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1. BACKGROI'ND

rS
ThIs paper surmarises an approach to modelling the behavlour of
people followl.ng a release of either toxic or radioactive
material. studles were carried out for bolh the Ministerle van
VolkshuL sves tlng Rui-mtelijke Ordening en l4llleubeheer (VRoM),
Netherlanda, and HM Nuclear Installatlons Inspectorate, U.K. to
hvestigate the potentlal for developJ.ng and applyJ-ng nodels of
evacuatlon behaviour.

The need for nodelllng arose Ln two contexts:

Probabillstlc rLgk assessment: the LncorporatLon of behavioural
nltlgatlon of the effects of Loxlc releases Lnto a computerLsed
assessment package.

- DecLsLon-maklng ald: the calculation of evacuation tlmes around
nuclear polrer plants ln the unllkely event of a radLoactLve
release,

Only the model for the latter context wlII be descrlbed here, but
relevant data obtalned for the PRA applicatlon ls also described.

2. OUTLINE OF METIIOD OP MODEL DEVELOP},IENT

In both contexts the method of model developmenL was sinilar:

L. Detalled literature search, lncluding:

o Accldent reports
o Descrlptl.ons of models of evscuatlon
o Behavl.oural research lLteraLure on warning

system8, evacuation and dLsaster responses
o Data bases containing evacuatLon Lnformatlon

Qualltatlve and quantLtatLve daLa extrsctlon

Identlflcatlon of the major components of the evacuatLon
process, LheLr relatlonshtps, snd the varLables affectLn8 each
stage

4. structurlng of data for use ln modelllng appllcatlons

2

3

5. Appllcat.Lons testlng

Paper presented at a 2 da_v ccnfgrence "Disast-e!s & EEergencies: The need
for planninq". 12-13 A9ri1 1988, LonCo. - Organised by IBC Technicai
Ser,/ices Ltd.
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3. THE TIME MODEL

After detalled examinatLon of both the toxlc and Duclear accLdent
and evacuatLoa literature a very 8lmple tlxne model lras developed
as shown ln Figure 1. A definition of each stage is glven below:

DeclsLon Time: Thls starts from the moment a threat is .identlfled
and contLnues to the polnt at whlch lt Ls consldered serLous
enough to lssue a warning.

NotLfLcatLoD Tlne: Beglns vhen the decLslon to evacuate is made
and ends irhen the last Eember of the target populatlon has been
notlfled, NotlficaLion has the followlng components t

o Delay in lssuing warnings
o Time taken to notify people
o Further informaLlon seeking

Preparatlon flme: This cormences fron the polnt at whlch notified
lndlviduals decide to evacuate and begin preparations for leavlng.
It ends when evacuatlon col[nences.

Evacuation (Mov€ueut) ?l-Be: Thls atarts once the process of
actuslly leavlng occurs and lncludes the tlme to exit from the
evacuation zone. It ends when the evacuating populaLion have left
this zone.

?he notificatlon, preparatl.on and movemenE phases overlap.
Hovever, by addlng notlflcatlon tlme and preparatlon Lhe the
theoretLcal naxlmum tlme to get the entLre populatLon on the move
.ls esthated .

It is very difficult to estinate the extent of overlap. for LhLs
reason calculatLons of the total time to clear the evacuation zone
are based on two compoaents:

o Lag time after the decLslon to evacuate vhen no-one is moving
o Evacuatlon tlme as defLned above

Thls ls demonstrated in Plgure 2 belor (note that decision time 18
no! lncluded ln the estlmate of lag tine).



I

"l-

FIGIJRE I : AN EVACUATI ON MODEL.
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FIGURE 2 t OVERLAP BETWEEN DIFFERENT STAGES OF THE MODEL
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Before descrLblng the data used ln the model and the way J.t can be
applled, a brief resune of some of the characterlstLcs of
behavlour following toxLc and nuclear accldents is glven.
Flrstly, those variables which have been identified ae having an
effect on the tlme components are shown ln Table 1.
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4. BEEAVIOUR IN RESPONSE TO TOXIC INCIDEN?S

The llAin characteristics of behaviour following toric releases are
sumarised below:

4.L Itrrnediate Effect zone

People close to the source of the release wlll alnost certalnly
dle lf they sre in Lhe open al.r and dLrectly ln the Path of the
cloud. Running away will not be effective ln hlgh
concentraLLon clouds (see Figure 3).

cars offer only short-llved protection

Bulldtnge offer significant ProtectLon provided entry of
vapours can be mlnlmlsed. No deaths in bulldlngs were
ldentlfled.

1

2

3
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TABLE 1 ! TIME COMPONENTS AND TBEIR VARIABLES
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4

5

The qulckest and most effective rrarn.lngs are provided by the
incident itself.

The najority of p.eople (80I est.lmste)
zone showed approprlate behavlour l.e.
es cape /mltlga tlon.

ln the fumediate effect
successful,

No panlc but some inapproprlate behaviour such as leaving the
safe haven of a bullding Ln order to use cars,

Offlclal warnJ.ngs
vlclnity.

are too Iste to help those in the lmediate

for US data, 15-30 ninutes Ls about. the mLniEuD reported tl-ee
for Local emergency servLces to appear on the scene. In the
IJK, from the li.sdted data available, this tlme appears to be
shorLer (an estirated 10 ninutes frorn the accident being
reported),

No deaths or lnjuries were ldentifled in the dlstant effect
zone .

A small percentage may evacuate before offlcia). warnings are
glven.

4.3 Evacuation Warnings

6

7

8

1

2

1

2

0fficial
3.5 hrs

evacuation wsrnings occurred after a delay of 1.5
(US data). 30 Binutes was estimated for UK data.

The best officlal warnioga ln terms of lnLtlstlng rhe
appropriate response have the following characteri stic s 3

o Allow confLrmatLon of threaL (two-way comunicatLon)
o Speclfy the danger, its lmJ.aence, and lrhat to do about it
o Are clear and unambiguous

1 A response delay afler receiving a warning is likely to occur
due tor

o Further lnformatlon seeklng (fron nedla, pollce, neighbours,
frlends) whLch can result ln jaruntng of comunlcatlon llnes

o PreparatLon for evacuatLon (whlch may lnclude waltlng for
offlcial transporLatlon)

People tend to behave as groups rather than lndlvldually.
A1eo, familles prefer to evacuate together.

2

3. The elderly are least llkely to leave.

4.2 Dlstant Effect Zone

4.4 Responses to Warnings



Non-evacuees varLed betweert 2-742 of those irarDed, dependlng on
the effectlveness of the warnlng system (a cornparlson of two
lncLdents Ls shown Ln Flgures 4 and 5).

5. BEEAVIOUR IN RESPONSE TO NUCLEAR ACCIDENTS

In meny respects the behavioural response to nuclear accidents was
siurilar to that of toxics, However, some import.ant differences
need to be hlghlighted:

At both the Three Mile Island (1979) and Chernobrl (1,986)
accLdents there vas considerable delay ln decldlng whether to
.lssue warnings (11-52 hrs decision tl.ne estLnate), partlcularly
in comparlson to Loxics (typically t hr).

A8 vell as official warnings, direet varnlngs froro the accLdent
ltself ls typicsl for toxics. For nuclear accidents the public
is dependent on secondary warnings (word of moutb, official
lnformatlon).

1. whlle toxlc accldent.s t.end to result Ln an under-response of
lhe threatened population following warnJ.nge, there appears to
be a sJ.gnlflcant over-response in the event of a nuclear
accident. This is referred to as the evacuatioD shadow
phenornenon (zelgler et al 1981.). For exa:nple, the advisory at
TMI lndlcated thst 1z of the populatlon ln the 5 nLle radlus
should leave, but 601 evacuated according to estlEAtes. In
addition, people were evacuating up to distances beyond 20
Edles. A survey around the US Shoreham nuclear polrer plant,
Long IBIand (ZeLgler and Johnson 1984) shosed that for a 5 m1le
advisory people up to 50 miles froE the plant sald they would
evacuate.

4

1

2

5. If people have cars, they vill tend to use theJ! to evacuate.

5.L Evacuallon Warnings

5.2 BehavLoural ResDonse

2. Ltke toxlcs, a certain proportion of the populstLon can be
expected to stay (predominantly the elderl)'). It ls difflcult
to estimate both the likelihood of this and the ertent of the
shadow phenomenon post-Chernobyl,



FIGURE 4
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EVAIUAIING EVACUATION (MOVE}'ENT ) TIME

1 The Raies Equatlon

Rates l,hlch form Lhe basLs for the equation were derived by
calculstlng the tine from peopi.e starting to move (after being
warned), to the tine that the total evacuating populatlon had
evacuated. For example, if 5,000 people had been evscuated in
2rl2 hours then the rate wiII be 2,OOO per hour.

Bolrever, for some evacuatlons that were studied, it was not
posslble to calculate the precise time frorn people firsL startl.ng
to move. In some cases, the ti-ne from first officisl warnings had
to be taken ss the start point for rate calculatLons. Also, where
evacuatlon sas carrled out in stages, or where some sectors of tbe
populatLon may have been kept rraltlng for officlal transport to a
safe haven, there eould inevltably be some addlng in of dead tlme.

The fact that larger numbers of people wl]l not generally be
evacuated all at once is therefore implicit in the data.

Once the evacuatLon itself has stsrted, lt
is dependent on the numbers evacuating.

appears that the rate

Using the data ln TechnLca's toxlc incidents evacuatLon data base,
the available U.K. data points, and also the dats for nuclear
incidents the polnts sere plotted of rate agaLnst Dumber evacuated
on a 1og-Iog scale. It should be noted that the ares were drawn
in such a way aa to inply that rate of evacuatlon is dependent on
numbers evacuating. It Ls possible, however, that the rate
reflects resource avallability and thst this ls the linlting
fsct.or for the nuDbers evacuatlng. However, as the number
evacuating, le the kno}}lt variable, we have taken the rate as the
dependeDt varlable. I{e also have no evidence that lre should
accept the alternative.

A line of best fit was drawn using all of these data together (see
Flgure 6) uslng the nethod of least squares. In order to
highlight the spread in the data, | 1 standard deviation from the
mean lLne is shown. 682 of the data fall between tbese lines.

It should be noted thst 751 of the data used in the rates
involved evacuatl.ng populatlons of less than 9000 people,
llttle deta erLst for very large population evacuatlona.

graph
and that

- 11-

In estlmatlng the tlme taken for a populatlon to actually move out
of an evacuation zone, a rate of evacuatLon was calculated, whLch
is derived fron the data base complled durlng the Technl.ca
studleB.
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Evacuation Rate ls then given byr

Y - L4,L2 (x)0'5, where;

r - the nuDbers to be evacuated
y - the evacuation rate (numbers per hour).

The valuee for + 1 S.D. are:

y - 39.49 1*10.5

andfor-1S.D.

, = 6.54 1*10' 5

6.2 Escape Route Netrrorks

Note also that for 84i of evacuations, movenent times will beslo\rer than those given by the +1 standard deviation line andfaster than those given by the -1 standard devlation line. Thls+ 1S.D. llne, then, gLves an lndlcation of the fastest rate forthe majority of evacuatLons, based on the data used l.n the rateg
graph.

A calculated evacuation rate can be compared to road capacltles,
lrhere such data are available, to estftn;te lf such a rate istolerable. Potentlal bottlenecks rnay be a problem, but apart fromthls lt ls the populatLon nrmbers 

"rrd flor, ."tu" thut ,."iaporLant, Where lt Ls assumed that the escape routes for
evacuatlon are controlled, tt is not necessaryr, according to the
assunptlons of the xnodel, to conslder ti-ure of day (e.g. rush hourtraffic) or hotiday nakers travelling on major routes, for
example. Both are also taken care of in caiculations of transient
and perBsnent populatlon numbers .

In a more courpler model, where Dore detailed lnformation is
needed, coDputer si-Dulation of the use of escape routes may be
desirable.
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FIGURE 6 LINE OF BEST FIT THROUGH
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7. PROCEDURE FOR TIME CAICULATIONS

The procedure by whlch the time estimates are made Ls documented
Ln the step8 outlined below:

1. DLvide area around sLte lnto sectors and radil of Lnterest.

Note that lt ls usual to divlde an area into 3Oo sectors for
the purposes of emergency plannlng. Although one would not
expect a plume spread of 9Oo, we consider that quadrants are
more appropriate for modelling nuclear accidents due to the
evscuation shadow phenomenon.

2 Determine permanent population numbers for each sector end
radius.

Determine transient population mrmbers fron information
provided and/or by examining maps for the locatLons of
tourlst attractLons and factoring up the perEanent populatlon
numbers.

Add permanent and transLent populatlon numbers for each
sector and radius. This gives the values of x to be inserted
Lnto the rates equstion.

Make an estimate of any delay that night be expected after
the decLsion to lrarn the population and before notification
actually begl.ns.

6. Evaluete notification time for each sector and radius.

Note tbat the availability of actual data is limited here.
Por the lrK we would assume that beyond any zone where an
eDergencJr plan exists the nain nethod of notifLcation would
be by the nedia. Othenise we assume the use of tannoys,
sLrens and door-to-door knocking. A rough guide is shown Ln
Table 2 for 90o sectors3

4

5
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TASLE 2 r SCALE FOR ESTIMATING NOTIFICATION TIMES FOR 9oo
SECTORS

TIME TO CO},IPLETE
NoTIPICATION (hrB )

172 rnrii

2 niles

5 niles

10 miles

15 gdles

20 m1les

2 hours

3 hours

4 hours

6 hours

7 hours

8 hours

7. Evaluate preparation time for each sector and radLus.

Agaln, the availablllty of real data is lirnited and highly
dependent upon the length of time of effect, lmninence of
threat and any necessJ.ty for shutting down farms, factorles
etc. Some gross estimates are sholrn in Table 3.

TABLE 3 : SCATE FOR PREPARATION TIMES

TII,IES
(Hrs)

COMMENT

No farms and insti-
tutions

Family effect, no
farms or instilutions

Farms and / or
instltutlons

The decl.sLon as to whether to use the mean or standard
devlatlon lines wlll depend on the scenarLo. For IrK toxic
accldents it is recoEmended that the +1 S,D. line ls used.
Lack of lJK data for nuclear accidenLs suggests use of the
mean line unless otherllise indicated.

1

2

3

RADIUS I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

calculate evacuation rate using the rates equatLon and the
populatlon calculated in step 4. It may be necessary lo
adjust the population esli-ulates to account for non-evacuees.
This ls more important when smal1 scale evacuaLlons are being
evaluated,

8,
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Dlvlde the popuration nuober by the rate cerculated in step 8to obtaln evacuatl.on (movenent) tloe estfunates.

EvaLuate the extent of overlap-of the Btages to obtain lagtlne. A range of 3o-t5o ni:rs ts """"iJ"rli'"iiroprlate, rdth30 mLnutes being used for UK small 
""rfu "o""iltions (fewhundred people) vhere emergency plans exLst and thepopulatlon is in LtrEdnent Janger,

By addlng notification tine and preparatLon ti&e thetheoretical 
- 
maximum time to get ihe entire popuiation on tfremove is estimated.

Lag tine plus evacuation (movement ) time carculated from therates equation gLves the tolal tirne to 
"f"". 

-ii" ' 

"rrti."sector radius.

10.

11.

12.

8. EXAMPLE cAt CULATION

A hypothetical exaxnple is used to demonstrate the model. A nap ofthe area showi.ng rhe radii and secrors 
";;;; ;; imaginary nuctearpower plant J.s given ln Figure 7. tte coastitil fras 

-roany- sanay---beaches and offers eonsldeiable atrracti;;;-;J iourrsts in thisand surroundlng areas. Beyond 5 nites of ifr.-pirrra there arefarming areas.

The shape of the coastline is such that the plant is sited on apromentary fed by a srngle A road, Thts feeds r.nto a motonray.In naklng the tire estimates the decLslon ,"tirrg pt""u was notconsidered. De1ay after rhe decislon to 
";;;;;;" was esrimated asnegligible for this exarnple.

An estlmate of 1ag time was 2 bours for the 2 mile radius andbeyond, and t- hour for areas wlthin 1/2 Ji"-t"".,r"" here anemergency plan exlsts. These lags ,ooid huo" been shorter .lf atoxic or flarmable incldents ,"r" b"log constaeied.

The results are shosn in Tsble 4. It can be seen that evacustionis predlcted to take betlreeD 5_44 hours depending on quadrant andradius for a mean rate of evacustLons.

9.



Figure 7 : Map of Area Around a Hypothetical Npp Site
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Rates can then be compared wlth escape route cspacity. The
promentary should clearly be exanined as thls has only a single
escspe road. By estixnating the population fiBures just for the
promentary, withln the 5 mj.le radlus, a rate of evacuatLon can be
calculated for this area. The populatlon data for tbe SW and NW

sectors were added and the value of 78,463 persons put. into the
mean ratea equatlon. Thls glves an evacuatLon rate of 3955
persons per hour,

If we assume 2 persons per car, then the rate of evacuation Ls
1977 cars per hour. Say the florr rate capsclty of the
hypothetical A85 is 2500 cars per hour; by dlvldlng the road
capaclty b, the evacuation raLe, then:

2500 cars/hr
1977 car s /hr

In other words, the escaPe systen ls only just sble to cope wlth
the estlmated evacuatlon rat e.

Pinally, if one uses the + L S.D. fornula, an evacuatLon rate of
8541 persons/hr or 4270 cars per/hr is obtained. then:

Road flow rate

9 . SU},IMARY

The nodel th6t h8s been presented is extrenely simple in that lt
can be very easily aPPlled to any evacuation scenario wlth few
data requirements. In this way lt can Provlde solae feel for the
time it wil!. take to move very large populations - an area where
there 1B llttle practical experience or data. The real data on
which the nodel ls based has allowed such extreme csses to be
evsluated,

= 0.6
Evacuation rate

Thus, Lhe evacuatLon rate is no longer withln the escaPe route
capaclty. Thls ls a Potential conditlon for panic, rhere people
nay feel unable to escape from what they perceive as a high threat
situation.

A benctrmark exercise carried out for trro sllall U.K. evacuatlons
showed that the model performed well. In fact, only a fer, minutes
difference sas obtained betrreen actual dats 8nd that estirated
using the model.
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