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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 established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance_afte
describefd in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may/be the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Thtroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation on the meaning of ISO specific terms and;‘expressions related to conformity
assessment, as well as information about ISO’s adherence to the WTO principles in the Technical Barriers
to Trade|(TBT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TG:92; Fire safety, Subcommittee SC 4, Fire safety
engineerjng.

ISO 16730 consists of the following parts, under the'general title Fire safety engineering — Assessmen
verification and validation of calculation methods:

K

— Part|3: Example of a CFD model (Technical’Report)
— Part|5: Example of an Egress model
The following parts are under\preparation:
— Part|2: Example of a fire zone model (Technical Report)

— Part|4: Example of g-stfuctural model (Technical Report)
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Disclaimer

Certain commercial entities, equipment, products, or materials are identified in this part of ISO 16730 in
ordertodescribeaprocedure or conceptadequately or to trace the history of the proceduresand practices
used. Such identification is not intended to imply recommendation, endorsement, or implication that the
entities, products, materials, or equipment are necessarily the best available for the purpose. Nor does
such identification imply a finding of fault or negligence by the International Standards Organization.

For the particular case of the example application of ISO 16730-1 described in this part of ISO 16730,
[§O takes no responsibility for the correctness of the code used or the validity of the Verm{ation or

the validation statements for this example. By publishing the example, ISO does not endersg¢ the use
of the software or the model assumptions described therein, and state that there are other calculation
njethods available.
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Fire safety engineering — Assessment, verification and
validation of calculation methods —

Part 5:
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anmple of an Egreqq maodel

Scope

0 16730-1 describes what the contents of a technical documentation and of a user’s manual s
r an assessment, if the application of a calculation method as engineering teol to predict r¢
fenarios leads to validate results. The purpose of this part of ISO 16730 is'to"show how ISO

bpects of the method are properly described in order to enable the assessment of the metho
F verification and validation.

he example in this part of I[SO 16730 describes the application ef\procedures given in ISO 16
n evacuation model (EXIT89).

he main objective of the specific model treated in this{part of ISO 16730 is the simulatic
Facuation of a high-rise building with a large occupant-population.

Normative references

he following documents, in whole or in part, are normatively referenced in this document
dispensable for its application. For dated references, only the edition cited applies. For
eferences, the latest edition of the referenced document (including any amendments) applies.

0 16730-1, Fire safety engineering — Assessment, verification and validation of calculation mé
nrt 1: General

General information on the evacuation model considered

he name given to-the’evacuation model considered in this document is “EXIT89”. EXIT89 is a d
odel developed-te simulate the evacuation of a high-rise building with a large occupant po
bme of the featutres of the model include

- the presence of disabled occupants throughout a structure,

- random delay times among occupants to simulate the spread of start times that will occu

hould be
al-world
16730-1

applied to a calculation method, for a specific example. It demonstrates-how technical apd users’

1 in view

V30-1 for

n of the

and are
undated

thods —

omputer
pulation.

" in large

groups of people,

the choice of using shortest paths or directed routes for evacuation so that the user can demonstrate

the impact of a trained staff streamlining evacuation vs. the crowded use of familiar paths by an

untrained, unassisted population,

— counterflows, either to simulate the impact of the operations of the fire service or to handle

flows or the presence of obstructions in the travel path,

— achoice of options affecting travel speed, and

— occupant travel up or down stairs.

© IS0 2013 - All rights reserved
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4 Methodology used in this part of ISO 16730

For the calculation method considered, checks based on ISO 16730-1 and as outlined in this part of
ISO 16730 are applied. This part of ISO 16730 lists in Annexes A and B the important issues to be checked
in a left-hand column of a two-column table. The issues addressed are then described in detail and it is
shown how these were dealt with during the development of the calculation method in the right hand
column of the Annexes A and B cited above, where Annex A covers the description of the calculation
method and Annex B covers the complete description of the assessment (verification and validation)
of the particular calculation method. Annex C describes a worked example, and Annex D adds a user’s

manual.

2 © IS0 2013 - All rights reserved
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Annex A
(informative)

Description of the calculation method

A.1 Purpose

]

efinition of problem solved or function
performed

— it handles large, complex buildings;
— ittracks large occupant populations over'time;

— combined with a smoke model, it can predict effectp of fire
spread on evacuation.

The evacuation model was desigh¢ed
— to be able to handle a large ‘'occupant population,

— to be able to recalculate’exit paths after rooms or njodes
become blocked by smoke,

— to track individuals as they move through the building by
recording eachd@cetipant’s location at set time intervalg during
the fire, and

— tovary'travel speeds as a function of the changing frowd-
ednesscef$paces during the evacuation, i.e. queuing effects.

Other features allow the modelling of travel both up and down
stairs, as well as the effect of counterflows.

Dualitative) description of results of
he calculation method

&

— Outputincludes
— total evacuation time,
— floor clearing times,
— stairwell clearing times,
— exitusage, and

— details on location of each individual over time.

Jpstification statementSand feasibility
sfudies

At the time the evacuation model was first written, evdcuation
models tended to treat building occupants like fluid in h pipe-
line, with no behaviours such as delays in responding tp alarms,
etc. These hydraulic-style models were useful in calculating
optimal evacuation times but would consistently calculate
times that were short and unrealistic. The only model fhat
treated occupants as individuals (EXITT) was based O'El family

group in a home setting. There was a need to develop ah evacu-

ation yandal +h ot vazanld Fir tr v n £l ALFITA7ZA D I but
oot rtatTWwoth Tttt e worc e\ ’

allow its application to be extended beyond dwellings, to more
complex structures like high-rise buildings. The evacuation
model developed here is capable of tracking a large population
of individuals as they followed exit routes through large and
complex structures. The evacuation model uses a shortest route
algorithm to move individuals, calculates travel speeds based
on densities at building nodes (or spaces), and used the decision
and tenability rules of EXITT concerning reaction to smoke.
Over time, new features shown to affect evacuation time, such
as counterflows, were added to the model. Delay times for indi-
viduals or occupant groups can be selected from uniform or log
normal distributions.

© IS0 2013 - All rights reserved
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A.2 Theory

Underlying conceptual model Time to escape is based on distance to exits and walking speed. Walking
(governing phenomena) speed is based on density, as well as occupant characteristics. Predtech-
enskii and Milinskii developed formulae based on observations of occu-
pant movement in smoke-free environments, taking into consideration
age (adult/child), dress (summer/midseason/winter), and encumber-
ances (baggage/knapsack/package/child in arms). In their book, they
printed a table showing the results of calculations for people moving on
horizontal paths, and up or down stairs, at normal speed and at emer-
gency speed. This table was incorporated into the model.

Observations of actual evacuations have shown that delay times tend\to
follow a lognormal distribution. Sometimes, circumstances can fésult iy
all occupants in a space delaying evacuation for a similar period of time
Whether alone or in a group, each individual has his/her owh'starting
time. Model users can specify their own distribution, setting the mean
and standard deviation for a lognormal distribution, 0rmin/max for a
uniform distribution.

Theoretifal basis of — network representation of building;
the phenpmena and physical laws

on which the calculation method is
based — no explicit behavioural considerations (uses delay times);

— local perspective;

— walking speeds based on crowd‘densities;
— option for shortest route calculdtions or directed paths;

— smoke input from CFAST autput can be used to block nodes during
an evacuation.

The evacuation model*uses formulae for travel speed that are based on
research conducted.in smoke-free environments.

There are no physical laws applied.

4 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=82afa93d7f9b81e147de64ee43b8b2f8

A.3 Implementation of theory

ISO/TR 16730-5:2013(E)

Governing formulae

Travel speed calculations

Density of a stream of people, D, is:
D = Nf/wL (m2/m?Z2)

where

N  isthe number of people in the stream;

+ ts-the-areaofhorizontat-projectiomrofapersomn
w  isthe width of the stream;
L is the length of the stream.
Walking speed on a horizontal path, V, is:
V=112D4-380D3 + 434D2 - 217D + 57 {m/min)
For movement down stairs:
V1 = Vml (m/min)
where
ml =0,775 + 0,44e-0,39D! o sin (5,61D1 - 0,224)
For movement up stairs:
VT =Vm?T (m/min)

where

mT = 0,785 + 0,09¢345DT e sin 15,7DT for 0 < DT < 0,6]
m1.=0,785 - 0,10 sin (7,85DT + 1,57) for 0,6 < DT < (092.

In.émergencies, the fear that makes people try to flee da
raises the speed of movement at the same densities.

Ve=peeV
where

ue=1,49-0,36D for horizontal paths and throug
ings;
ue=1,21 for descending stairs;

ue=1,26 for ascending stairs.

The maximum possible calculated walking speed under
gency” conditions is 1,36 m/s and under “normal” condit
0,91 m/s. The minimum possible calculated walking spe
0,18 m/s and 0,15 m/s, respectively.

hger

h open-

‘emer-
ions is
bds are

=

[athematical techniques, procedures, and
pmputdtional algorithms employed, with
references to them

Q

Delay times are set for each location by the user and thenp addi-

tional delay times can be randomly assigned to individu3

Delay times can be selected from a uniform or lognorma

Is.

distri-

bution defined by the user.
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Identification of each assumption The travel speed calculations by Predtechenskii and Milinskii
embedded in the logic; limitations on the assume a maximum density of 0,92. They describe this as “veri-
input parameters that are caused by the fied under actual conditions”.

;r?:tgheo?lf applicability of the calculation The formulae for travel speed were based on observations in

smoke-free environments.

Because of the arrays that store information for nodes and stair-
wells, there is a limit of up to 10 stairwells in the building and 89
nodes on each floor (outside of the stairwells).

(‘nrrpnﬂyl the model can handle up ta 26 000 accupants in

10 000 nodes over 1 400 time intervals.
The time intervals are setat 5 s.

Delay time implementation assumes that people don’t stpp mov-
ing once they’ve begun their evacuation.

Counterflow implementation assumes that the two flows only
shrink the available floor space (there is no other interference in
movement).

Shortest route algorithm does not allow\occupants to vary paths
once the routing has been set, untilablockage occurs somewherg
on the floor.

Travel on stairs assumes that peeple do not leave the stairs and
don’t slow down or rest.

Choice of distributions.fot delay times is limited to uniform and
lognormal distributions:

Appropriate rangés,of delay times can be found in the litera-
ture (for example, Reference [1]). Many of these delay times are
reported fromiobservations at drills, not actual fire emergenciesd.

6 © IS0 2013 - All rights reserved
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Discussion of precision of the results
obtained by important algorithms, and, in
the case of computer models, any depend-
ence on particular computer capabilities

Travel distances are calculated by breaking the floor space in a
building into defined nodes, and then defining paths from node to
node. The size of nodes affects travel paths. Larger nodes result
in fewer, longer, but less precise travel paths. Smaller nodes allow
more precise paths, but there is a limit to the number of nodes
that can be defined for each floor.

Movement from node to node is calculated at pre-set time inter-
vals. The size of the time step affects precision of movement. The
default setting is 5 s.

NOTE The model uses a random number generator in yisual
Fortran v6.5. From the online documentation:

“The RANDOM_NUMBER generator uses two séparate{congru-
ential generators together to produce a period{ef approxjmately
10**18, and produces real pseudorandom résults with a uniform
distribution in (0,1). It accepts two integer seeds, the firdt of
which is reduced to the range [1, 2147483562]. The second seed
is reduced to the range [1, 2147483398}. This means that the
generator effectively uses two 3bitseeds.”[21]

For more information on thé algorithm, see the following:

—  Communications of'the ACM vol 31 num 6 June 1988, titled:
Efficient and Portable Combined Random Number Generatprs by
Pierre L'ecuyer.

The model selects)delay times from either a uniform or allognor-
mal distributien, The user determines the min/max for 4 uniform
distributionor'the mean and standard deviation for a lognormal
distributign. There is little data available for observed djstribu-
tions, sa'the user shall decide if the entered distribution s con-
sistent with the observations reported in the literature.

Description of results of the sensitivity
analyses

Thelargest body size option is 50 % greater than the smpll-

est, but the calculated times might not vary that much. Lprger
body sizes result in a calculated density for a certain numpber of
occupants that is larger than would be calculated with the same
number of occupants with a small body size. The larger density
results in slower travel speeds. But, if there are few people pre-
dicted to be in a given space, or if that space is large, the falcu-
lated density might not differ very much for different bogly sizes.
As aresult, then, the calculated travel times is fairly sim{lar.

NOTE 1 The travel times are valid only for smoke-free efviron-
ments.

NOTE 2 Luggage carried and goods left on the route can finflu-
ence the predictive correctness of computed results in view of
their applicability to real-world evacuations.

A project to evaluate the predictive capabilities of compyter
egress models found that the evacuation model provided rea-
sonably accurate predictions of total egress time for offige and

apartment buildings 6 to 15 stories in height, can underpredict
the total evacuation time for abuilding if prior knowledge of the
occupant load is not provided, and is sensitive to the number of
occupants, the size option, and calculated travel speed.

© IS0 2013 - All rights reserved
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A.4 Input
Required input — network description;
— body size (three choices; chosen size applies to all occupants);
— emergency/normal speed;
— path option;
— smoke data, if any;
onntarflowc 1f o0y,
covrterflowsHany:
— delay (number affected and time distribution);
— presence of disabled people.
Counterflows can be modelled, but the user chooses the affectedmodes and
the times they are impacted.
Shortest route algorithm adapted from Reference [16] can,béa user choice.
Source of the data required See annex for details.
For computer models: any if smoke spread data is used as input
auxiliary programs or external
data filey required
Provide information on the None needed here
source, cpntents, and use of
data libraries for computer
models

8 © IS0 2013 - All rights reserved
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Annex B

(informative)

Complete description of the assessment (verification and
validation) of the calculation method

(Ruantitative) results of any efforts to evalu-
ate the predictive capabilities of the calcula-
tlon method in accordance with Chapter 5 of
150 16730-1

Much of the testing done during model developmerit
that the model performs the internal computatiens d
was not documented. Errors that occur dufing that
were corrected. Where necessary and apptopriate, g
sons between model predictions andavailable data ¥

Four sample validation exercises

made. One such evaluation is described in this Annex.

to verify
orrectly
rocess
ompari-
vere

S

eferences to reviews, analytical tests, com-
arison tests, experimental validation, and

pde checking already performed. If, in case of
pmputer models, the validation of the cal-
ulation method is based on beta testing, the
ocumentation should include a profile of those
volved in the testing (e.g. were they involved
b any degree in the development of the calcula-
on method or were they naive users; were

hey given any extra instruction that would not
e available to the intended users of the final
roduct, etc.)

Reference[2]
Reference[3]
(selected publications)
Reference[4]

Reference[5]

= Hkelllciaiailsilicdlcnellellelells]

he extent to which the calculation method
meets ISO 16730-1

The V&V process for this particular model meets the|
ments of ISO 16730-1.

Comment: ISO 16730-1 provides a good framework f
out the features and characteristics of a model; hows

— the process is easier to envision for a formula-ba
method and

— model development in a field with scant data ma
process difficult.

A.3 calls for a discussion of the precision of results o
by important algorithms. In the case of this evacuati
model, the source work (from Predtechenskii and Mi
doesn’t discuss the precision of their analysis, and si
model would essentially be compared with observed

it is not possible to provide a discussion of precision

require-

br laying
Ver,

sed
kes V/V

btained
bn

linskii)
hce the
evacu-

ation times in real fires, little of which is precisely kifiown,

for the

model.
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https://standardsiso.com/api/?name=82afa93d7f9b81e147de64ee43b8b2f8

ISO/TR 16730-5:2013(E)
Annex C
(informative)

Worked example (modelling contra flows during building
evacuations)

C.1 Summary

This Anpex describes the application of EXIT89, a building evacuation model for complex structurejs,
to a high-rise office building evacuation, illustrating the use of the newest features of,the’'model (the
ability td model the movement up stairs and to model the presence of contra flows.) In(the drill that was
the basig for this model validation exercise, very few of the building occupants evacuated using thejir
closest efit. Most of them, travelling inside the building, headed directly to the exit that emptied out fo
the meefing area (outside one of the upper levels), even if that required them,to climb stairs to reagh
that leve], or ignore closer exits that would require that they climb a hill of-use outside stairs to reach
the assembly point. Congestion resulted near that exit almost immediately>When occupants travelling
up stairg to that level met occupants travelling down stairs, they merged in the shared corridor spage
leading to the exit door. The new contra flow option and the new gption to model movement up staifs
were usé¢d to simulate the exit path choices of the building occupaiits and the effect of the two travgl
flows m¢rging. The building was evacuated in 286 s, with most of the occupants out of the building
within 2P0 s. The model predicted an evacuation time of 185.s;, with a very similar distribution of exit
use.

C.2 General

During the evacuation of a large, complex structure with a large number of occupants, it is possible that
some oc¢upants have to travel up, rather than'down, flights of stairs to reach exits or safe areas. Thefe
are also several circumstances, including the operations of fire service personnel in stairwells, that cgn
impede the progress of occupants as they make their way to the outside of the building or another arga
of refugq.

C.3 Cantra flows

There cgn be times during an evacuation when the available width of travel for escaping occupants
is reduced by, for examiple, others travelling in the opposite direction, firefighters, or firefighting
equipmept in stairweélls, or other obstructions that have built up along the path.[6][Z][8] The contra flo
option allows the.usSer to account for this.

When firefighters arrive at a building, they can enter a doorway that is being used by evacuating
occupants.-Firefighters then advance, with hose lines, up stairwells and through corridors, in the
process reducing the path available for evacuees. The model calculates travel velocities based on the
density of occupants at each location. Contra flows have the effect of narrowing the available floor space
for occupants, thereby increasing the density of the crowd in that space and decreasing travel velocity
of occupants there.

The effect of contra flows is handled in a manner similar to the handling of user-specified smoke
blockages. The user can determine, based on predictions of fire department response and incident
scene activities, the time(s) at which locations along escape routes is restricted, as well as the degree to
which the locations are restricted. For example, if fire department operations are expected to restrict
a stairwell by 50 % 8 min after the occupants are first notified of the incident, the user incorporates
this estimate by selecting the affected stairwell nodes and inputting the degree of restriction and time

10 © IS0 2013 - All rights reserved
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of occurrence for those nodes. If nodes later open up again, the same method is used for returning the
nodes to their original size.

This method was developed and incorporated into the model so that movement counter to the movement
of the fire service could be predicted. There are other situations where such space restrictions can occur.

One is that clutter can accumulate in the stairways while occupants are evacuating. According to an
evacuee in the World Trade Center incident, in response to a question about obstructions encountered
during escape, “People scattered personal debris like an army in retreat.”[9] The contra flow option
allows the user to specify the degree to which the stairway is constricted by entering the percentage of
space at the node that remains available for evacuees.

Another situation is the one that can arise when the paths of occupants from one area‘of a dtructure
cpnverge on the paths of other occupants. For example, in a building with occupied flo6rs above and
below a grade level exit, occupants evacuating the building can meet on ground levek.thts redu¢ing each
other’s access to a clear path of travel. An illustration of such an event is covered,imthis Annex

This feature does not address the type of contra flows that occur when some evacuees (as|opposed
to firefighters) move against the general travel flow. Although this simplifying assumption results in
a|somewhat more efficient evacuation than might occur in real life, the*complexity of an eviacuation
model increases significantly if an attempt is made to allow any or-all occupants to change dlirection
¢peatedly throughout an evacuation. Also, data are not currently.davailable on the amount |of travel
pace restricted by contra flows, so the example presented latefin this Annex uses a mid-rarjge value
F 50 %. Since the user directly controls the value used, arahge of percentages deemed appropriate
y the user can be tested. This feature needs evaluationat'some stage, but the capability refnains an
portant contribution to the model’s ability to simulaté\realistic obstructions that can develdp during
h evacuation.

v =

L =TT O

G4 Travel up stairwells

The original version of the model assumed.that occupants were escaping from the upper floors pf a high-
rise building to ground level. In reality, mrany buildings have significant occupant loads below ground
lgvel. Also, in a phased evacuation, only'the occupants of the floor of fire origin and the two floqrs above
nd below that floor need to be evacuated. Occupants above the floor of fire origin can be directed to
njove to a higher floor so that they are not required to pass the fire floor. The model was revised to allow
movement up stairs. Although-it has been observed in actual fires that occupants travel upwaids when
they should travel downwards, this is not the behaviour that this added feature seeks to addrefss.

o8]

—3

he following simplifying assumptions have been made:

a) eitherall occupants will travel on horizontal paths or down stairs, or they will all travel on hprizontal
paths or up-stairs;

b) for buildings with levels above and below grade, the model will be run twice (once for thgse above
gradeand travelling down and once for those below grade and travelling up. Occupants on the grade
level should be included in both runs, since their travel will impact, and will be impacteld by, the
presence of those using the stairs);

c) if the results show that the occupants travelling down will interfere with those travelling up when
they all reach ground level, that is, if the simulations show that the two groups reach common
nodes at the same time, another run should be made using the contra flow feature addressed above,
restricting each group’s travel path at the appropriate points in time.

The description of the building network is handled in essentially the same way, whether the direction
of travel is up or down. If a structure were entirely below grade, Floor 1 would be the highest level, with
the other floors numbered sequentially going down. The user would then indicate in the input for the
simulation that the direction of travel on the stairs is upward. Travel speeds were calculated using the
velocity formulae from Predtechenskii and Milinskii, who provide formulae for travel both up and down
stairs, as well as under normal and emergency conditions.[10] For this example, the velocities for upward
travel were accessed by the model. When upper floors are being modelled, with travel down stairwells,
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Floor 1 is the lowest floor. The upper floors are then numbered sequentially. When the user indicates
that stairway travel is downward, the velocities for downward travel are accessed by the model.

The addition of this feature of the model allows its application to a more complete simulation of a
complex structure. This includes structures that are built entirely below ground, as well as those that
have occupied floors above and below grade level. It also allows the simulation of occupant movement in
a building where staged evacuations are planned, where people located on floors immediately above the
fire are moved higher in the building, while those immediately below the fire move downwards.

C.5 VTlaatlon example

The final step in the development of a simulation model is to check its usefulness by comparing its
predictidns to actual experience. To test these new features, the predictions of the model were'compardd
to the repults of a complete evacuation of a seven-story office building, where some occupantstravellgd
up stairyays to reach exits.

C.5.1 Design of the experiment

This evafuation exercise was conducted in a seven-story office building in Newcastle-on-Tyne by the
Tyne and Wear Fire Brigade with the cooperation of building management.[ldtprovides an opportunity
to validafte the use of the upward travel and contra flow options in the model.

This building was built into the side of a hill, with exits to the outside entthe lower five levels. A parking 1pt
(car parlf) outside the fifth level above grade was designated as the meeting point in case of evacuatio
and that|fact had been stressed to employees in the weeks leading up to the drill. The occupants were
instruct¢d to leave when the fire alarm sounded and assembleé\in the car park. They were not trained |n

the impdrtance of using the nearest exit, and management did not direct them to the nearest exits.

= g

During the drill, fire brigade personnel counted andttimed the occupants using different exits arnd
surveyed the occupants afterwards to find out where they started their evacuation, which exit they
chose and how long they delayed before beginnjng their evacuation. The fire brigade also simulated|a
fire situgtion by blocking occupants’ access to,one of the stairways in the building.

[2)

The evaduation was conducted as part of building management’s regular schedule of evacuation test
The fire prigade was invited to observe, and took the opportunity to collect data as part of their own
continuipg study of emergency evacuations.

C.5.2 Results from the evacuation drill

According to the report eh.the evacuation exercise,[11] an interesting and unexpected travel pattenn
resulted| During the evacuation, very few of the occupants left the building using their closest exit. Mopt
of them, fravelling insidé the building, headed directly to the exit that emptied out to the meeting arep,
even if that meant that they had to climb stairs to reach that level or ignore closer exits that would
require ghat they.then climb the hill or use outside stairs to reach the assembly point. This means that
all occuplants ‘on‘that fifth level used the same exit, as did many of the occupants from the level beloyy,
after walking up the stairs to reach that level. Approximately five occupants on the next level below that
also traveledup-stairstereachthe meetingpointby-walking through the building-Congestionresulted

near that exit almost immediately.

The data from this evacuation exercise provided an opportunity to test the two newest features of the
model: travel up stairs and the contra flow option. The use of the first option is fairly obvious. People
who travel down stairs to the exits were modelled using the default travel speeds for movement down
stairs. People who travel up to higher levels to exits were modelled using the new feature. There can be
situations where people travelling down stairs in a building can never encounter people travelling up
to the same level to reach the outside. In this evacuation exercise, however, there was a period of time
when both occupant flows were moving in the same space simultaneously. To handle the effect of these
two travel flows merging, the new contra flow option was used.
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Of the 381 participants in the evacuation exercise, 242 responded to a post-drill survey. The survey
questionnaire asked participants how long they delayed before beginning their evacuation. This multiple
choice question provided three options: 0 sto 5,5 s to 30 s, and over 30 s. The floor plans provided to
the author along with the report on the exercise indicated the location of the survey respondents, the
exits they used, and the delay times they reported.[12]

C.5.3 Modelling effort

The nodes and floors for this building network were numbered from 1 (the lowest level) to 7. There
\ ' ' ' i i ' (the exit
osest to the meeting place). The nodes were assigned to occupied spaces and along the pathways via
prridors. (Corridors were subdivided into smaller spaces.) A sample node layout for Level5.canfbe found
in Figure C.1. The fire brigade’s report on the evacuation showed the location of survey'responders and
provided estimates of the number of occupants on each level.[12] This information, dlong with details
of stairway usage and travel patterns on the levels, was used to distribute the simulated occupants on
efich level.

The model calculates travel speeds based on the density of occupied spaces. In order to calcplate the
dpnsity, there are options for “body size” that provide the user with sonie.choice in velocities. [The user
also chooses whether “emergency” or “normal” walking speeds will be calculated. (These formulae
cpme from the Predtechenskii and Milinskii work referenced above).Because this incident was a drill,
fqr which the occupants had been prepared, the largest body size-0ption and the “Normal” spe¢d option
were chosen. This combination results in the slowest evacuation times in crowded spaces, shoyld result
1} the most conservative outcome in terms of evacuation-fime, and would be expected to match well
with the unhurried behaviour of occupants participating in an anticipated fire drill.

—e

I the survey conducted after the drill was completed, occupants were asked how long they delayed
before beginning to move to the exit. They were givenrthree options: 0sto 5s,5sto 30, or over(30s. The
lqcations of the respondents who delayed more than 30 s were indicated in the report. Most ofcupants
r¢ported delaying no more than 30 s. For the simulation, occupants at locations where respondents
delayed more than 30 s were assigned a 30-s delay. Additional randomly selected delays of Ofs to 30 s
were assigned by the model to all 381 oecupants in the simulation.

Tp illustrate the effect of different-options in the model, two evacuation scenarios were run. T:Ley were

- the shortest route option, where the model calculates the closest exit to each occupied localtion, and

- the full simulation usingtravel up stairs and contra flows, where the travel paths were determined
from the report onthe’evacuation exercise.

The first scenarioprovides a baseline for the evacuation time that might be expected if occupgnts used
e nearest exit; although it is often not appropriate to assume that that behaviour will occuf.[13] The
network was @efined as shown on the sample floor plan in Figure C.1 and the shortest route ogtion was

The second scenario, the simulation using travel up stairs and contra flows, had to be mofelled in
three'phases, with each phase including two runs. The first phase was run to find the times when the
0 i i i irwells. The
second phase accounted for the occurrence of contra flows at that point in time, and was run to find the
times when the occupants travelling up and down were no longer sharing the same spaces. The third
phase combined these results, with the contra option in play for the duration of time that the two flows
were in the same spaces.

In the first run of the first phase, the building network included all occupants who moved downwards
and/or horizontally to an exit. In the second run of that phase, only the occupants of Level 5 and those on
Levels 3 and 4 who travelled up to Level 5 were included. Occupants of Level 5, therefore, were included
in both runs because they would have contributed to the crowdedness of occupants travelling up or
down stairs. (In no part of the evacuation exercise was it reported that occupants were simultaneously
travelling up and down the stairs between two levels). The output files from these two runs were then
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checked to find the times when occupants travelling upward reached locations occupied by occupants
travelling down or horizontally.

For the second phase, that pair of data sets was run again, this time with the contra flow option coming
into effect at the times predicted when those travelling up stairs would reach spaces in use by those
travelling downwards, and assuming that the space available to the competing flows was reduced to
50 %. Without data to indicate what degree of reduction would be appropriate, 50 % was selected as a
mid-range option. The user can select any number between 0 % and 100 %. The outputs of these two
runs were compared, this time to find the times when the flows ceased to compete.

The prod

The two
location§

which shows the observations reported for the actual evacuation.

C.5.4 Results from the simulation

Table C.2

the majofrity of occupants used the exit closest to the meeting place (Exit 10),resulting in congestion it

that exit

The next
This opt
then dirg
the usag
occurs b
exits at

evacuati
The shor
of an eva
that occ
investmg

ess of obtalning these times can be better understood by reviewing the detail on Table C.1.

simulations were run the third time with the contra flow option exercised at the dffectqd
for the span of time predicted by the first two phases. The results are presented in Table C.

NS

shows the observations from the evacuation drill in the first two columns:&s mentioned earliq

=

and longer evacuation times than at any other exit.

two columns show the evacuation times predicted with the shortest route option selectef.
on simulates the type of result that could be expected if occtipants had been trained, and were
cted, to use the nearest exit. The results show a dramatieredistribution of exit usage, reducing
e of Exit 10 and greatly increasing the use of the exits near lower street levels. This result
ecause of the usage of stairwells in the building thatwould have brought people down to the
ower levels (Exits 3 and 4). These were the exits’that were vastly underutilized during the
bn exercise because evacuees would then have had to climb up a hill to reach the meeting poirt.
test route results reflect the influence that management and training can have on the outconje
cuation, compelling the movement of occupants to nearest exits. As shown by the congestign
irred near Exit 10, where most occupants headed without any interference from staff, the
ntin training and staff can be worthwhile in enhancing life safety:.
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Table C.1 — Steps in modelling the evacuation of the high-rise office building with contra flows

For this example, three sets of runs were required to model the impact of occupant travel up a

down stairs to reach a common exit point. The first step was to determine at what point(s) in time the

occupants travelling upwards would meet the occupants travelling downwards. Then, in a sec

of runs, those times were used as the onset of contra flows that would impact ease of travel through
those common nodes. An examination of the output from that set of runs was determined when the
sharing of these common travel paths ceased. In a third set of runs, the times for the onset and cessa-

tion of common travel were used to bracket the effect of sharing the affected common nodes.

Basedomthedefinmitiomrof thetravet pdthb setimrtie put; therewas one ode-thatwouldbe
ommon on the 4th level and six that would be used in common on the 5th level.

nd

ond set

sed in

lled separately.

hase 1: Occupants travelling upward and occupants travelling downward were njod-

he resulting output showed the location of each occupant throughout the simulation. Inspect
0,1 s. The other common nodes were reached by 3rd-level occupants at 34,6's,71,2's,48,6 s, 3

Fom higher levels, so these times, rounded to the nearest second and,then down to the neareg
Vere used in the next set of runs as the time contra effects began.

he output showed that the first 3rd-level occupant reached one of the common.4th-level nodef at

5,7 s,and 86,7 s, respectively. All of these nodes had already been reachéd by occupants descending

ion of
7,5 s,

t5s,

hase 2: Occupants travelling upward and occupants travelling downward were n
lled separately again, but times with the effect of contraflows occurring at those comn
odesat30s,35s,70s,45s,35s,55s,and 85 s, respectively.

10d-
hon

he resulting output was examined to find the times when occupants travelling from lower le
ere no longer at the same nodes as occupants travelling down stairs. These times were obsel
e62,55,102,7s,142,555,108,35,94,3 5,127,3 s, and;151,4 s, respectively. All of these nodes w
n use by occupants descending from upper levels,so these times, rounded to the nearest seco
p to the nearest 5 s, were used in the final set'of runs as the time contra effects ended, and th
drea available for egress returned to the originally defined size.

il et o will e B T = = B e M O n OO M s o I o . . B )

rels
'ved to
rere still
nd then
e node

separately again, but times for the effect of contra flows were set to start as in Phase 2 g
¢nd at the common nodes at 65,5,,105 s, 145 s, 110 5,95 5, 130 s, and 155 s, respectively.

Bhase 3: Occupants travelling upward and occupants travelling downward are modelled

nd to

The results from this pair of runs provided the final simulation predictions for this example.
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Table C.2 — Use of exits observed and calculated

Observed Predicted using calcu- | Predicted using contra flows
lated shortest routes and travel up stairs
Number of Time last exit | Number | Time last exit| Number of | Time last exit
people used of people used people used
S S S
Exit 1 2 45,0 2 36,0 2 36,0
Exit 2 6 48,0 6 39,0 6 39,0
Exit B 6 90,0 107 174,0 6 65,0
Exit ft 40 105,0 124 164,0 36 116,0
Exit p 0 — 7 86,0 0 —
Exitp 23 115,0 27 137,0 21 101,0
Exit | 0 — — — — —
Exit B 48 190,0 6 75,0 38 146,0
Exitp 8 90,0 11 79,0 11 73,0
Exit 10 248 220,0 91 129,0 261 185,0
last few at 286
Total eyited 381 286,0 381 174,0 381 185,0

The last fwo columns show the results of the runs using user-spegified routes, travel up stairs and contia
flows that account for the times when evacuees travelling up stairs encounter those who travelled down
stairs. This simulation used the data collected during the exercise and attempted to move people toward
the exits|they reportedly used on that occasion. For that reason, the distribution of exit usage is closer to
the observed usage than the shortest route example just discussed.

The resullts of this simulation compare quite wellwith the actual evacuation exercise, although the total
evacuatipn time is under-predicted by 35 s. (The last few evacuees in the drill left the building 66(s
after thg majority of occupants). The variation in the number of occupants using each route is due to
the varigbility in behaviour that real pegple exhibit (for example, travelling against traffic away from
exits, chhinging direction during their evacuation) that this model does not simulate. The results are
very goofd, however, and demonstrafe-the effectiveness of the model in simulating a complex evacuatign
pattern in a high-rise building.

C.6 Cdanclusion

The input data set developed for this validation example was intended to recreate the conditions present
in the exprcise to the’extent possible, and very good results were obtained. If undertaking an evaluatign
of a builfling design, a user of the model would have to generate model predictions for a wide range
of evacuption\scenarios. For example, not knowing the distribution of occupants’ starting positions,
their mdbility, or delay times, the user would run the model many times, varying these occupant

Charact ICfII‘C ln r‘]lff:nranf r‘nm]'nnafunnc ‘Iavuafw\nc ln exit avaﬂokﬂ!fn r‘ahor‘lfw and use urnn]r] 1] 0

It oV ooy o pare Tty o et oS

need to be modelled. The results of the simulations could then be plotted An actual evacuation of the
building should fall somewhere along the resulting curve.

The pre-movement times reported or derived in this and other evacuation exercises have been used as
the basis for delay times in validation examples. For this example, delays of up to 30 s were randomly
assigned to the occupants, some of whom were located at nodes where delays of 30 s had been set on the
basis of survey results. As a result, some occupants in the simulation had total delay times of as long as
53 s. If the user wanted to simulate the potential effectiveness of a well-trained occupant population, the
delay times could be reduced to a maximum of 30 s. This reduction might shorten the overall evacuation
time, although in some cases it is possible that more congestion can occur sooner if starting times are
not staggered. Running a simulation with this modification in the input data provides a prediction as to
the actual impact of this change in delay times on the total evacuation time.
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Further predictions of changes in evacuation results that might be expected with a better-trained and
supervised occupant population are presented in Table C.2, where the results of a simulation using the

shortest route option can be compared with the observations for the same high-rise building.

The department store evacuationl14] modelled in another paper(l3] showed the effect of the occupants’
use of emergency exits at the direction of staff. If a designer were unable to assume such staff actions, he
or she would need to test the impact on evacuation times if the building population only used the exits
with which they would be familiar. That evacuation simulation would show greater congestion at those

familiar exits, with resulting increases in total evacuation time.

1s discussion of the modifications to the input file, which would be necessary 1n evaluating aj
bsign, is intended to illustrate the impact of the changes in assumptions for a wide range of ey
fenarios. Since a range of representative evacuation scenarios was not conducted for each cz

blilding, it is not possible to show the predictive capabilities of the model here for these-scena

odel.[15] These case studies were selected because they were particularly wéHsdocumented
simulation would demonstrate the major features of the model. The modelling'was done again
hta in an attempt to recreate the results observed in the exercise. If using the model in the ¢
bsign evaluation, a user would need to run additional scenarios. For example, the simulation d
1} this Annex was based on an evacuation exercise where one of thie;stairways was made un
to the occupants. If the design of this building was being evaluated, it would have been apy
te remove each stairwell in succession, in order to examine what impact that would have. Th
Faluation was not done in this part of 16730, as no actual observations were available for con

—
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|
d
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Figure C.1 — Floor plan, with network nodes, for Level 5 of the high-rise office building with
upward travel and contra flows
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Annex D
(informative)

User’s manual

.1 Description of the program

his model requires as input the network description of a building, geometrical data for each|room or
bfined space and for openings between these rooms or spaces, and smoke data if the effect pf smoke
ockages is to be considered. It either calculates the shortest route from each building location to a
cation of safety (usually outside) or reads in user-defined routes through the btiilding. It mové¢s people
ong the calculated or defined routes until a location is blocked by smoke: Affected exit rqutes are
¢calculated and people movement continues until the next blockage occuts.or until everyone|who can
scape has reached the outside.

e = i

D =

vacuation can begin simultaneously for all occupants or can be-delayed, with delays set|for each
bde. Additional delays can be randomly assigned to occupants:using either a uniform or ldgnormal
stribution defined by the user. Smoke data can be used to predict when the activation of a smolke alarm
ould occur and evacuation will begin then or after some user-defined delay beyond that time.[Disabled
bople can be included among the occupants of the building. If contra flows or other path obstructions
bvelop during evacuation, that also can be modelled,

he program was written originally in FORTRAN“to run on an IBM mainframe. A PC-version was
bveloped by Daniel Alvord at the National Institute for Standards and Technology Building|and Fire
esearch Laboratory. The PC-version has the capability to read in CFAST-generated smoke dath.

Do v < oS m

w]

.2 Technical discussion

]

.2.1 Characteristics and assumptions of the model

—

he model was developed toserve as the evacuation model in HAZARD I for applications involvjing large
nd high-occupancy buildings, such as high-rises. It was designed

o8]

to be able to handle“a large occupant population,

to be able tg necalculate exit paths after rooms or nodes become blocked by smoke,

w N =

to track'individuals as they move through the building by recording each occupant’s locatjon at set
time‘ihtervals during the fire, and

4) _fovary travel speeds as a function of the changing crowdedness of spaces during the evacuption, i.e.

queuing effects. Other features were added later to allow the modelling of travel both up and down
stairs, as well as the effect of contra flows.

The size of the building and its population that can be handled is limited by the size of the storage arrays.
The dimensions of the storage arrays currently allow for up to 26 000 occupants in a total of 10 000
nodes or building spaces on up to 100 floors, over 1 400 time intervals. These can be changed by the user
to handle larger problems. Due to the naming convention for nodes that the program relies on, each floor
can have up to 89 nodes and the building can have up to 10 stairways.

The model has a local perspective rather than a global one, meaning that people do not have knowledge
of events on other floors. If and when smoke blockages occur, evacuation routes are changed only on the
affected floors.
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Another assumption is that once people enter a stairwell, they will stay in that stairwell until they reach
the discharge point from the stairwell, unless it becomes blocked by the fire’s progress, in which case
they will move out of the stairs and onto the nearest floor. In real situations, people can head for the roof
or leave the stairs to go onto lower floors for no apparent reason.

Evacuation can be modelled from upper floors downward, or from lower floors upward. For example, if
modelling the evacuation of a structure with floors above and below grade, the evacuation of the upper
floors can be modelled with occupants travelling to lower floors and out. The below grade floors would
be modelled separately, with occupants travelling to the floor of discharge and out.

The model does not explicitly include the behavioural considerations that are included in some othér
evacuatipn models. These behaviours include investigation of the fire, rescue of small children, aléxting
or wakirng other capable adults, and assisting other occupants who might require help. Since the.modgl
was deslgned to handle high-rise buildings or smaller buildings with large populations, the"auth¢r
decided to have the user assign the delay times at each occupied space in order to reflect the\wide range
of activifies that could be taking place in a building under consideration and variationsin-the readinesgs
or ability of the occupants to make decisions to evacuate. Additional delays can be asSigned randoml|y
to individuals. The user determines the percentage of occupants to have these added delays and cgn
choose whether the times follow a uniform or lognormal distribution. D.2.3 déscribes the process {o
follow to use this option.

Walking|speed in the model is calculated as a function of density. How this is handled is discussed |n
D.2.4. Digabled occupants are modelled by setting their walking speed as’a user-specified percentage pf
the modg¢l-calculated “normal” walking speed.

The inpyt to the model includes a network description of the building. Nodes can be rooms or sections
of roomg or corridors, whichever result in the most realisticitravel paths. The nodes defined, though,
should cprrespond to the rooms or a subset of the rooms déscribed in CFAST, if CFAST output is used as
the smolte data input for the model.

The definition of each node includes its usable floaor@drea, the height of the ceiling, the capacity of the
node, its|initial occupant load, the number of disabled occupants at that node, the number of seconds
occupants of that room will delay before beginning evacuation, and the node occupants will move {o
if the usgr chooses the option of having accupants move along defined routes. The definition of eagh
arc incll:[ies the distance between nodes.and the width of the opening between the nodes. Arcs are Hi-
directional so a connection between two nodes only has to be described once.

For modglling the effects of smoke,.the model can be used in two different ways. The user can input the
names of nodes that become blocked by smoke and the time those blockages occur. Or, the user can take
the smolte data output from-GEAST as input to the model. CFAST calculates and writes to a disk file the
optical density of the hot-upper layer at each node at each time interval and the height from the flogr
of the cqoler lower layénIn the first case, evacuation begins throughout the building at time 0, plys
any delay time specified at nodes by the user or randomly assigned by the model. In the second cask,
evacuatipn begins-throughout the building when the smoke level reaches that defined for smoke alarm
activation, plussany delay time specified at nodes by the user or randomly assigned by the model. By npt
specifying any/blockages, the user can model evacuation of a building with no fire occurring.

The programcanprintoutthe movementofeach occupantfromnodetonodeltalsorecordsthelocatidn
of each occupant at each time interval so that the output can be used as input to a toxicity model such
as TENAB. TENAB calculates the hazards to which each occupant was exposed using CFAST output for
combustion products and determines when incapacitation or death occurs. The user can suppress this
output and have the model only print out a summary showing floor clearing times, stairway clearing
times, and the last time each exit was used and how many people used each exit.

D.2.2 Shortest route calculations

The user has the option of specifying the routes occupants will take or using shortest routes calculated
by the model. The shortest route option would be an appropriate way to model an evacuation with a
well-trained population or with well-trained staff assisting, since it will move occupants to the nearest
exit.
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Shortest routes are calculated for each floor, from each node to the stairways or to the outside. The
shortest route algorithm used is that described in Reference [16] as the shortest and simplest of those
they reviewed. The algorithm begins by identifying the origin of a network and then fans out from the
origin, identifying the shortest routes to all the other nodes until the destination is reached.

The adapted version of the algorithm used in the model is described below. The model calculates the
shortest routes on each floor to the stairways or the outside or other locations of safety. Locations of
safety can include horizontal exits or areas on the other side of fire doors. In order for the model to
recognize these locations of safety, the user identifies them as part of the building description input
data. These nodes are referred to as intermediate exits (IEs) in the following discussion. An array is
cfeated which consists of the connected node that occupants at a given node will move to ineyfacuating
the building. For example, if the path from node 102 to the outside goes through nodes 104.and L07, then
the connected node for 102 is 104, the connected node for 104 is 107, and the connected node for 107 is
the outside. The route down each stairway is then established by defining the connetted nod¢ for each
stairway node as the one below it.

he shortest route subroutine begins by identifying all the IEs on a floor of the building. These njodes are
aced on the list of solved nodes.

ep 2 For each of the unsolved nodes identified in Step 1, calculatethe distance between the finsolved
bde and its connected solved node(s) and add that distance to the' distance from the solved n¢de to its
closest IE.

T
p
Step 1 Identify all unsolved nodes connected to the solved nodes.
S
n

Step 3 The unsolved node with the shortest distance to_the IE is added to the list of solved rjodes; its
bnnected node is that solved node and its distance to.the IE is stored.

(@)

Return to Step 1 until all nodes are solved.

This is repeated for each floor.

(Ile advantage of the approach used in the model is that the blocking of a node by smoke only[requires
the recalculation of the routes on thatfloor, rather than all routes throughout the building. If a ftairway
npde is blocked by fire, the routes~on’that floor and the floor above will be recalculated. This causes
ofcupants in the stairway on higher floors to move out of the stairway when they reach the node above
the smoke-blocked node.

nother advantage of this ;approach is that it more closely approximates the local perspectjve of an
Cccupant in the building..Other shortest route routines “see” all possible routes to the outside and so
they make decisionstbased on information not available to a real person.

o >

The user also has)the option of naming the node to which occupants will move from each nofe in the
network. It is‘eften observed in actual evacuations that people follow the route they are most familiar
wlth and this option allows the user to model that behaviour. It also allows the user to model travel
opserved-il an evacuation. If that option is used and a node becomes blocked by smoke, the rjoutes on

ti[e affected floor(s) will be recalculated using the shortest route subroutine.

Additional delays can be assigned to individuals, according to the random distribution chosen by the
user. These delays can be assigned to any proportion of the occupants in the building. For a uniform
distribution, the user sets the range (minimum and maximum values) for the distribution. For the
lognormal distribution, the user sets the mean and standard deviation of the distribution. Sample
lognormal distributions are shown in D.7.

D.2.4 Calculation of walking speeds

The method chosen for the model uses walking speeds calculated as a function of density based on
formulae from Reference [17]. Body size is included in their density calculations. Using dimensions of
people (adults, youths, and children) in various types of dress, both empty-handed and encumbered with
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packages, knapsacks, baggage, or babies, they calculated the area of horizontal projection of a person.
This measure is the area of an ellipse whose axes correspond to the width of a person at shoulder level
and breadth at chest level. Tables of mean values for different age groups and types of dress are given in
the text. Their formula for density of a stream of people, D, is:

D = Nf/wL (m2/m?2) o

where

N Is the number of people in the stream;

[ Isthe area of horizontal projection of a person;
w |s the width of the stream;

L Is the length of the stream.

Their madel established a maximum density of 0,92. Although a higher density'can be observed in refl
situations, 0,92 is the maximum they used in empirical expressions for walking speeds. Based on thejir

observatlions recorded in thousands of situations, they developed the following formulae for normpl
circumstances. For the mean values of velocity as a function of density fer horizontal paths:

V= 1{12D4 - 380D3 + 434D2 - 217D + 57 (m/min)

(D.B)
for O|< D < 0,92
For movément down stairs
V1 =Vml (m/min)
(D.B)
where
ml £ 0,775 + 0,44e-0,39D! o §in (5,61D! - 0,224)
For mové¢ment up stairs
VT =Vm?® (m/min)
(D.4)

where

mT =0,785 + 0,09¢345D7 e sin 15,7D7 for0 < DT <0,6;

mT =0,785-0,10 sin (7,85DT + 1,57) for 0,6 < DT <0,92.
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In emergencies, such as earthquakes or fire, the fear that makes people try to flee danger raises the
speed of movement at the same densities. Predtechenskii and Milinskii found the following relationship
between the two velocities:

Ve=peeoV (D.5)

where

Ue =1,49 - 0,36D for horizontal paths and through openings;

Ue =1,21 for descending stairs;

Ue =1,26 for ascending stairs.

epeatedly calculating velocities using these formulae for every occupant throughout a fire simulation
ould be extremely time-consuming. Fortunately, tables of velocities by densityywere given fof normal,
mergency, and comfortable movement along horizontal paths, through_ epenings and on sthirs. The
odel allows the user to select between normal and emergency velocities,

S5 @ s I

The area of horizontal projection of a person estimated from Soviet-ddta are 1,217 3 ft2 (0,113 0 m2),
tlhe mean dimensions of an adult in mid-season street dress. The‘user can select other valties from
measurements of Austrian and American subjects. (See D.2.5 for’details on body size data). Velocities
are calculated for both segments of the arc between two nodes, based on the different densjities and
floor areas for the two nodes. If a value for D greater than 0,92 is calculated, D is set equal to 0),92. The
vilue calculated for D is used to look up the velocity fiom the tables. The table holds velocitjes along
hprizontal paths and up and down stairs.

The model does not simulate occupants crawling.through smoke by reducing their travel sp¢ed. This
cqn be done by exercising the contra flow option'described below starting at the time when su¢h smoke
cpnditions occur.

.2.5 Body size data

Predtechenskii and Milinskii’'s work used body sizes calculated from the measurements pf Soviet
stibjects. Subsequent work, Reference [18], using Austrian subjects found significant differendes in the
r¢sults. The value of 0,113 8~m?2 described above compares to the Austrian result for subjects|between
the ages of 10 years and 15,years without coats. The value for Austrian subjects between ages|15 years
ahd 30 years wearing coats was 0,186 2 m2 and without coats was 0,145 8 m2. The value for adults over
pe of 30 years withoutcoats was 0,174 0 m2.

QO

Altable of mean‘body dimensions representative of US male and female workers between 18 yjears and
4b years of agé was obtained from Occupational Safety and Health in Business and Industry. From this
table, meamyalues for shoulder breadth (0,455 m for men, 0,417 m for women) and chest depth (0,231 m
fQr men0;234 m for women) were obtained. In order to add the additional bulk of clothing, the table of
Spviet data were checked. That table included values for summer dress, mid-season street dress, and
winter street dress. The values increased by 0,02 m between each category of clothing. Base? on this,
then, The American values for shoulder breadth and chest depth were increased by 0,02 m. 10 obtain
one “American” value for horizontal projection of a person, the mean values for men and women were
averaged. The resulting value was 0,090 6 m2, far smaller than that calculated for Soviet or Austrian
subjects. The choice between the three sets of data is an input option set by the user. Evaluation of
simulation results have shown that the longest, most conservative evacuation times under crowded

conditions result from using the Austrian value option. All three should be used in order to obtain a
range of results for a given data set.

D.2.6 Smoke levels

As mentioned above, there are two ways to handle smoke. In the first, the user determines at what
node and when blockages due to smoke will occur. In the second, smoke densities and depths of smoke
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layers are read in from a file created by CFAST. Using the same method as EXITT[9] of calculating the
psychological impact of smoke, S, Formula (D.6) is used:

S=2x0DxD/H (D.6)

where
OD is the optical density of the smoke in the upper layer;

D isthe depth of the upper laver:

H s the height of the ceiling.

EXITT ufes S > 0,5 to stop an occupant and S > 0,4 as a threshold to prevent entering a room, in both
cases unless there is enough clear air in the lower layer to crawl. Since this model does not yet hand|e
crawling, a value of § > 0,5 is used to block a node which traps everyone currently attlat node.

Smoke alarms operate when S = 0,015 and the depth of the upper layer is greater,than 0,5 ft (0,15 m). The
model cyrrently assumes that notification of all occupants occurs when levelssneeded for smoke alarpn
activation are reached at any node, and evacuation begins after any user-specified delays. Refinements
of the prpgram to define the range of a smoke alarm and to otherwise madify the rules determining the
notificatjon of occupants have not yet been done.

D.2.7 (ontra flows

In modelling a fire situation, it is often too simplistic to assume that evacuees will flow unimpeded down
the stairwells. Fire service personnel use the stairs to gain‘@ccess to upper floors and often need to 13y
hoseline$ up the stairwells while occupants are leaving.\In these cases, it is important for a model fo
allow foy such contra flows.

If contralflows occur, the user shall determine imwhat locations they will occur and at what time. TH
degree t¢ which the area of anode is constricted shall also be estimated by the user. In the simplest case
the contra flow option is exercised in stairwell nodes at times estimated for fire service movement
the stairwell. And it would be reasonable to reduce the area of stairwell space available to evacuees {
no morelthan 50 %.

oT Y o

This optjon can also be used to simulate other situations where occupant flow through a node or seri¢s
of nodes|will be impeded. Such-situations can arise when debris scattered by escaping occupants clutter
the pathfslowing occupants;erwhen smoke conditions might force occupants to crawl. These situations
would b¢ treated in the same way as contra flows (the user enters in the input file the nodes that are
affected)the times thatthe effect occurs, and the change in available area at those nodes).

D.2.8 Moving the occupants

When thle user chooses the shortest route option, the initial short