of variables that can be considered for any structyre.
Details of these variables are set out in Annex C.

Although g$ome. of these factors and their influence on evacuation are quantifiable in any specific buildjng
design, other factors, particularly those affecting occupant behaviour, are essenfially qualitative; see
References [5], [2] and [6]. The variables driving the responses of individual building occupants in emergency
situations are extremely complex but, although each individual has a unique experience, when groups of
building occupants are considered, a range of common situations and developing scenarios can be identified.
These can be of sufficient simplicity that they can be useful in predicting generic evacuation times for design
purposes; see References [5], [6], [15] and [17].

Quantitative data for phases of behaviour, particularly warning and pre-travel activity times, can be obtained
by observations of fire-safety management and occupant behaviour during fire incidents and monitored
evacuations. These can then be combined with travel-time calculations to provide estimates of escape and
evacuation times.
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Although all the occupant and building characteristics features set out in Annex C can affect RSET times, the
most important drivers are the following:

a) for occupants:
— number and distribution,
— alert/asleep,

— familiar and trained or unfamiliar,

— physical ability;

b) | for buildings and building systems:

— warning system,

— fire-safety management and staff/occupant training,
— single or multiple enclosures and spatial complexity;
c) | for fire scenarios:

— fire alarms and cues available to occupants,

— features of the fire and fire effluent.

Guidance on the choice and application of behavioural'scenarios is provided in Annex D.

7 | Estimation of pre-travel activity times

While detection and alarm times may, be represented by single numbers, for pre-travel activity and tfavel times,
each building occupant has his/her own individual time; see References [5] and [6]. It is, therefore,[necessary
to ponsider the pre-travel activitytand travel time distributions of groups of occupants, firstly within individual
oc¢upied enclosures and themthroughout the building and escape routes. Within each occupied |enclosure,
thdre are interactions between the distributions of pre-travel activity and travel times for occupant groups, so
thdt the terms cannot be considered directly additive.

Gdidance on the derivation of pre-travel activity times and on default pre-travel activity times fron published

dafa is provided.in.Annex E. An example of methods for the determination of evacuation start times used in
Japan is provided in Annex F.

8 | Estimation of travel times

Two important aspects of travel times are travel times to a protected escape route from each individual
occupied enclosure and travel times though escape routes to the outside of a building for multi-storey or
multi-enclosure buildings.

Travel time into a protected escape route for a single enclosure depends mainly upon two main aspects:

— distance of an occupant from the exit of choice (or the average travel distance to the exits for a group of
occupants) and their walking speeds;

— time spent queuing (if any) at the exit, which in turn depends upon the occupant numbers using the exits,
the maximum occupant flow capacity of the exit and the arrival time of each individual at the exit.
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The distance it is necessary for each occupant to travel to a protected exit, and the average distance for a
group of occupants, depends on the position of the occupant(s) within the enclosure, the size and shape of
the enclosure, the distribution of available exits and the exit choice behaviour of the occupant(s). When
calculating travel distances and evaluating exit choice, it is necessary to consider the availability of each exit
with time throughout the fire scenario. If an exit becomes contaminated by fire effluent or blocked by fire, it can
be necessary to calculate evacuation times using the remaining available exits. It can be necessary for the
travel distances to reflect the effect of the internal layout of a building rather than the direct distance for an
empty building shell.

For |nd|V|duaI occupants time aspects such as phyS|caI capability (see Annex G) or time spent in way-finding
: i i in

In multi-stgrey or other multi-enclosure buildings, it is necessary to evaluate occupant flows through' herizontal
and vertic@l escape routes, which usually involves merging of flows from different enclosures intcorridorg or

These aspects and implications for evacuation of occupant populations are considered inClauses 9 and 10

Guidance pn horizontal and vertical travel speeds, and the effects of occupant density'is provided in Annex G.
These can|be influenced by the presence of smoke and irritants.

In practice} when groups of occupants evacuate an enclosure, the occupant,density increases rapidly near the
exits, so that queues form and the subsequent evacuation time depends upon the maximum flow capacity of
the exits. Guidance on queue formation and exit flow capacity is provided in Annex H.

Guidance pn effects of smoke density on travel speed is provided inAnnex I.

9 Interpctions between pre-travel activity time, walking time and exit flow time

Since prejtravel activity time for a group of occupants in an enclosure follows a distribution, there i$ a
consideraljle degree of interaction between pre-travel activity times, walking times and exit flow times. Fdr a
detailed apalysis of evacuation time, it is necessary to consider the location of each individual occupgnt,
his/her individual pre-travel activity and walking times, the effects of occupant density on walking times and
the flow times through the chosen exits. lt.is possible to carry out such analyses using computer evacuafjon
simulation|methods such as GridFlow [18], Simulex ['2, CRISP2 [18] or EXODUS ['9l. In practice, it can often
be possible to reduce such complex)interactions to simple calculations without incurring a significant efror
(see References [14] and [20]), proyviding the key parameters affecting outcomes are identified and adequately
considereq.

For sparsgly occupied enelosures, where the flow capacity of the exits is high compared to the number of
occupants|using them;;the main drivers of evacuation time are the PTAT of the last few occupants to leave
and their Walking time to the exits. Since the flow capacity of the exits is not exceeded, queuing is unlikely to
occur at the exits.

For densely‘gecupied enclosures, the main drivers of evacuation time are the PTAT of the first few occupants
to leave and establish queues at the exits, plus the time required for the occupant population o flow through
the exits.

Guidance on simple calculation methods and a worked example from a computer simulation of an evacuation
case showing the interactions between pre-travel activity times, walking times and exit flow time and their
influence on evacuation time is shown in Annex H.
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10 Calculation of escape and evacuation times for single enclosures and for
multi-storey or multi-enclosure buildings

The escape and evacuation time calculation methods described apply to any individual occupied enclosure
within a building, giving the time required to evacuate the occupants into a protected escape route. When an
evacuation involves simultaneous evacuation of more than one enclosure into an escape route, such as a
corridor or stairwell, then the time to evacuate depends on the flow capacity of the escape route and the ways
in which the flows from different enclosures merge. Calculation of times to clear individual enclosures cannot,
then, be carried out simply using hand calculations and is best carried out using computer simulation models.
The flow rate of occupants from individual enclosures depends upon the nature of the merging flows at the
landt i i i i icity of the
stqirs.

Q

As|with single exposures, the main drivers of evacuation times for multi-enclosure buildings'depend to some
exient upon the occupant numbers. Where the number of occupants evacuating is small-compared with the
floyv capacity of the escape routes, such as in some low-rise office buildings, or in situations wherg the PTAT
is unlikely
he last few

brs, or the
s the flow
vel time to
endent on

ire building, evacuation times depend upon the PTAT of the first occlipants to enter the stairs pl
e into and down the stairs. In experimental and modelling studies (see Reference [14]), the tra
ar each floor of multi-storey buildings into a protected stairwell.has been found to be heavily dey
be parameters:

maximum flow rates through storey exits, on stairs and through final exits;
“standing” capacity of the stairs between storeys — which for a given stairwell depends upo

area of the stairs and landings, and the “packing” density taken up by the occupants as they d
stairs;

h standing
pscend the

merge ratio at the storey exits between occupants on the stair and those from the floor.

brent stairs,
hence the

Where several sets of stairs are available, the distribution of the evacuating population between diff
or petween stairs and elevators,.can also affect the extent of congestion on different stairs and
evacuation time.

Gdidance on maximum_flow rates through horizontal and vertical escape routes is presenfed in the

SFPE Handbook ['1] (sée Annex G). The standing area on a stair depends on the building de
guldance is available_regarding occupant densities on stairs, but the densities obtained in these e

sign. Little
periments
5 with slow

wals found to beguite low, approximately two persons per square metre, under crowded condition
floys; see Reference [14].

Mdrge ratio. data are sparse and there are three main assumptions that are often used.

The flow is dominated by occupants on the stairs and the building empties from the top floor down.

Occupants on the stairs “defer” to occupants at storey exits and the building empties from the bottom up.

— The merge ratio is around 50:50 at storey exits and the building empties from the bottom up.

Merging behaviour can have a considerable influence on the pattern of evacuation from a tall building. If the
flow from the upper floor merges equally with the flow from the floor below, the flow rate from each floor is half
the maximum flow rate from each storey exit, in crowded situations. If the flow of occupants in a stairwell from
the upper floor dominates, occupants from the lower floors cannot evacuate until those from the upper floor
have gone. This is the basis of the method used to calculate evacuation times for multi-storey buildings
described in Nelson and Mowrer’s chapter in the SFPE Handbook [11. In other building configurations, various
degrees of merging flows are likely to occur. In some cases, deference behaviour can occur, whereby
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occupants descending the stairs give preference to occupants entering the stairs and the storey exits. In such
situations, the lower floors of the building clear first, so that those on the upper floors can be delayed; see
Reference [10]. In computer simulations and experimental evacuations involving crowded conditions, merge
ratios have been found to approximate to 50:50 for a variety of different buildings and stair layouts; see
Reference [14].

Occupant flows on stairs can also be affected to some extent by counter-flows or partial blockages (for
example, fire service personnel ascending or deploying equipment in a stairwell), or by the range of physical
abilities of the evacuating population (especially in very tall buildings).

Another consideration-w oguirements-is-the
a multi-storey building. Once occupants have begun to evacuate, this depends upon the flow capacity ofjthe
available dtairs and the population using them. The time required for a given population to evacuate a-buildjng
using a specific stairwell, and hence for total evacuation of a building using all available staifs, can |be
calculated|using computer simulations. Simple calculations can also be used to provide an accurate estimpte
of the travg¢l component for total evacuation of a multi-storey building (see Annex G).

The dynarpics of interactions between PTAT distributions on different floors and patterns of congestion and
flows on sfairs can vary when wide variations occur in warning and PTAT times and@istributions on different
floors of tgll buildings. It can be necessary to consider the effects on evacuation via protected stairs resulfjng
from fire dpvelopment, such as contamination by fire effluent, fire penetration or 'sthuctural damage in relafjon
to the fire $imulation dynamics.

11 Effects of fire effluent and heat on ASET and RSET

11.1 General

11.1.1 EXposure of building occupants to fire effluent or heat affects both ASET and RSET. These depégnd
on

a) the time-concentration (or intensity) curves for the major toxic products, optically dense smoke and heat
in the [fire at the breathing zone of the occupants, which in turn depend upon

—

He fire-growth curve in terms of the mass loss rate, expressed in kilograms per second, of the fuel
nd the volume, expressed in kilograms per cubic metre, into which it is dispersed with time, and

V)

—

He yield of toxic products,.smoke and heat in the fire, for example kilograms of CO per kilogran of
material burned.

Quidance on calculation methods for these terms is given in ISO/TR 13387-1, ISO/TR 13387-2,
$O/TR 13387-3,NSO/TR 13387-4, ISO/TR 13387-5, ISO 16734 and ISO 16737.

b) the toxic or physiological potency of the heat and effluent, the exposure concentration, expressed in
kilograms per-cubic metre, or exposure dose, expressed in kilograms per cubic metre per mindte,
required 6 cause toxic effects and the equivalent effects of heat and smoke obscuration, which requifes
consideration of three aspects:

— exposure concentrations or doses likely to impair or reduce the efficiency of egress due to
psychological and/or physiological effects,

— exposure concentrations or doses likely to produce incapacitation or prevent egress due to
psychological and/or physiological effects, and

— lethal exposure concentrations or doses.
The endpoint of an ASET calculation is the time when conditions in each building enclosure are considered
untenable. Untenable conditions occur when it is predicted that an occupant inside or entering an enclosure is

likely to be unable to save themselves (is effectively incapacitated) due to the effects of exposure to smoke,
heat or toxic effluent.
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11.1.2 The psychological and physiological effects of exposure to toxic smoke and heat in fires combine to
cause varying effects on escape capability, which can lead to physical incapacitation and permanent injury or
death.

Behaviour modifying or incapacitating effects include
— effects of seeing smoke or flames including
— fear of approaching smoke or heat-logged areas or escape routes,

— fear of fire or smoke in an occupied compartment. This may act as a stimulus to escape or a barrier
to escape, depending upon the location and intensity of the fire or smoke, and

— attraction towards fire in an occupied compartment (friendly fire syndrome) to observe-or tgckle fire;

—| impaired vision resulting from the optical opacity of smoke and from the painful gffects of irritant smoke
products and heat on the eyes;

—| respiratory tract pain and breathing difficulties or even respiratory tract injurys resulting from thg inhalation
of irritant smoke, which can be very hot. In extreme cases, this can lead.to collapse within a few minutes
from asphyxia due to laryngeal spasm and/or broncho-constriction (particularly in asthmatics| and other
sensitive subjects). Lung inflammation can also occur, usually afterssome hours, which can aJso lead to
varying degrees of respiratory distress;

—| asphyxiation from the inhalation of toxic gases, resulting. in confusion and loss of consgciousness
(particularly in sensitive subjects such as the elderly and thése with heart disease);

—| pain to exposed skin and the upper respiratory tract followed by burns or hyperthermia, due to[the effects
of heat, preventing escape and leading to collapsé

Alllof these effects can impair escape or lead to permanent injury, and all except the first and secgnd can be
fatal if the degree of exposure is sufficient.

11]1.3 With regard to hazard assessment and tenability criteria, the major considerations with |respect to
mdans of escape and life safety are as feflows:

—| psychological effects of seeing fire effluents on escape behaviour in the absence of direct expogure;

—| psychological and physiojogical effects of exposure to heat and toxic smoke on escape behpviour and
ability;

—| point where exposure results in incapacitation;

—| point where-exposure results in death.

In|a design context, the important considerations with respect to psychological and pHhysiological
considerations are to set reasonable tenability limits for occupants to remain in a place of relative gafety or to
us$ d)particular escape route, and to determine the likely effects of any exposure sustained pn escape
capability and subsequent health. In some situations, it can also be necessary to consider tenability relative to
possible physical hazards, such as structural failure affecting availability or passage through escape routes or
threatening direct physical injury or death.

11.2 Simple criteria based upon zero exposure

Where a design fire calculation is based upon a descending upper layer of hot smoke filling an enclosure or
escape route, and particularly where active smoke extraction is present, engineering tenability criteria are
often based upon a minimum clear layer height of 2,5 m above the floor and a maximum upper layer
temperature of 200 °C. Occupants are considered willing and able to escape in clear air under such a layer
and the downward heat radiation is considered tolerable. This represents a tenability criterion involving zero
exposure to toxic effluent and exposure to radiant heat below a level of 2,5 kW/m?2.
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11.3 Willingness to enter smoke

In situations where smoke is mixed down to near floor level, some building occupants are willing to move
through dense smoke in some situations, but in other situations people might not be willing to enter smoke-
logged escape routes, or might turn back or be unable to find an exit. Where heat is not an issue, the
immediate effects of smoke depends on the visibility distance and the sensory irritancy of the smoke when
people are exposed directly.

In a number of studies of fires in buildings, it was found that a proportion of people (approximately 30 %) turned
back rather than continue through smoke Iogged areas; see References [7] [22] and [23] The average denS|ty
at which ps > of
“per metrd’, was 0,33 (extinction coeff|C|ent 0,76) and women were more likely to turn back than nien| A
difficulty with this kind of statistic is that, in many fires in buildings, there is a choice between passing-throygh
smoke to @n exit or turning back to take refuge in a place of relative safety such as a closed room/In some
situations, [people have moved through very dense smoke when the fire was behind them, whilesin(other cages
people haye failed to move at alll.

Behaviour|can also depend on whether layering allows occupants to crouch down to levels where the smoke
density is Ipwer and whether low-level lighting is used to improve visibility.

As an appfoximate guide, it can be assumed that occupants will not use an escap@’route if the visibility in that
route is leps than 3 m (pgp = 0,33 m-1; extinction coefficient, 0,76). However,.if they enter an escape route
contaminaLed to this optical density and become exposed to the smoke, then their ability to progress depends
on both th¢ optical density and the irritancy of the smoke (see 11.4 and 11.5).

11.4 Ability to move through smoke

Ability to gscape through smoke depends on the effects of irffifancy and visual obscuration, on the ability to
move throligh building spaces and on the ability to locate escape routes and exits. More stringent criteria are
suggested|for large building enclosures than for domestic&nclosures, since it can be necessary for occupants
to see for greater distances to locate exits and they are more likely to be unfamiliar with their surroundings.

Criteria fof choosing design limits are discussed-in ISO 13571:2007, in Annex |, in the SFPE Handbopk,

Chapters 2 to 6[241 and in Reference [17].cEffects of smoke density and irritancy on walking speed fare
considered in 11.5.

11.5 Effdcts of smoke on walking/speed
Exposure fo smoke affects RSET-calculations because walking speed has been found to be related to smoke

density and irritancy; see References [6], [25] and [26]. Simple expressions for the relationships betwgen
unrestricted walking speed and smoke density for irritant and non-irritant smoke are shown in Annex .

11.6 Effgcts of visibility or exposure to fire and heat

With regand ta flames, an important criterion is the visual appearance of fire to occupants (flame area gnd
height) anfdCits position relative to occupant location and potential escape routes. For example, it can|be
considere ' i i ' '
(view angle) is more than a critical figure, or that they are unlikely to enter an escape route containing a
flaming fire.

Exposure to radiant heat can occur when it is necessary for occupants to pass close to a fire or under a hot
effluent layer. Combined exposure to radiant and convected heat can occur when occupants are exposed
directly to hot air or effluent.

Tenability limits for skin exposure to radiant heat or convected heat have been proposed as an exposure
resulting in severe pain to unprotected skin; see Reference [24].

Expressions for the calculation of tenability times for the effects of convected and radiant heat are given in
ISO 13571 and the SFPE Handbook, Chapters 2 to 6 [24].
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11.7 Effects of exposure to toxic gases

Toxic gases in fires consist of a mixture of irritants and asphyxiants. Irritants affect escape efficiency and

movement speed at low concentrations due to the painful and debilitating effects on the eyes and th

e pain and

breathing difficulties resulting from effects on the nose, mouth, throat and lungs. At high concentrations, they
can cause incapacitation. The effects depend upon the concentrations of the mixed irritants present and the

potency of each irritant species.

Irritants in fire effluent consist of a range of organic compounds, including acrolein and formaldeh

yde, which

are Ilkely to be present in any fire effluent atmosphere at concentratlons that vary dependlng upon the

Calculation methods for assessing tenability limits for irritants for ASET calculations are.given in |
Effects of exposure to irritant smoke on movement speed for RSET calculations are “give in A
References [6] and [27].

Asphyxiant gases important with respect to incapacitation and death in fires are ‘carbon monoxide
cyanide, carbon dioxide and low oxygen. Asphyxiant gases have little orl no immediate effect o
sulbbjects, but when a sufficient exposure dose has been inhaled during the course of a fire, confus
followed by incapacitation, occurs due to collapse and loss of conscidusness. If the subject is n
wheen incapacitation occurs, death is likely within a few minutes.

Fol these reasons, asphyxiant gases can be considered . as. having no significant effect on
behaviour or movement speed (RSET) at the early stages -Of exposure, but are a major determi
ASET endpoint: the time when incapacitation is predicted. Calculation methods for tenability en
asphyxiant gases are given in ISO 13571.

at can be
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A1 Ge

Detection

Annex A
(informative)

Guidance on the evaluation of detection and warning times

eral

And the provision of warnings often involve automatic systems but can also rely to some extent

the behavipur of occupants; see Reference [6].

The simpl

gst situation exists when an automatic detection system is in place that sounds a general alarm to

occupants|when any one detector is triggered. In this situation, the evacuation time for all‘occupants stz
simultanequsly when the alarm is triggered. Time to alarm is basically the same as time’to detection. Time

detection

Hepends upon fire growth and effluent movement, which are described dn ISO/TR 13387-2 2

ISO/TR 13387-5.

A more cgmplex situation arises when there is no automatic detection and alarm system and only a sin
alarm is trl|ggered in one part of a building or when a pre-alarm system is/in place. In these cases, the in

detection

and not to| all occupants. If the fire is discovered by an occupant beéeming aware of the fire cues, such

smoke or
the fire is
alerts the

Irovides a cue or an alarm only to the first occupants to discaver-the fire or to the building secu

oise from a local detector/alarm, this also represents the.time to awareness of the first occupan
detected automatically in a two-stage system, this is followed immediately by a pre-alarm, wh
first occupant (usually security). In all three situationsythere is a variable time delay following

time when|the first person becomes alerted; see References,[28] and [29].

The next ghase involves the behaviour of the first occupants alerted, during which they recognize the situaf
and respopd by behaving in a range of ways, such(as investigating the fire and raising a general alarm
warning. @nce the general alarm is raised, the\remainder of the building occupants (or occupants of

enclosureg first affected by the fire) are made-aware of the fire and enter the pre-travel activity phase of tk

evacuatior).

There are

thus three basic detection andvalarm scenarios:

a) automatic detection throughoutthe building, activating an immediate general alarm to occupants of
affected parts of the building;7,,,, is effectively zero;

b) autom

manuglly activated, general warning system sounding throughout affected occupied areas and a geng
alarm|sounding after a fixed delay if the pre-alarm is not cancelled; ¢, is taken as the time-out de
(usually 2 min-te’5 min).

Wherg

estim

on

all
rts
to
nd

gle
tial
rity
as
f
ich
the

on

or
the
eir

all

atic detection~throughout the building providing a pre-alarm to management or security, with a

ral
lay

[ to

If a voice alarm system is used for either an A.1 or A.2 system (see D.3.2), it can be necessary to add the
time taken for the message to be spoken twice, to the alarm time;

c) local automatic detection and alarm only near the location of the fire or no automatic detection, with a

manually activated general warning system sounding throughout all affected occupied areas; #,.

depends upon the behavioural scenario and behaviour of the first occupant(s) alerted.

Warning times can be short (less than approximately 2 min) if the person alerted is well-trained, otherwise
they can be long and unpredictable.
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A.2 Effect of evacuation strategy on warning time

A further important variable affecting warning time, particularly for large buildings consisting of more than one
fire compartment, is the warning management strategy.

For smaller or uncompartmented buildings, a simultaneous evacuation alarm can be provided to all occupants
irrespective of their location within the building relative to the point of fire origin.

For buildings consisting of a number of compartments (usually multi-storey buildings), a phased evacuation
strategy can be used. Occupants of compartments affected by the fire are instructed to evacuate first.
O f f f evacuate
only if and when considered necessary as a result of further fire spread. In such situations,the| time from
ignition to evacuation alarm can be up to 1 h or more. For some buildings, a defend-in-place strategy can be
used, so that only immediately affected parts of the building are evacuated. For such. buildings, the time
required for protection is long and indefinite, so it is necessary that the compartment be able to confain the fire
until the fuel load is burned out.
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B.1 Twocomponents of pre-travel activity time
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Pre-travel activity behaviours and determinants

and Clause B.3, respectively.

ognition

5ts of a period after an alarm or cue is evident but before occupants of a building begin to respon
recognition period, occupants can continue with the activities engaged in before the alarm ¢
upon factors such as the type of building, the occupant characteristics and the building alarm 3

bnt system; see References [4], [5], [6], [9] and [30].

nd 1 min to 2 min). In multi-enclosure buildings where~occupants can be remote from the
those where occupants can be sleeping, such as'dotels, residential homes and hostels),
times can vary considerably between a few minutes and up to 1 h or more; see References [4],
e recognition time ends when the occupants have accepted that it is necessary to respond.

recognition process, each occupant is engaged in his/her normal activities, but is receiving 2

cues about the developing emergency situation. For each individual, this process ends wh
ides to take some action in response {0 the emergency cues received.

sts of a period after oecupants recognize the alarms or cues and begin to respond to them,

from a few seconds.'to many minutes, depending upon the circumstances; see References [5],

he developing emergency. At the end of the response process, each occupant has decided eit
h the 'Same enclosure, to move to another, safer, location or to begin evacuation.

bmponents of pre-travel activity time (recognition and response) have the characteristicscgivery i

.

e,

vorking, shopping or sitting. The length of the recognition period can be extremely variable,

nd

hclosure buildings that are well managed, the recognition period is likely to be short (between a few

fire
the
[5]

nd
en

put

begin the travel phase’of evacuation (where this is necessary). As with the recognition period, this

[6]

response~process, occupants cease their normal activities and engage in a variety of activifies

her

Examples

f qeotivities-undertakaen durina the resnonse-time-include
HGHAHHES-HHRGBHaKeR-aUtHHhRg+Re- PoR HRe-HciHa

— investigative behaviour, including action to determine the source, reality or importance of a fire alarm or

cue;

— stoppi

ng machinery/production processes or securing/protecting money and other assets;

— seeking and gathering together children and other family members;

— fightin

g the fire;

— determining the appropriate exit route (i.e. “way-finding”);
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other activities not fully contributing to effective evacuation where necessary (e.g. acting on incorrect or

misleading information);

alerting others.

B.4 Total pre-travel activity times

Pre-travel activity times can vary considerably for different individuals or groups of individuals both within an
enclosure and in different enclosures within the same building. The distribution of pre-travel activity times

de
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Th
ing
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=
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)
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bends upon a range of factors, including the occupant characteristics, their proximity to and kn

[ example, in an open-plan setting such as a theatre auditorium, the distribution of prestravel ac
kely to be narrow (everyone starting to move at about the same time). In a multi-enclosure settir]
otel, there is likely to be a wide distribution of pre-travel activity times. Those in the ‘enclosure o
n complete the pre-travel activity process before those in other enclosures even become aware o

b provision of reliable data on the pre-travel activity times expected ‘in\various situations
prporation into egress behaviour models is an important requirement for the assessment of es
1, therefore, for fire-safety engineering design. Although currently available databases of pre-tra
es are somewhat limited, they do provide a basis for design calculations appropriate to 3
cupancy types; see References [5], [9], [4] and [17]. Guidance on’default values is given in Annex

ange of factors can be taken into account in order to estimate pre-travel activity time. The prin
as follows:

building parameters:

1) occupancy use,

2) floor plans, layout and dimensions,

3) contents,

4) warning system,

5) fire safety management'€mergency procedures;
occupant status:

1) occupant numbers and location,

2) occupant-characteristics, such as age and health status,
3) occupant activities,

4)<_‘occupant condition;

fire as afforded by the architecture of the setting, the warning system and management systems|.

bwledge of

tivity times
g, such as
f fire origin
the fire.

and their
cape time,
vel activity

range of
E.

cipal ones

fire simufation dynamics:
1) building condition and fire location,

2) visibility of smoke or fire,

3) exposure to fire effluent or heat,

4) fire alarm status and type,

5) other warnings or cues (e.g. from management or other occupants),

6) active protection status.
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Annex C
(informative)

Detailed information needed for RSET calculations

C.1 General

In order tolevaluate RSET, detailed input information is required in four main areas:

building design and emergency life-safety management strategy;
occupant characteristics;
fire siqulation dynamics;

effect$ of intervention.

The respdgnse of occupants to a fire condition is influenced by a wholésrange of variables in these fpur
categories| related to the characterization of the occupants in terms ef\their number, distribution within the
building af] different times, their familiarity with the building, their abilities, behaviour and other attributes; the
characterization of the building, including its use, layout and services; the provision for warnings, meanq of
escape arld emergency management strategy; the interaction of all these features with the developing fire
scenario gnd provisions for emergency intervention (fire brigade and rescue facilities). These aspects are

described jn more detail in C.2 to C.5.

C.2 Building characteristics and fire safety management strategy

Some of [the major elements of the life( safety evaluation processes include details of the building
characterigtics, its management in relation to fire safety and the emergency life-safety strategy. The¢se
comprise the basic building dimensions;-internal arrangement and services relevant to fire safety, which are

as follows:

20

layoutl and geometry (including size, building height, ceiling height, layout, complexity, compartmentatipn,
subdiyision into internal.spaces, interconnection of spaces, travel distances, door and stair corridor widths,
norm3l circulation routes;’opening/closing forces of fire doors, door furniture);

escape routes Aincluding visual access, complexity, protection (passive/active), lengths, horizontal,
verticII (escapevupwards or downwards), accessibility (e.g. by break-glass and key only, by crash bar),
use diiring fRermal flows in building, final exits (humber and distribution related to characterization datal];

. E;'-_; e__,en_ ‘-- ne e_e-e na _',lll!',_ KE 3 oLUfa ~IJala ;es
and escape-route usage (some functions may tend to provide easy access and escape while others may
not);

fire-safety management system (including management of the building, management and maintenance of
essential equipment, management of staff and occupants of the building, fire prevention management,
management flexibility, training of staff and training of occupants, security and fire surveillance,
emergency procedures);

life-safety strategy (including life-safety design philosophy, evacuation strategies, passive/active fire

control systems, fire detection, alarm and communication systems, facilities for the fire brigade,
emergency lighting, way-finding systems, fire safety management);
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application of active systems (including sprinkler/spray systems, sprinklers for life-safety, gas suppression
systems, smoke management or extraction and ventilation systems);

signage and lighting (including emergency lighting);

refuge areas (form, degrees of protection and tolerability, communication systems and connection to
escape routes, staging areas, access for assisted escape or rescue);

environmental considerations (e.g. wind and internal air pressurization on door opening force,
evacuations in wet, hot or cold conditions, dress requirements, effect of snow on exits, daylight vs night

An
co

su
Alg

Og

.B Occupant characteristics

time):

bther major element of the life-safety evaluation process is the occupant characteristics. [The main
nsiderations are the likely nature and timing of occupant response to cues or alarms and| the likely
pbsequent pattern and timing of occupant movements, particularly in carrying_out' an evacuation, |f required.
o important is the likely susceptibility of the occupants to the sight of or expasure to fire effluent dr heat.

cupant characteristics for consideration include

population numbers and density: expected numbers in each,oCcupied space including time ang seasonal
variations;

familiarity with the building: depends on factors such as occupancy type, frequency of |visits and
participation in emergency evacuations;

distribution and activities;
activity affiliation: occupant's bond/commitment to the activity;
alertness: depends on factors such:as activities, time of day, asleep or awake;

mobility: depends on factors, such as age, temporary limitation, health conditions and any physical
disability;

sensory impairments; mental ability and perceptual limitations, such as hearing or visual impairments;

social affiliationi~extent to which occupants represent individuals or groups, such as family groups, groups
of friends, etey

object affiliation, etc.;

role and responsibility: includes categories such as member of the public, manager, floor wardgn, etc.;

location: location in building relative to escape routes, etc.;
commitment: extent of commitment to activities engaged in before the fire;

focal point: point where occupant's attention is directed, such as the stage in a theatre or a counter in a
shop;

responsiveness: extent to which occupant is likely to respond to alarms, etc.;

changes in occupant condition throughout the course of the evacuation, as determined by exposure to
effects of fire.
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C.4 Fire simulation dynamics

A third major element of the life-safety evaluation process is the fire simulation dynamics. The object of

the

life-safety design is to protect occupants from exposure to fire effluents or heat (or physical trauma from
structural failure). This is achieved by a combination of the provision of adequate means of escape and
protection of occupied spaces. In order to evaluate the life safety of persons during a fire, it is necessary to

obtain continuous information on the extent of the fire and fire effluent and their effect on the building.
It is necessary to consider the following specific factors:

a) Fire gta ; —VAHhe - :
necessary to determine the “visibility of the flames and smoke”, so that an estimate can be made-of

b) Fire sjze and extent, smoke density, toxic gas concentrations, temperature and heat flux in all build

which| it is contained or has spread through adjacent enclosures, any structural failures and

C.5 Intervention effects

Circumstances can arise in a building where the intervention of the fire brigade is necessary to secure
safety of thhe occupants. To assist thelfire brigade in the execution of intervention strategies, it is necessary
include appropriate facilities in the_design of the building. This is considered beyond the scope of t
Technical Report.

NOTE The use of lifts (elevators) in emergency evacuations is not dealt with in this Technical Report. For guida
concerning Jifts, the readeris referred to ISO/TR 25743, ISO/TR 16765, EN 81-72 and EN 81-73.

ts,
the
fire

frol
, if

the
to
his

hce
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Annex D
(informative)

Design behavioural scenarios for derivation of default RSET vari

D.1_General

Fol the method described in this Annex, a set of key qualitative features of occupant behaviour
spgcify a small number of basic design behavioural scenarios; see Reference [17]. The mai
cafegorizations are based upon whether the occupants are familiar or unfamiliar with the-bdilding ar
ang whether they are awake or asleep, although each scenario also involves a_set-of additig
fedtures.

Fol each scenario category, factors affecting both occupant behaviour and thie.time required for ¢
various activities during different phases of an evacuation are described. Défault alarm times and
acfivity time distributions are derived depending mainly upon the fire-safety management strategi

ables

is used to
N scenario
d systems
nal typical

arrying out
pre-travel
s and the

warning system in place. Certain building characteristics are also considered important, particularly spatial

plexity, travel distances, occupancy factors, exits and escape routes. These mainly affect trave
some situations, pre-travel activity times. The basic scenariosimay be further subdivided into m
ined scenarios in each class.

described in Clause 6, in order to evaluate RSET times.for any specific occupied structure it is
develop a design behavioural scenario. For any.specific design of an occupied structure,
cessary to consider all aspects of the variables set out in Annex C. Although some of these factof
uence on evacuation are quantifiable in any-specific building design, other factors, particu
bcting occupant behaviour, are essentially qualitative; see References [2], [5] and [7]. The variak

responses of individual building occupants in emergency situations are complex but, alth
ividual has a unique experience, when groups of building occupants are considered, a range d
ations and developing scenarios can.be identified. These can be of sufficient simplicity that th
useful in predicting generic evacuation times for design purposes; see References [6], [5] and [15].

Quantitative data for phases_of\behaviour, particularly warning and pre-travel activity times,
obfained by observations pf\fire-safety management and occupant behaviour during fire inci
mqnitored evacuations for the main categories of design behavioural scenarios; see References
[17]. These are then cembined with travel-time calculations to provide a simple but robust meth
es{imation of escape-and evacuation times.

Each of these behavioural scenarios is summarized in Table D.1. For each, the default time can be
aldrm and préstravel activity times, depending mainly upon the three safety-management stra
wafning system in place.

Certain. building characteristics are also important, particularly spatial complexity, travel distances,

times and,
bre closely

necessary
it can be
s and their
arly those
les driving
bugh each
f common
ey can be

have been
dents and
5], [4] and
od for the

derived for
egies and

pccupancy

fagtors, exits and escape routes. These mainly affect travel times and, in some situations, pre-tra

vel activity

times. The basic scenarios may be further subdivided into more closely defined scenarios in each class.

Although all the occupant and building characteristics can affect escape times, the most important
the following:

a) for occupants:
— number and distribution,
alert/asleep,

familiar and trained or unfamiliar,

physical ability;
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b) for buildings and building systems:
— warning system,
— fire-safety management and staff/occupant training,
— single or multiple enclosures and spatial complexity;

c) for fire scenarios:

— fifeafarms and cues avaltable to occupants,
— fgatures of the fire and fire effluent.
For each [scenario category shown in Table D.1, factors affecting both occupant behaviour ‘and the time

required for carrying out various activities during different phases of an evacuation~are described.
See Annex F for further details.

Table D.1 — Design behavioural scenarios and occupancy(types

Catedor Occupant Occupant Occupant Enclosures/ Exambples of occupancy tvpes
gory alertness familiarity density complexity P pancy typ
A Awake Familiar Low One or many. | Office or workshop areas
B1 Awake Unfamiliar High One orfew Shop, restaurant, circulation space,
bar
B2 Awake Unfamiliar High One'with focal | Cinema or theatre auditorium
point

Cc Asleep Dwelling bedroom

Ci Individual Familiar Low Few Without 24 h on-site management
occupancy

Cii Managed — — — Bedroom in serviced flats, halls of
occupancy residence, residence, etc.

Ciii Asleep Unfamiliak Low Many Hotel, hostel bedroom

D Medical care Unfamiliar Low Many Residential (institutional)

E Transportation Unfamiliar High Many Railway station/airport halls

From the ¢bservations made, it is considered that each basic category has certain general requirements and
ranges of [likely warnifijg*and pre-travel activity times. Each design behavioural scenario is defined primdrily
from the pgrspective.of the occupants rather than the building, but a number of examples of occupancy types|for
each catedory is;shown.

Any particlilat building can contain a number of enclosures in different design behavioural scenario categories.
For example, a hotel is likely to included offices and working areas occupied by staff (category A), assembily,
circulation, restaurant and shopping enclosures occupied by guests (categories B1 and B2) and guest bedrooms
(category Ciii). There can also be different scenarios at different times of day. Thus, it can be considered that a
hotel bedroom during the day fits more into category B2 than Ciii. it is necessary, therefore, to consider all of
these scenarios.

It is also possible to define more specific sub-scenarios within each category. The main consideration is that the
scenario is defined in terms of the behavioural characteristics and that data are obtained for behavioural
response timed for the defined scenario that can be used to inform the design of future occupancies with similar
characteristics.
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These basic behavioural scenarios are mainly intended for the estimation of initial pre-travel activity times for
occupants in response to alarms and not directly exposed to fire effluent. This is likely to represent the majority
of occupants of large multi-storey buildings during most fires. In situations where the occupants are in the fire
enclosure or become exposed to fire effluent before entering their travel phase, then it can also be necessary to
consider the effects on behaviour of seeing fire or smoke. These can reduce or increase pre-travel activity times,

depending upon the situation; see References [5], [31] and Annex F.
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acfivity times. Office buildings are most likely to fit into building levels B1 or B2 (see D.3.3),

oC

commonly present, Reported pre-travel activity times from offices during well-managed evacuations

ve
reg

2 Features of design behavioural scenario categories

p.1 Category A — Occupants awake and familiar

AMPLES Working space: office or workshop, warehouse.

bnario features are as follows.

Occupants are awake and engaged and are familiar with the building and, its' systems. The
building frequently and spend a significant amount of time there, usually ina*working capacity.

Occupants can be present in small groups in a single enclosure or dispersed in small numbers
a number of enclosures, usually with low occupant densities. Prestravel activity time can be |
somewhat when occupants are dispersed.

the building features, including alarm systems and fire safety management procedures.

Occupants have well-defined roles and carry somé responsibility for the building, its ope
emergency strategies and are trained in emergency procedures.

Floor wardens and other staff have special\responsibilities to ensure a rapid and efficient ev
alarms sound. Occupants are staff and(can expect disciplinary action if they fail to follow §
procedures and evacuate in an efficient manner.

ivell-managed office buildings, with.good management procedures and well-trained staff, pre-trg
es should be very short, evennwith a sounder alarm system. Particularly in a multi-enclosure

portant consideration is the pre=travel activity time of the occupants slowest to respond, especia
ividuals. Travel times depend mainly on travel distance, unless occupant densities are high, wh
exits can occur and flow. times can dominate. Poor fire-safety management can lead to long

cupants are familiar,with the building, spatial complexity should be less important unless outside

y short, between a few seconds and a few minutes (see References [5] and [6]) and times for og
ch a safe-escape route are rarely more than a few minutes from general alarm; see References

y visit the

throughout
engthened

Occupants are involved in a variety of individual or small-gfeup activities, they are awake and familiar with

ration and

acuation if
bmergency

vel activity
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pre-travel
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tend to be
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D.2.2<Category B — Occupants awake and unfamiliar
EXAMPLES
a) No focal point: shopping enclosure, restaurant, bar, supermarket, department store floor, mall area, airport check in

b)

or lounge areas, circulation space, restaurant, day centre;

Focal point: assembly, cinema, theatre.

Scenario features are as follows.

Occupants are awake and active but largely unfamiliar with the building and systems, they are

committed

to various activities, family and friends and might not respond to alarms. They might not have ever visited

the building before.
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Authority figures (sales staff, managers, stewards) are present who are trained in the building emergency
management systems and procedures.

A rapid sweep of the area by staff can be used to ensure a rapid customer evacuation, otherwise alarms
might not trigger an evacuation, although voice alarms or personal address messages can be effective.

Special provisions can be necessary for restaurant areas or bars.

Sports stadia or very large arenas can be considered a special subset.

Layoutof assembly enclosures and exits should be simple but SUbSequent escape routes can be complex
and hard to identify quickly.

Sales aregs can be large with complex layouts and visibility limited by stock. Restaurant areas-can” also|be

present. There is also likely to be a wider range of physical and mental abilities (including childfen; the eIdIrIy
and family| groups who are scattered at the time of the emergency). Customers can be reluctant to le

ve

goods they have collected or paid for (e.g. in supermarkets). In theatres, occupants are attending to the stage
or screen,|but this provides a focal point that can be used by management to control/an evacuation. Saff
training is| therefore, particularly important in interrupting the ongoing activity swiftly and provides |an

opportunity to impose rapid control.

During a number of monitored evacuations and incident investigations (see References [5]), pre-travel actiyity
times haveg been short, with narrow distributions, when management was.efficient and staff acted quickly to
encouragg occupants to evacuate. In a least one occasion when staff’ did not act quickly, much longer
pre-travel pctivity times occurred; see References [5]. When design.occupant densities are high, evacuatjon
times are ainly dependent on exit flow capacity, especially if exit.choice is not optimal (as is often the cage);

see Refergnces [16].

D.2.3 Category C — Sleeping

EXAMPLES

a)

b)

Scenario features are as follows.

26

Fami:]r: apartment block, house, residential home;
Unfamijliar: hotel, hostel.
Low occupant densities and mixed ability and age of residents, who can be sleeping.

For r¢sidences, occlpants should be familiar with warning and evacuation procedures. Fire-safety
management is often-basic in residences but can be more developed in managed accommodation.

Dwellings are-small, with simple layouts and are familiar to occupants.
When|ahe member of a household detects a fire cue or alarm his/her first action is usually to investigate,

but w 3 N H £1 hiak HPRTE oot datant: b o H 4 4
ut warfig—omers—S—ofe—a—THgn—priofity;, —So—that—ofce—aetectonmasS—occurrea,—warfiings—to—oter

occupants can be delivered within a short time.

Pre-travel activity times can be long, especially with sleeping occupants or when cues are ambiguous or
occupants inebriated.

For hotels and hostels, occupants are largely unfamiliar with the building and systems and they are
dispersed among a large number of enclosures. Some authority figures, consisting of staff, security and
managers who are trained in the building emergency systems and emergency management procedures,
may be present.
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— Non-staff occupants can lack a sense of responsibility for the building and systems, and might not
respond to alarms. Their main commitment is activities such as sleeping.

— Layout is likely complex and escape routes hard to identify quickly.

For these reasons, it is unlikely that a rapid and efficient evacuation will be achieved. If there is a sufficient
number of well-trained staff present and if they act quickly, then a rapid sweep can be used to secure a local
evacuation of an affected area. In many situations, evacuation can be counterproductive, since it is likely that
occupants can be relatively safe in their rooms but can enter escape routes contaminated with fire effluent,
especially if evacuating after a significant delay. Pre-travel activity times for even the first few occupants to
respend-eanr-be-verytorg{up-te—t-h—and-thedistributon-of pre-travelactvity-Himesistkelrtebevery wide.
Evpcuation times are likely to be dependent on maximum pre-travel activity times and walkidghfimes; flow
regtrictions at potential “pinch” points are unlikely to occur. Occupants can be reluctant\to leave their
belongings and the temporary refuge of their rooms. For these reasons, it can be necessary for passive fire
prqtection to be used as a major strategy.

=

D.2.4 Category D — Medical care

EXAMPLES Hospitals and nursing homes.

Scenario features are as for category C with the addition of the following.

—| Occupants can have low levels of physical and/or mental abilities to respond to emergencies.
—| Each occupant can be expected to require assistance frem one or more staff member to evacuate.
—| A high level of management supervision and participation in emergency procedures is expected.
—| Occupants can be bedridden and/or attached teimedical appliances (e.g. drips, monitors).
—| Evacuation involves moving beds and wheelchairs.

D.2.5 Category E — Transportation

D.2.5.1 Buildings — Special«case of awake and unfamiliar

EXAMPLES Railway stations’and airports.

Scenario features are«as-follows.

—| There are many complex enclosures and very large spaces; escape routes are not easily identified.
—| Securitysrestrictions in some areas impose behavioural limitations on occupant responses.

—| ©Oceupants are likely encumbered by luggage, which they can be unwilling to abandon in an émergency
situation

— The occupant density is high.

— Occupants can be largely unfamiliar with the building and systems but authority figures, consisting of
sales staff, security, managers and stewards who are trained in the building emergency systems and
emergency management procedures, are present.

— Special provisions can be necessary for restaurant areas or bars.

— Occupants speak a variety of languages.
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D.2.5.2 Vehicles

EXAMPLE Coaches, trains, ships.

The scenario features are that alarm times (time from detection to warning) are dependent on the detection
and warning systems in use and the behaviour of the first occupants alerted (security staff or occupants
discovering fires). Depending upon the system in use, they can be calculable or, particularly where they rely
on human response, research data can be necessary.

D.3 Major-behaviouraltmodifiers-in-each-scenariocategory ——————

D.3.1 Levels

Within eagh category, occupant behavioural characteristics, particularly alarm time and pre-travel activity time
distributior}s, are further dependent on a range of variables of which the following thregnare considefed

important:

D.3.2 Effiect of alarm system on pre-travel activity

The effect|of the alarm system on pre-travel activity is as follows:

D.3.3 Effect of building)complexity on evacuation time to a protected escape route

quality of the alarm system (classified into levels A1 to A3; see D.3.2);
complexity of the building (classified into levels B1 to B3; see D.3.3);

quality of the fire safety management, in particular (classified into levels:M1 to M3; see D.3.4).

alarm| system level A1: automatic detection throughout the building, activating an immediate gengral
alarm|to occupants of all affected parts of the building;

alarm|system level A2 (two-stage): automatic-detection throughout the building providing a pre-alarm to
management or security, with a manually activated general warning system sounding throughout affected
occupjed areas and a general alarm after-a fixed delay if the pre-alarm is not cancelled;

alarm| system level A3: local automatic detection and alarm only near the location of the fire or|no
automrjatic detection, with a manually activated general warning system sounding throughout all affected
occupjed areas; see also Annex A.

Building complexity affects pre-travel activity time and time required for way-finding (searching for a suitaple

escape rolite) as follows:

28
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building level B2 (e.g. simple, multi-storey office block): simple multi-enclosure, usually multi-storey,
building, with most features prescriptively designed and simple internal layouts;

building level B3: large complex building. This includes large building complexes with the integration of a
number of existing buildings on the same site, common with old hotels or department stores, aswell as
with large modern complexes, such as leisure centres, shopping centres and airports. The important
feature is that the internal layout and enclosures involve often large and complex spaces so that
occupants can be presented with way-finding difficulties during an evacuation and the management of an
evacuation, therefore, presents particular challenges.
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D.3.4 Classification of fire safety management characteristics and effects on evacuation time

In many situations, the time taken to begin the travel phase of an evacuation (i.e. the pre-travel activity time),
and the subsequent conduct of the travel phase, has been found to be very dependent on the implementation
of the fire-safety management strategy. This depends on elements such as staff training and emergency
management practice, but is also dependent on the quality of the tools at the disposal of the management to
carry out an efficient and timely evacuation. The most important of these tools are the alarm system and
certain building features, such as those influencing building complexity. In order to assess the influence of fire-
safety management on evacuation time, a classification system of three levels of fire-safety management has
been developed. This can be linked with the classification of the alarm system and the classification of the

bu

Fu

D.
w

an
OoC

lding-com nlnvﬂ'\l

management level M1: the normal occupants (staff or residents) are trained to a high levelFof
management with good fire prevention and maintenance practice, floor wardens, -a well
emergency plan and regular drills. For “awake and unfamiliar’, there is a high ratio’ of train

visitors. The system and procedures are subject to independent certification, including a regulaf

monitored evacuations for which it is necessary that the performance match the assum
performance. Security videotapes from any incidents or unwanted alarms{are made availabl
under the certification scheme. This level also usually implies a well-designed building with o
easy-to-use escape routes (to level B1 or at least B2), with automatic(détection and alarm sy
high level of provision (level A1). If used by the public, it can be«nécessary to provide a v
system;

management level M2: this is similar to level M1, but with agower staff ratio and floor wardens
always be present. There might not be an independent audit. Building features may be level B2
alarm level A2. The design escape and evacuation times are more conservative than for
system;

management level M3: this represents standard, facilities with a basic, minimum fire-safety mal
There is no independent audit. The building;may be level B3 and alarm system level A3.
suitable for a fire-engineered design unless other measures are taken to ensure safety

fire-safety
developed
ed staff to
audit with
ed design
e for audit
bvious and
stems to a
bice alarm

might not
or B3 and
a level M1

nagement.

This is not

, such as

restrictions on fire performance of contents, high levels of passive protection and/or active syst¢ms.

ther guidance on fire-safety managenient is provided in BS 5588-12 [32],

8.5 Estimation of pre-travel activity times based on design behavioural scenario

ile detection and alarm timgs may be represented by single numbers, a difficulty with respect tq

acTivity and travel times is that each building occupant has his/her own individual time; see Referen

j [16]. It is, thereforésnecessary to consider the pre-travel activity and travel-time distributions o
cupants, firstly withintindividual, occupied enclosures and then throughout the building and escap

pre-travel
ces [5], [6]
f groups of
P routes. A

fur
pre
ad

her complication)is that within each occupied enclosure, there are interactions among the distfibutions of
-travel activity and travel times for occupant groups, so that the terms cannot be considerpd directly
Jitive.

Pre-travelactivity time distributions depend primarily upon the design behavioural scenario categd
firg-safety management level, with building complexity also having some influence. Computer simulations of
bulldirg-evacuationsmay-considerthe-evacuation-time-and-travetHtimeforeach-individual-oceupant. However,
it is possible to make an adequate estimation of evacuation times for most situations by considering two main
criteria: the pre-travel activity times of the first few occupants in an enclosure to move (pre-travel activity time
of the 1st percentile of occupants) and the pre-travel activity times of the last few occupants to move (99th
percentile of occupants). Data on pre-travel activity time distributions for different behavioural scenarios are
currently extremely limited, but some measured distributions exist; see References [5], [15], [4], [33], [34], [9],
[35], [36], [37], [38], [39], [40], [41]. Based upon the limited data available, suggested default values for pre-
travel activity time 1st and 99th percentiles for different design behavioural scenarios are presented in
Annex E. The overall findings from the data are that both pre-travel activity times for the first and last few
occupants to move can be very short (a few minutes or less) and predictable, when occupants are awake and
fire safety management is of a high standard, and much longer and less predictable when fire safety
management and warning system are of a lower standard, and in any building containing occupants who are
sleeping.

ry and the
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Annex E
(informative)

Pre-travel activity time distribution data and derivations

E.1 General

Pre-travel |activity time distributions depend primarily upon the behavioural scenario and the fire-safety
management level, with building complexity also having some influence. Computer simulations of ,building
evacuatiorjs may consider the evacuation time and travel time for each individual occupant. Kowever, i is
possible t¢ make an adequate estimation of evacuation times for most situations by considering two mjain
criteria: thg¢ pre-travel activity times of the first few occupants in an enclosure to move (pre-travel activity time
of the 1st [percentile of occupants) and the pre-travel activity times of the last few occupants to move (9Pth
percentile jof occupants). Data on pre-travel activity time distributions for different behavioural scenarios are
currently extremely limited, but some measured distributions exist for a range of occupancies; see
Referencep [4], [5], [8], [14], [33], [34], [35], [36], [37], [38], [39], [40] and [41]. Seme examples are provided
here, and pased upon the limited data available, suggested default values for<pre-travel activity time 1st and
99th percentiles for different design behavioural scenarios are presented-in Table C.2 of the UK FRire
Engineerirlg Code [17]. The overall findings from the data are that pre-travel‘activity times for both the first 4nd
last few o¢cupants to move can be very short (a few minutes or less) and predictable when occupants are
awake and fire safety management is of a high standard, and mugh longer and less predictable when fire
safety manjagement and the warning system are of a lower standardyand in any building containing occupants
who may Qe sleeping.

Pre-travel jactivity time data are available from a number ofistudies, two of which report data from a rangg of
experimenfts in different occupancies; see References\[5] and [4]. Pre-travel activity time is sometimes

described ps the “pre-movement time”, “delay time”, finitial response time”, or the “time to start”.
Pre-travel pctivity distributions consist of two phases:

— time ffom alarm to the movement of the first few occupants to begin their travel phase;

— subseguent distribution of timesfor'the population of occupants to begin their travel phase.
Once the first few occupants _begin to move, pre-travel activity distributions tend to follow approximately Ipg-
normal digtributions, with a-rapid increase in the number of occupants starting to move soon after the
beginning [of the distribution)and a long queue until the last few occupants move, as illustrated in Figure B.1.

The charafteristics of the occupants, the quality of warnings and management affects both the time the fjrst
occupants|begin tomove and the width of the distribution.
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X
Ke
X'| time, expressed in seconds 3 Iyre(occupant distribution)
Y | persons per second 4  PTAT distribution — management level M1
1| alarm 5 PTAT distribution — management level M2
2 | fore(first occupants) 6 PTAT distribution — management level M3
NQTE Pre-travel activity of first occupants to move and subsequent pre-travel activity_time distribution is{lengthened

by progressively lower levels of fire-safety management.

Figure E.1 — Representation of pre-travel activity time distributions
and effects of different levels of fire safety management

Figure E.2 illustrates pre-travel activity time distributions measured in a number of unannounced|monitored
evacuations. These include a restaurant in a shoppingmall, two outpatient clinics in a hospital and three retail
stdres. The curves all show a similar shape, with short periods before travel begins and subsequgnt narrow
disftributions, all representing well-managed cases:

Y A
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0 . =
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Key
X time, expressed in seconds 3 Luton EC
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Figure E.2 — Some examples of measured pre-travel activity time distributions

It is important that realistic pre-travel activity time data be used in evacuation time calculations.
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The most important considerations are the pre-travel activity times of the first few occupants in each affected
enclosure (for example, the 1st percentile) and the pre-travel activity time of the last few occupants (for
example, the 99th percentile). Pre-travel activity time data have been reported from video records of occupant
behaviour in a small number of fire incidents and a significant number of unannounced evacuations in a range
of occupancies; see References [4], [5], [8], [14], [33], [34], [35], [36], [37], [38], [39], [40] and [41]. It is also
possible to estimate maximum pre-travel activity times from total building evacuation time data; see
Reference [5].

The results of these studies have shown that pre-travel activity times are very dependent on occupant and
building factors, expressed in terms of the deS|gn behavioural scenarlo and for any partlcular scenarlo on the
fire safety ;
see Refere

Data on de
published
have show
voice annguncements or smoke, for example); see References [9] and [38]. The series of )evacuation drill§ in
mid- and high-rise apartment buildings underway at the National Research Council of €Canada has provided
data on time-to-start in summer and winter; see References [10], [40] and [41]. Similafidata are also availaple
from studipes undertaken in Australia. The retail store studies, as well as others,\have demonstrated the
effectivendss of staff training in reducing the delay time and speeding up an evacuation; see Reference [5].
Data on pre-travel activity delays have been collected in Japan. Data from five studies are summarized gnd
reported irl a recent paper; see Reference [4]. The paper includes results of overnight experiments conducted
at a traininpg facility. The subjects were at the training facility because they had fire-safety responsibilitieg in
their positjons at hotels and health-care facilities. An evacuation dfill Was held during the night and fhe
subjects were videotaped as they left their rooms. Ninety percent of\the subjects left their rooms within 90 s,
but delaygq lasted as long as 5 min. This research study also*looked at the relationship between initial
response {ime and self-reported levels of intoxication, levels of'sleep and time asleep. They did not find any
marked effect. The researchers point out in the paper that these attending the training would recognize the
need for immediate reaction on hearing an alarm and, coupled with the fact that this was a training drill, that
the time dyrations would be considerably longer in an actual fire. The paper also summarizes the findings|on
mean evaguation delays in four actual fires. Two fires;for which the type of occupancy was not described, had
mean delgy times of 2,82 min and 3,68 min; for a hotel fire, they reported a mean delay time of 7,0 min; and
for a fire in a multi-story condominium, they reported a mean delay time of 5 min to 10 min, derived frpm
questionngires.

As a resulf of the data collected from thé&:incidents and studies described above, evacuation model developgrs
and users|should have a growing database of essential information. Data are available on delay times frpm
offices, refail stores, hotels, apartment buildings and assembly properties. These observed or reported deflay
times projide a benchmark for ‘estimates used in modelling other structures. Details on the activities that
evacuees [engaged in beforevand during their evacuation provide important input into the estimation| of
appropriate delay times.

Table E.1 jpresents the delay times derived from major studies. The common format used in the table Was
imposed an the reported data, which varied both in what was reported and how it was reported. Values that
were not reported-and could not be calculated are noted on the table. Although significant factors that ¢an
have affedqted the delay times are noted, such as poor alarm performance time of day, weather, etc., the
reader is refe imes
were measured. The source of the data, i.e. survey questionnaires vs. videotaped drills, is also |dent|f|ed
Questionnaire data might not be as accurate as observations recorded on videotape, but it was obtained for
actual fire situations. Videotaped observations can be more accurately reported, but they do not record
behaviours under actual fire conditions. It is, therefore, necessary that the user exercise judgement in the use
of delay times reported in the literature.

Data from experiments in a range of occupancy types have been used to provide default pre-travel activity
time data for BS 7974-6:2004 [7]. These are presented in Table E.2. The data are classified into three major
different behavioural scenario categories described below.
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Table E.1 — Delay times derived from actual fires and evacuation
exercises reported in the referenced literature

Delay times
min
Event description N2 Factors
Min. 1St. Median 3rd_ Max. Mean
quartile quartile

High-rise hotel [35] 536 0 3,3 60,0 130,9 290 n/a® MGM Grand Hotel fire; no
alarm notification; grouped
data-fromquestignnaires

High-rise hotel [43] 47 0 2,0 5,0 17,5 120 n/a Westchase-Hilton Hotel
fire; no alarm in garly
stages;-grouped data from
questionnaires

High-rise office 85 0 2,0 5,0 10,0 245 11,3 \World Trade Cerlter

byilding [36] explosion and firg¢; no alarm
notification (building closer
to explosion)

High-rise office 46 0 4.5 10,0 31,5 185 28,4 World Trade Cerlter

byilding [36] explosion and firg¢; no alarm
notification (buildjing further
from explosion)

High-rise office 107 1,0 1,0 1,0 1,0 = 6,0 n/a Fire incident; no plarms,

byilding[ [44] data from intervigws with
occupants of fouf floors of
building (11 interyiewees
were trapped)

High-rise office 12 0,5 n/a 1,0 n/a 2,3 1,2 Unannounced dr|ll on 3

byilding [45] floors; data for finst person
to reach each of four
stairwell doors to| wait for
voice instruction;|trained
staff; data from vjdeo
recordings

M|d-rise office 92 0 0,4 0,6 0,8 <4 0,6 Unannounced dr|ll; good

byilding [39] alarm performange; fire
wardens; warm day

M|d-rise office 161 0 0,5 0,9 1.4 <5 1.1 Unannounced dr|ll; good

byilding [39] alarm performange; fire
wardens; cool dgy

One-stoty 95 1 0,2 0,3 0,5 0,9 0,4 Unannounced dr|ll; trained

dgpartment staff; data here derived

stpre [46] from grouped data for 95
participants

Three-story 122 0,05 n/a n/a n/a 1,6 0,6 Unannounced drill; trained

department staff; times distilled from

store [46] analysis of videotapes

One-story 122 0,07 n/a n/a n/a 1,7 0,5 Unannounced drill; trained

department staff; times distilled from

store [46] analysis of videotapes
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Table E.1 (continued)

b “n/a”

not reperted.

Delay times
min
Event description Na Factors
Min. | 1St | Median | 3@ | Max. | Mean
quartile quartile
One-story 71 0,03 n/a n/a n/a 1,0 0,4 Unannounced drill; trained
department staff; times distilled from
store [46] analysis of videotapes
High-rise gpartment n/a 0 n/a n/a n/a n/a 10,5 Forest Laneway fire; for
building [4 occupants who attempteq
to evacuate in thefirst
hour, based on
questionnaijre’responses
High-rise dpartment 219 0 n/a 187,8 n/a 720 190,8 | Forest Laneway fire; for 4l
building [4 occupants
High-rise gpartment 33 0,3 0,8 1,3 4.4 10,2 2,8 Unannounced drill; good
building [4D] alarm performance
High-rise gpartment 93 0,4 1,5 3,6 6,9 18,6 53 Unannounced drill; good
building [4D] alarm performance; heav
snow during drill
High-rise gpartment 27 1,0 2,0 8,0 14,0 >.20 n/a Fire incident in early
building [4#] morning; alarm functioned;
fewer than half the
occupants evacuated
Mid-rise apartment 42 0,6 1,0 1 3,0 >14 2,5 Unannounced drill; good
building [4]1] alarm performance
Mid-rise agartment 55 >0,5 1,6 4)4 13,5 > 21 8,4 Unannounced drill; good
building [41] alarm performance
Mid-rise agartment 77 >0,3 1,9 7,7 19,1 > 24 9,7 Unannounced drill; good
building [41] alarm performance
Mid-rise agartment 80 >0,3 1,2 2,5 3,7 >12 3.1 Unannounced drill; good
building [41] alarm performance
Training fatility [47] 566 <0,2 0,7 1,01 1,5 >5 n/a Testing sleeping subjects
at a training facility
@ Numbdr of participants:

E.2 Awake and familiar

For situations where occupants are awake and familiar with the building, pre-travel activity times and
pre-travel activity time distributions have been found to be very short when fire-safety management is of a
high standard and staff are well trained; see References [5] and [6]. Pre-travel activity and total evacuation
times have been measured on approximately 70 occasions in a range of office and laboratory buildings under
different managements as part of BRE and related research programmes; see References [5], [6], [42], [37],

[38], [36], [30]. Some of the data obtained from studies carried out are summarized in Table 4 of Reference [6].

Since the pre-travel activity times obtained on any one occasion can vary even within a specific building, it is
neither possible nor particularly useful to present detailed data in this Technical Report.

34
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Based on the overall data obtained, it is has been found that for well-managed cases (level M1), the first few
occupants can be expected to move within a few seconds of a sounder or voice alarm. It is, therefore,
proposed that a figure for the 1st percentile pre-travel activity time of 0,5 min is realistic and relatively
conservative. The additional period for the last few people to move has also been found to be very short and a
default period of 1 min is proposed.

For a level M2 management, occupants might not respond quite so quickly, but can be relied upon to cease
their activities and evacuate in response to warnings.

Level M3 management can apply if there is some doubt about the commitment of an organization to fire-safety

management-and-staff training
~J ~

On a small number of occasions it has been found that occupants have ignored alarms and~contjnued their
nofmal activities for at least several minutes, despite fire alarms sounding, until challenged.

E.B Awake and unfamiliar

A number of video studies have been made of unannounced evacuations from stores and supermarkets as
part of the BRE research programmes (see References [5], [6], [42], [37],and/[38]) and studies carfied out by
thq University of Ulster [33]. The BRE programme also included twq theatres and several lectyre theatre
evacuations, as well as investigations of a number of fire incidents in stores; see References [5], [42], [37] and
[38]. The results of these studies indicate that the pre-travel activity times of the first few occupants, and the
subsequent distribution, are very short when the evacuation isswell managed by trained staff. There is also
soime benefit from voice alarm systems over sounders; see Reférences [5], [33], [34] and [9].

A problem with this scenario category is that occupants gannot be relied upon to evacuate unless encouraged
by |staff or instructed by a voice alarm system, and evén this can be ignored in some cases. In at Jeast three
cases of serious store fires in the UK, large numberiof occupants were in the fire enclosure. Despjte the fact
thgt the growing fire and fire effluent was visible, atnumber of factors, including delays before starting to travel,
requlted in occupants being exposed to fire effluent and a number of deaths.

While the short pre-travel activity times-in- Table E.2 for level M1 and level M2 management systems are
considered to be reasonably good default values for well-managed and well-staffed situations, a [number of
studies has shown very long pre-travél activity times when occupants are unfamiliar with a building or its
systems and are not managed by ‘trained staff.

Expmples include the Equinox office building study, where unfamiliar occupants took approximately 11 min to
regpond to a sounder; se€e Reference [34], the clothing store fire, where shoppers and staff failed tp evacuate
for|]4 min to 5 min until'fite and smoke made conditions untenable; see Reference [5] and the Tyng and Wear
Uniderground station-studies, in which occupants ignored a sounder for up to 9 min; see Referenceg [9]. In the
Equinox and Tyne‘and Wear studies, better results were obtained when voice alarm messages wer¢ used, but
with increasing-use of such systems in recent years, this is not always found to be the case.

On the basis of these studies, short 1st and 99th percentile default pre-travel activity times are prpposed for
leviel M1 'and level M2 managed occupancies. It is suggested that some extra time be added for way-finding in
mqré-gcomplex buildings. Where efficient emergency management cannot be guaranteed, pre-trayel activity
times become much Tonger and more variable. An approximate defaulf time of 15 min for the 1St percentile
plus a further 15 min for the 99th percentile is suggested.

E.4 Sleeping
With all forms of sleeping scenarios, it is difficult to obtain short pre-travel activity times; see References [5],

[35], [4], [40], [41]. Occupants might or might not be roused by alarms and might require a considerable time
to prepare themselves and decide to evacuate.
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There are few detailed studies of pre-travel activity times in sleeping accommodation; see Reference [35].
Reports from a number of incidents in hotels or hostels have shown that occupants might require many
minutes to evacuate; see Reference [4]. In a least one case where times have been reported, although the
first quartile moved after 3 min, the third quartile required 131 min; see References [35] and [4].

Due to the long periods reported and their extreme variability, it can be necessary to use very conservative
default times. For occupants close to the fire, within a private dwelling, it is considered that design pre-travel
activity times could be as short as 5 min to 10 min for well-managed situations (where occupants have
well-maintained smoke detectors and a family fire game plan); see Reference [39]. In practice, flaming fires
can produce lethal conditions within this time period, so it is necessary that individual response times be

shorter in many cases There is_however_an annual rate of approximately 6 000 smoke exposure injuries in
dwellings.
Table E.2 — Suggested pre-travel activity times
for different design behavioural scenario categories
Sgenario category and modifier levels @ Ft:::t(:::;:‘i:;:)s Oct;:s(agr:hiiesr:it;::ion
A: Awake pnd familiar
M1 B1|- B2 A1 - A22 0,5 1,5
M2 B1|- B2 A1 - A2 1 3
M3 B1|- B2 A1 - A3 >15b >30P
For B3, add 0,5 for way-finding. — —
M1 ngrmally requires a voice alarm/PA if unfamiliar - —
visitorg likely to be present.
B: Awake pnd unfamiliar
M1 B1|A1 - A2 0,5 2,5
M2 B1|A1 - A2 1,0 4,0
M3 B1|A1 - A3 >15P >30P
For B2, add 0,5 for way-finding. — —
For B3, add 1,0 for way-finding. — —
M1 no1ma|ly requires a voice alarm/PA« — —
Ci: Sleepi|||g and familiar (e.g. dwéllings, individual occupancy)
M2 B1|A1 5P 10P
M3 B1|A3 10° > 40P
For other units in a block, assume 1 h. — —
Cii: Managed occupancy (e.g. serviced apartments, hall of residence)
M1 B2|A1~A2 10° 30P
M2 B2lA+—A2 450 400
M3 B2 A1 - A3 > 20 > 40
Ciii: Sleeping and unfamiliar (e.g. hotel, boarding house)
M1 B2 A1 - A2 15b 30P
M2 B2 A1 - A2 20° 40°
M3 B2 A1-A3 >20P > 40P
For B3, add 1,0 for way-finding. — —
M1 normally requires a voice alarm/PA. — —

36 © IS0 2009 — All rights reserved


https://standardsiso.com/api/?name=fb2ec5d4d61a4bc06ef1ce35f1b2c857

Table E.2 (continued)

ISO/TR 16738:2009(E)

Scenario category and modifier levels @ First occupants Occupant distribution
Ipre (1st percentile) Ipre (99th percentile)
D: Medical care:
Awake and unfamiliar (e.g. day centre, clinic, surgery, dentist)
M1 B1 A1 -A2 0,5 2
M2 B1 A1 - A2 1,0 3
M3 B1 A1-A3 > 15 > 15
For B2, add 0,5 for way-finding. — —
For B3, add 1,0 for way-finding. — (@
M1 normally requires a voice alarm/PA. — —
Sleeping and unfamiliar (e.g. hospital ward, nursing home, old people's home)
M1 B2 A1 - A2 — —
M2 B2 A1 - A2 5 10¢
M3 B2 A1-A3 10 20°¢
For B3, add 1,0 for way-finding. >10 >20¢
M1 normally requires a voice alarm/PA. — —
E:|Transportation: Awake and unfamiliar (e.g. railway or bus station grairport)
M1 B3 A1 - A2 — —
M2 B3 A1 - A2 1,5 4
M3 B3 A1 - A3 2,0 5
M1 and M2 normally require a voice alarm/PA. >15 >15

NQTE There is a lack of data on evacuation behaviour“and the times required for key aspects of evacuation. Therefore, it is
nefessary to bear in mind these limitations when proposing or assessing designs incorporating engineered solutions in relation to
human behaviour.

In |particular, it is necessary that the database.be” jmproved by the provision of information, such as evacuation time records, video
regords from real evacuation incidents (including fires) and data from monitored evacuations in a reasonably large |set of each
ocgupancy type, including sleeping accommodation. This can, then, provide a definitive database for design applicationg and for the
further development of predictive evacuation and behaviour models.

2 | M indicates level of fire safetyl management; B indicates level of building complexity; A indicates level of alarm [system; see
Anpex D.

b Figures with greater levels_of uncertainty.

¢ | These times depend-ohi.the presence of sufficient staff to assist evacuation of handicapped occupants.

Fol sleeping and. unfamiliar scenarios, such as sleeping accommodation in hotels (especially at hight), it is
considered that occupants cannot be relied upon to evacuate efficiently without management intervention.
Even for a-well managed occupancy with a well designed warning system, it is suggested that a [default 1st
pefcentile pre-travel activity time of 15 min can be appropriate. For managed occupancies, somewhat shorter
times-ean be appropriate if occupants are well trained.

Different forms of medical-care occupancies also have particular characteristics, influencing both pre-travel
activity time distributions and travel time distributions. Studies of well managed outpatient clinics (attended by
ambulatory patients), have shown short pre-travel activity time distributions, similar to category B; see
References [5] and [48]. Elderly occupants of residential nursing homes have, in some cases, shown good
responses to alarms, with relatively short response times, but in other incidents, many occupants have been
unable or unwilling to evacuate. Where staff are well trained, but likely to be few in number compared to the
number of occupants requiring active assistance with evacuation (especially at night), relatively long pre-travel
activity time distributions can be predicted.

Category E (transport facilities) are a special case of category B (awake and unfamiliar) but special factors
likely to influence pre-travel activity time distributions include the considerable spatial complexity, language
difficulties, unwillingness to leave luggage, family groups and complex security issues.
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Annex F
(informative)

Evacuation start time of the verification methods
for safe evacuation in Japan

F.1 General

This Annek outlines a method used in Japan for specifying “start time” for design purposes. It is presented
here for information as an example of an approach used, and is not intended as normative. As‘a,result of the
reform of the Building Standard Law in Japan in 2000 [49] the verification methods for safe-evacuation wgre
introducedl The calculation methods of the required time for starting to escape, travelling 't an exit, passjng
through an exit, and smoke spread are described in the Japan Ministry of Construction Netification No. 1441
and No. 1442 (May 31, 2000) 501 In this Annex, the calculation methods for evacuation start time gre
translated from these Notifications.

This repregents a prescriptive system, specifying a specific assumed “start tinle,” 754, required for particylar
situations. [The basic concept is illustrated by Equation (F.1).

Istart {11 + 12 (F-1)
where

t,  ig the time for transferring information of the fire, e.g.;»sound, noise, smoke, smell, flame, alarm, etc.,
which depend on the location, e.g. fire room, firefloor/other floor;

to i the time for initial response before gscape, e.g. researching, fighting the fire, dressing,
ivestigating, which depend on the occupancy type and whether the occupants are awake or aslegp.

In this cortext, the “start time” represents the,time from ignition to that when occupants start to enter their
travel phage. This is assumed to depend on the location of occupants relative to the fire (in room of origin,
floor of origin or several floors of the building whose occupants are required to pass through the affected arga),
the area of the location (room, floor.or_several affected floors) and the type of occupancy (with slightly longer
times for gleeping accommodation).—This, therefore, embraces the concept that a longer time can elapse
before ocdqupants become aware of a fire in larger and more complex spaces and with a progressively mpre
remote logation from the fire..lt also embraces the concept that occupants require time to engage in a range of
behaviourg before starting\ie travel to the exits and that this time is likely to be longer in a sleepjng
accommodation. The miethod makes no allowance for the effects of the warning system, the fire-safety
management system apfamiliarity of the occupants with the building. It is also assumed that occupants start to
evacuate immediately/if they see flames or smoke.

F.2 Forlaroom evacuation

The time, tgtot m, €Xpressed in minutes, required for occupants in a room to begin to evacuate after the start
of the fire, stipulated in Article 129-2, paragraph 3, item (1) a. of the Building Standard Law Enforcement
Order (hereinafter referred to as “the Order”) shall be calculated as given by Equation (F.2):

ZAarea (F2)

Istart,rm = 30

where 4, is the floor area of the said habitable room and of each part or parts of the building that cannot be
evacuated without passing through the said habitable room (hereinafter referred to as “said habitable room,
etc.”), expressed in units of square metres; see Figure F.1.
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a) The area considered for calculating the evaluation
time for fire room A1 is equal to the areas of
rooms A1 plus A2 plus A3.

b) The area considered for calculating the evaluation
time for fire room A2 is equal just to the area of
room A2,

Figure F.1 — Definition of the area of a fire room for evaluation of evacuation start time

F.B For a floor evacuation

The time, 441 1, €XPressed in minutes, required for occupants on afloor to begin to evacuate after the start of
thq fire stipulated in Article 129-2, paragraph 3, item (4) a. of<the Order shall be calculated as given by
Equation (F.3) for apartment houses, hotels, or other similaf buildings (excluding hospitals, ¢linics and
children’s welfare facilities, etc.), and by Equation (F.4) for<ether buildings (excluding hospitals, ¢linics and
children’s welfare facilities, etc.):

2 Aoor 5 (F.3)

Istart,fi,1 = 30
\IZAfloor
Istartfl2 =~ g5 * 3 (F.4)

where A4g, is the total floor area:af the parts of the building that cannot be evacuated without passipg through
each room of the said floor and through the exit to the through stairs on the said floor (hereinafter [referred to
as[‘each room, etc. of the said floor”), expressed in square metres.

F.4 For a total'evacuation

The time, f4Gr'%r €XPressed in minutes, required for occupants in a building to begin to evacuate after the
stgrt of the“fire stipulated in Article 129-2-2, paragraph 3, item (2)a. of the Building Starjdard Law

Z\IZAﬂoor
Istarttot = — g T O (F.5)
15
Z\IZAﬂoor
Istarttot = — .z + 3 (F.6)
15
where 4g,,, is the total of the floor areas of parts of the building that cannot be evacuated without passing
through each room of the said floor and through the said floor, expressed in square metres.
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Annex G
(informative)

Guidance on travel speeds and flow rates

G.1 General

Data on tr} relationships between occupant density, travel speeds and flow rates on horizontal escape\rou
and on stgirs (descending and ascending) for ranges of exit and stair widths is derived from research carn
out mainly| in the United Kingdom, the United States, Canada, Japan and Russia. The results_have be
incorporatéd into calculation methods widely used for fire engineering design, which are descfibed in detai
the SFPE Handbook of Fire Protection Engineering; see References [10] and [11].

There are [three fundamental characteristics of crowd movement: density, speed and.flow. Density of a crg
is defined ps the number of persons per unit area, e.g., 2,0 persons/m2. Density can also be expressed as
area per person, e.g., 0,5 m2/person. Speed is the rate of motion of the occupants, usually expressed
metres pef second. Flow is the rate at which people pass a particular point, such as a doorway, per uni
time, e.g. 2,0 persons/s.

The results from work on horizontal and vertical travel speeds and flow’rates from a range of studies lead
to the current calculation methods used for fire engineering are sumimarized in Clauses G.2 to G.5. Data
also shown for people with impaired mobility.

The requirements of computer simulation models for evacuation developed over recent years have lead t
re-examination of the fundamental aspects of occupant movement through building spaces and reveale
number of|deficiencies and variations in data for some.basic parameters. Thus, basic data for maximum f
rates throygh horizontal and vertical escape routes. Show a considerable range of variation, both in termg
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ng
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l a
ow
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published pxperimental data for different populations and assumed data used in building codes and guidance

for fire engineering calculations. Other parameéters, such as merge ratios where two streams of evacua
occupants| meet (for example at storey exits) into stairs), densities taken up by evacuating occupants
different sjtuations and effects of opposing flows, have barely been addressed, despite the considera
effects sugh parameters can have on gvacuation flows and evacuation flow times; see Reference [14].

G.2 Effective width concept

Persons moving through-the exit routes of a building maintain a boundary layer clearance from walls and ot
stationary [obstacles they pass. This clearance is needed to accommodate lateral body sway and ass
balance.

Discussior] of<this crowd movement phenomena is found in the works of Pauls, as reviewed in Proulx [
Fruin [51] gnd-Habricht and Braaksma [52]. The useful (effective) width of an exit path is the clear width of

ng
in
ble

her

10]
the

path less the width of the boundary layers. Table G.1 1S a list of boundary layer widths. The effective widtn

of

any portion of an exit route is the clear width of that portion of an exit route less the sum of the boundary

layers.

Clear width is measured

a) from wall to wall in corridors or hallways;
b) as the width of the treads in stairways;

c) as the actual passage width of a door in its open position;
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d) as the space between the seats along the aisles of an assembly arrangement;

e) as the space between the most intruding portions of the seats (when unoccupied) in a row of seats in an
assembly arrangement.

The intrusion of handrails is considered by comparing the effective width without the handrails, and the
effective width using a clear width from the edge of the handrail. The smaller of the two effective widths then
applies. Using the values in Table G.1, it is necessary to consider only handrails that protrude more than 6 cm.
Minor mid-body height or lower intrusions such as anti-panic closures are treated in the same manner as
handrails. Where an exit route becomes either wider or narrower, only that portion of the route has the

aphrnnrinfn areater or lesser clearwidth
Ll J

Papls has carried out extensive research into multi-storey building evacuations, including (68-experimental
high-rise building evacuations; see Reference [56] and review in Proulx [10]. Unlike earlier models |developed
for| the prediction of total evacuation times proposed by Togawa 93], Melinek ~and Booth [94], and
Predtechenskii and Milinskii [95], Pauls' principal approach has been to carry out buildifig ‘evacuations and fit a
siniple equation to the empirical data. In doing so, Pauls observed that flow rate on stairs is a linear|function of
width (i.e. that it is related to incremental increases in width and not to “unit widths”). Pauls also found that the
best fit with the data is obtained using the concept of “effective width”. This Heundary layer is constant and,
thgrefore, has a greater influence on flow rate calculations for narrow escape routes than for wider pnes. Both
thg incremental-width-vs-flow-rate relationship and the effective-width model have been generally gdopted for
engineering calculations and used for the development of general flow-calculation methods depcribed by
Nejson and Mowrer in the SFPE Handbook [111. The effective-width.concept is illustrated in Figure G.1 with the
boundary-layer data for a range of building elements shown in Table:G.1.

Dimensions inp millimetres

A
Y

Y
]

A
A

150

A
Y

Key
1 | handrail

@ | Nominal stair width.
b | Effective width.

¢ | Area.of tread use.

Figure G.1 — Effective width for a stair (after Pauls [56])
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Table G.1 — Boundary layer widths

G.3 Hor

Observatid
population
density or
0,54 persqg
Movement

Unimpede
1,25 m/s,
is derived

Ando, et a
and sex.
peaking at

Thompson
derived a
between tl
such that

They quot¢ unimpeded walking speeds of around 1,7 m/s for males and 0,8 m/s for females (the median va

being 1,4
(below 1,6
equal to th

Nelson an
expressed
see Table

Exit route element Boundary layer

mm

Theatre chairs, stadium benches 0

Railings, handrails @ 89

Obstacles 100

Stairways, doors, archways 150

Corridor, ramp walls 200

Wide concourses, passageways 460

@  Where handrails are present, use the value resulting in the lesser effective width.

zontal travel speeds

ns and experiments have shown that the evacuation speed of a group is a function of
density. It also differs between horizontal and vertical travel. Guidancé-on the effects of occup
walking speed is presented in Nelson and Mowrer '], If the population density is less th
ns/m2 of exit route, individuals move at their own pace, indepéndent of the speed of othe
is considered to cease when population density exceeds 3,8 persons/m?2.

i walking speeds are typically quoted as being around-4,2 m/s. For example, Pauls [5¢] quo
pased on empirical studies in office buildings. Nelson ahdMowrer [11] quote 1,19 m/s; their meth
rom the work of Fruin [51], Pauls, as reviewed in Proulz10], and Predtechenskii and Milinskii [9°].
.[57] studied travellers in railway stations and found that unimpeded walking speed varied with 3
[he speed/age distributions for males and females were unimodal and positively skewed, b
around 20 years of age (males at about 1,6,m/s and females at about 1,3 m/s).

and Marchant [2] developed new techniques for analysing video footage of crowd movement, 4

em. From this work, Thompson and Marchant suggested that the “interference threshold” be 1,6
when the separation between-individuals is greater than this, their walking velocity is unaffect

m/s). According to this model, the velocity decreases as the interpersonal distance decrea
m), reaching zero when the individuals are tightly packed, such that the interpersonal distance
eir body depth.
i Mowrer [11l.detived Equation G.1 for the relationship between the speed, S, along the line of trg

G.2:

- akD (G

the
ant
an
rs.

tes
od

ge
bth

nd

method for modelling the movement of individual people based on the interpersonal distance

m,
ed.
ue
besS

is

vel,

in metres_per second, and the density between the limits of 0,54 persons/m?2 and 3,8 persons/m?;

1)

D is the density, expressed as persons per square metre;

k is equal to 1,4 for horizontal travel;

a is equal to 0,266.

42
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G.4 Vertical travel speeds

Ando, et al. [57] quoted unimpeded velocities on stairs of about 0,8 m/s for travel downwards and 0,7 m/s for
travel upwards.

Fruin 1] (cited in Galea, et al. [19]) presented a range of values for travel speed on stairs, according to age
and sex. For travel downwards, these ranged from 1,01 m/s for males under 30 years, to 0,595 m/s for
females aged over 50. For travel upwards, they ranged from 0,67 m/s for males under 30, to 0,485 m/s for
females over 50. Fruin’s figures are calculated from observations made on two staircases, one with 18 cm
(7 |n) risers and 28 5 cm (11, 25 |n) treads and one W|th 15 cm (6 |n) r|sers and 30,5 cm (12 in) treads. Travel

n 16,5 cm
ang 19cm (6,5in and 7,5in), and tread between 25,5cm and 33 cm (10in and 13 in). (Fhey give travel
spg¢eds ranging from 0,85 m/s to 1,05 m/s, with speed increasing as rise height decreases. Thegre was no
differentiation between upwards and downwards travel, nor were the data broken down 'by sex and fge.

The effects of density on vertical travel speeds can be calculated using Equatian<(G.1) using diffefent values
for|k, as shown in Table G.2.

Table G.2 — Maximum unimpeded travel speeds and flow rates for horizontal and stair travel

Travel speed Maximun specific
flow
Exit route element k@ Fshax
m/s
persorjs/m/s

of effectije width

Cqrridor, aisle, ramp, doorway 1,40 1,19 1,19
Stair riser Stair tread — — —+
mm mm
191 254 1,00 0,85 0,94
178 279 1,08 0,95 1,(|)1
165 305 1,16 1,00 1,(l)9
165 330 1,23 1,05 1,16

@ | Constants for Equation(G.1), effects of density on travel speed.

Within the range listed in Table G.2, the evacuation speed on stairs varies approximately as the sqyare root of
thg ratio <efstread width to tread height. There are insufficient data to appraise the likelihood that this
relationship holds outside this range.

G.5 Maximum flow rates for horizontal and vertical escape routes

G.5.1 Calculation of flow rates

Table G.3 shows a summary of maximum measured exit flow rates from the literature (reproduced from
Thompson and Marchant [12]).

Pauls has suggested that the derivation of the higher flow rate limits shown in Table G.3 might not be truly

representative of actual building evacuations. Higher flow rates are reported for sites such as streets or sports
grounds.
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Below the maximum flow capacity, flow rates depend on occupant density and travel speeds. The equation for
specific flow, Fg, i.e., the number of persons evacuating past a point per metre of effective width per second,

is shown a

Fg=SD

where

D is

s Equation (G.2):

the density;

(G.2)

S

Combining
Fg=(

where k is

As the population density increases, specific flow increases up to a maximum depsity of 1,9 persons/m2,

higher den

Maximum
affected b
according
rate multip

Fo=H

where W,

the Speed.

Equations (G.1) and (G.2) gives Equation (G.3):

obtained from Table G.2.

sities, the flow rate falls off to zero at 3,77 persons/mZ.

specific flow rates for stairs are shown in Table G.2. As stated, flow rates are considered to
boundary layers, which should be subtracted from the actual-width of a corridor, doorway, or s|

fo Table G.2. For any particular point in an exit route, the calCulated flow rate, F, is the specific f
ied by the effective width, as given by Equation (G.4).

s % We (G

s the effective width, expressed in metres.

| — aD)kD (G.

At

be
tair
ow

4)
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Table G.3 — Summary of maximum flow rates 2@

Maximum Ultimate flow
Source design flow capacity Comments
persons/m/s persons/m/s
BS 5588-11, derived from French, 1,33b — Standard British code for buildings
British and American studies,
pre-1947 [58]
SCICON report [59] 1,37 — Data from football crowds
Gyide to Safety in Sports 1,82°T — Based on Japanese dafa and-dgrived from
Grpunds 161 60 persons/0,55 m/min  unit<Jgxit  width
calculation
Hankin and Wright [61] 1,48 1,92 Commuters on the Loriden Underground
Frhin (511 1,37 4,37 Max. flow is a peak\regimented,|“funnelled”
flow under pressure
D4ly [62] 1,43 — For undergro(nd stations
Ando, et al. [63] — 1,7t01,8 Japandse commuters at railway sfations
Fite and Buildings, The Aqua 1,5 — General design text
Grlloup [64]
Predtechenskii and Milinskii [5°] — 1,83 “Emergency conditions” for adultg|in
mid-season dress
SHPE Handbook, (Nelson and 1,3 d — 2 x 0,15 m boundary layers deducted from
Mowrer) [11] width of exit
Pdlus, et al. [63] 1,25t0 1,58 1,58 Pedestrian movement on sidewalks in Israel
@ | Reproduced from Thompson and Marchant 2],
b | Derived from exit capacities.
¢ [ Unit exit width method.
d | Effective width method.
Time for passage, ¢, i.e., timg'for a group of persons to pass a point in an exit route, expressed in minutes, is
given by Equation (G.5):
ty= PIF, (G.5)
whiere

F, isthe'tlow rate, expressed as persons/min;

P_ is population, expressed as the number of persons.

G.5.2 Transitions

Transitions are any point in the exit system where the character or dimension of a route changes or where
routes merge. Typical examples of points of transition include

a) any point where an exit route becomes wider or narrower, e.g., a corridor can be narrowed for a short
distance by an intruding service counter or similar element; the calculated density, D, and specific flow,
Fg, differ before reaching, while passing and after passing the intrusion;

b) the point where a corridor enters a stairway; there are actually two transitions: one occurs as the egress
flow passes through the doorway, the other as the flow leaves the doorway and proceeds onto the stairs;
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c) the point where two or more exit flows merge, e.g., the meeting of the flow from a cross aisle into a main
aisle that serves other sources of exiting population; it is also the point of entrance into a stairway serving
other floors.

The calculation model presented in this Annex is described in more detail in the SFPE Handbook ['1]. It is
based on the simple algebraic concept that the maximum flow rates into and out of a point where a route
widens or narrows, or where two routes merge into one, are a function of the relative maximum specific flows
and effective widths of the various elements. Thus when a route widens or narrows, the total flow rate, F, into
and out of the “pinch” point is the same and the limiting factor is the maximum specific flow rate, Fgp,ay.
sustainable for the narrowest element.

Where twd
maximum
The propo
of the tw
Reference|
between fl
50:50, evsg
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a landing,
However,
that the cad
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one entry |
in this sub
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where

£s(in) is'the specific flow arriving at transition point;

specific flow rates and width of either the two inlets or the outlet, whichever is the limiting:fac
o inlet elements. Based on experimental and computer simulation modellingstudies (s

bws entering at storey exits with flows down stairs, it has been found that merge xatios tended to

that the merge from the storey exit is facilitated by the fact that the stair flows turn through 180

rridor flow is dominant and that the rate of entry from the side route‘can be impeded. These iss
tonsidered related to the effective width of converging elements: (for example, where the width
s much greater than the other), the maximum flow rates may.be estimated by the method descrik
Clause.

ng rules apply to determining the densities and flow rates following the passage of a transition pq

bw after a transition point is a function, within limits, of the flow(s) entering the transition point.

blculated flow, F, following a transition paint cannot exceed the maximum specific flow, Fgq44
Lite element involved multiplied by the effective width, 7, of that element.

the limits of rule b, the specific \flow, Fg, of the route departing from a transition point can
nined for the following cases.

Lit of a transition point, s, calculated as given in Equation (G.6):

W N is the effective width prior to transition point;

aun

Weiouty is the effective width after passing transition point.

tion of the flow from each inlet is assumed to be proportional to the ratio of the effective widths, W,

tending to take the shortest line and allowing occupants from the storéy,‘exit to enter the st?irs.

sout) = FsinP ety e(out) (G.

routes merge into one, it is assumed that the maximum calculated flow rate is also limited by, the

or.

e’
ee

[14]), this assumption is considered to represent a somewhat simplistic model. At merge points

be

n when the stair and exit widths were somewhat different (but with comparable proportions). It is

at

n situations such as in a long horizontal corridor with route entering, @t)90°, it is considered likely

es

| flow dominance and deference behaviour are discussed in Clause’10. In situations where mefge

of
ed

int.

for

be

he specific flow departingfrom transition point, F,, for cases involving one flow into and one flow

2) The specific flow departing from transition point, Fsouty for cases involving two incoming flows and
one outflow from a transition point, such as that which occurs with the merger of a flow down a
stairwell and the entering flow at a floor, is calculated as given in Equation (G.7):

F S(out)z{[F S(in71)We(inf1)]+[F8(in72)We(in72)J} IWe(out) (G.

where the subscripts (in—1) and (in—2) indicate the values for the two incoming flows.
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3) The specific flow departing from transition point for cases involving other merger geometries can be

calculated from the general relationship given in Equation (G.8):

[F S(in-1 )We(in—1)] ot [FS(in—n)We(in—n)] = [FS(out—1)We(out—1 )] ot [FS(out—n)W e(out—n):|

(G.8)

where n in the subscripts (in-n) and (out-z) is a number equal to the total number of routes entering

(in—n) or leaving (out-n) the transition point.

Where the calculated specific flow, Fg, for the route(s) leaving a transition point, as derived from the

equations in rule c_exceeds the maximum specific flow FSIIIdA a queue will form at the inco

ing side of

G

the transition point. The number of persons in the queue will grow at a rate equal to the
specific flow, Finy» in the arriving route minus the calculated flow leaving the route through_th¢
point.

Where the calculated outgoing specific flow, Fgy), is less than the maximum specifie flow, Fg,
route(s), there is no way to predetermine how the incoming routes merge. The foutes can sh
through the transition point equally, or there can be total dominance of one route over the
conservative calculations, it is necessary to assume that the route of intérest is dominated b
route(s). If all routes are of concern, it is necessary to conduct a seri€s 'of calculations to es
bounds on each route under each condition of dominance.

.5.3 Empirically-based method for estimation of total evacuation flow time for a

multi-storey building

Pa
hig
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Un
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me
hig

uls has carried out extensive research into multi-storey\building evacuations, including 58 ex
h-rise building evacuations; see References [10,56]. His'empirically-based model describes the
pple along a stairwell as a function of the effective{width. Pauls reports that when the density
n 0,5 persons/m2, people are able to move on\the level at 1,25 m/s. At densities of 4 pers
ersons/m?2, equivalent to a fairly crowded liff;; movement speed is greatly reduced. On sta
nsities, relatively fit people can average about 1,1 m/s along a stair slope. Equation (G.9) was
irs:

F=1,26D - 0,33D2

der ideal conditions,

each person would occlipy slightly less than two treads, at a density of 2 persons/m?;
there is a descentirate of one storey every 15 s, at a speed of 1,25 m/s along the slope;

the flow rat€ is“1,18 persons/m/s of effective stair width.

al
-

optimum/flow down stairs is, therefore, 1,18 persons/m/s effective width. Pauls’ data are
asurements obtained from evacuation drills, primarily in office buildings ranging from 8 stories to
h.-Pauls observed evacuation time, #,,;,, varying from approximately 10 s per story for buildings

po

pulations to approximately 20 s per story for buildings with large populations. The evacuation equ

calculated
b transition

ax for that
hre access
other. For

the other
tablish the

perimental
flow, F, of
D, is less
ons/m? to
irs, at low
Herived for

(G.9)

based on
21 stories
with small
ations for ¢,

the minimum time, expressed in minutes, to complete an uncontrolled total evacuation by stairs, were
developed for the indicated range. Equation (G.10) applies to the prediction of evacuation times in buildings
with large populations exceeding 800 persons per metre of effective stair width:

= 0,70 +0,0133p (G.10)

!min

where p is the actual evacuation population per metre of effective stair width, measured immediately above
the discharge level of the stair.

It should be recognized that “effective stair width”, as used by Pauls, is defined in the following manner:
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“This empirically based model describes flow as a linear function of a stair's effective width: the width
remaining once the edge effects are deducted [150 mm (6 in) from each wall boundary and 90 mm (3,5 in)
from each handrail centreline]. It takes into account the propensity of people to sway laterally, especially when
walking slowly in a crowd and, therefore, to arrange themselves in a staggered traditional unit-width model
based on presumed static dimensions of people’s shoulders.”

Equation (G.11) applies to the prediction of evacuation times in buildings with a population of fewer than
800 persons per metre of effective stair width:

=2,00+0,011 7p (G.11)

Imin

where p is|the actual evacuation population per metre of effective stair width (actual width minus 0,3 m).

Pauls alsq examined the relationship between the speed or velocity of evacuation and the density on the
stairs durimpg the uncontrolled total evacuation. It should be remembered that this movement iscin'the vertigal,
downward|direction.

Based upon his study of experimental evacuation flow times from 58 high-rise buildings, Pauls derived a
general eduation for ¢, the minimum time, expressed in minutes, to complete an uncontrolled total evacuafjon
by stairs, gs given in Equation (G.12):

trmin =[0,68 + 0,081p0:73 (G.[12)

The predigtive curve has a net error in predicting total simultaneous evacuation travel times in buildinggy of
8 stories t¢ 15 stories of 0,2 %.

G.5.4 Efflect of impaired mobility and other factors on-fravel speed

Movemenf speeds measured and reported in the literature mostly date from some years ago. The
demographics of populations are changing, with an incréase in obesity and in the proportion of elderly persons
with somewhat reduced physical abilities. It is, therefore, possible that the actual speeds at which people
travel on horizontal surfaces or go up and downgstairwells are changing somewhat over the years (anq in
different parts of the world). The inclusion of.persons with restricted mobility is important, for example, the
inclusion gf the effect on the speed of movement of a family group that is likely determined by the slowest
member, gr the speed of movement of a person who walks with a cane.

Several factors have an impact on-the’ speed of movement, including the characteristics of the occupants,
such as dge, gender, grouping,~clothing and physical ability. The environmental conditions, such as the
presence pf a crowd, smokecor-emergency lighting, are also important. The stairwell or corridor design,
dimensiong and covering can~also play an important role in the speed of movement. The presence of fire
effluent is|also likely to affect movement speed as discussed. All these factors are rarely considered in
evacuatior] models. Table-G.4 presents the travel speeds reported in the studies referenced in Thompson gnd
Marchant ['2]. Table-G{4 presents some data obtained from studies of travel speeds of mobility impaifed
populationp; see References [13] and [66].
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