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ABSTRACT
A model of public evacuation is developed for use in

evaluating the efficacy of evacuation as a protective measure
in response to atmospheric releases of radioactive material.
Differences between this model and the model of public evacu-
ation previously developed for the Reactor Safety Study are
described. Based on an analysis of available EPA evacuation
data, ranges are suggested for the temporal parameters

in the new model. The relative importance of the model

parameters is also discussed.
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. I. INTRODUCTION

If an accident should occur at a nuclear power reactor,
significant quantities of radioactive material could be
released to the atmosphere, requiring some form of emergency
response for the protection of offsite individuals. Protec~-
tion strategies to limit or mitigate the radiation exposures
resulting from such a release are of prime concern to those
responsible for radiological emergency planning and response.
Potentially available protection strategies include sheltering,
evacuation, and medical prophylaxis.

Significant atmospheric releases of radioactive material
would in general be preceded by one or more hours' warning [1]
and, depending on the wind speed following the releas;. several

. more hours might pass before the cloud of released radioactive
material would reach a particular downwind population. Because
of this available time veriod, evacuation* is given consider-
able attention as a public protective measure 1in most current
radiological emergency preparedness programs in the United
States. However, recent studies [2] support the view that it
may be desirable to consider alternative or supplemental stra-
tegies to evacuation such as population sheltering followed by
the selective and timely relocation of affected persons. ToO
assist in the choice and design of appropriate response measures,
a study, using a modified version of the conseguence model of the

Reactor Safety Study (RSS) [1), was conducted to evaluate the

*Evacuation 1s the expeditious movement of peoole to avoid
exposure to the passing cloud of radioactive material.



relative merits of pocential public protective measures, ‘
and to determine under what circumstances and over what

areas they should be implemented. This report describes

the model of evacuation developed for and used in the study

of response measures. The effectiveness of evacuation and

other protective measures, suc as sheltering followed by

relocation, is discussed in other papers [3,4,5].

II. BACKGROUND

Evacuation experience in the U.S. for the period from
1959 to 1973 is summar’-ed in a report published by the
U.S. Environmental Protection Agency (EPA) [6]. The report
provides data on 64 evacuation events, most of which were
in response to hazards from transportation accidents, floods '
or hurricanes. A simple evacuation model, based on a statis-
tical analysis of this evacuation data, was included in the
consequence model of the RSS for use in the calculation of
public risks from reactor accidents. The statistical analysis
performed for that study and the suitability of the EPA data
for the modeling of evacuations in response to reactor acci-
dents are discussed in Appendix VI of the RSS. The RSS evacua-
tion model postulates that evacuated persons move radially away

from the reactor at a constant "effective" speed immediately

upon warning by nuclear facility perscnnel* of the impending

*No specific delay time is assumed for the notification of
responsible authorities, the decision to evacuate, the
time recuired by officials to notify people to evacuate,
and the time required by people to mobilize and get

underway. .



release. Representative effective evacuation speeds were
determined from the EPA data by dividing the recorded evacuated
distances by the corresponding total time periods required to
complete the evacuations. Because the total evacuation time
periods include all delays as well as the travel time required
to leave the affected areas, the "effective” speeds determined
are considerably lower than the speeds actually attained while
evacuating. Evacuated persons are assumed to continue moving
outward from the reactor site until overtaken by the cloud
of radiocactive material. At the distance they are cvertaken
by the cloud, they are exposed to the entire duration of the
cloud and to ground contamination for an assumed period of
4 hours. Constant shielding factors for exposure to air-
borne radionuclides and ground contamination and a constant
breathing rate are uniformly applied to the entire evacuating
population.

The statistical analysis of the EPA data performed in
the RSS showed that (1) a log-normal distribution can be
suitably used to describe the distribution of effective
evacuation speeds, (2) the likely effective speeds are small,
(3) the range of likely effective speeds is large, and
(4) the number of persons evacuated had no statistically
significant effect on the effective speed of evacuation.
Data for evacuations in response to transportation events,
floods and hurricanes were analyzed both separately and
together. However, the individual log-normal distributions

of effective speeds for the three evacuation categories were



shown to be liqnitican.tly different. Therefore, because ‘
(1) transportation accidents often involve airborne releases

of noxious gases, and (2) the warning times and evacuation
movements are comparable to those that might be associated

with a reactor accident, only data gathered for evacuations

in response to transportation accidents were used in developing
the descriptive model for reactor accidents. A chart of the
data collected for transportation accidents is presented as
Table 1. Because there is a large variation in effective
evacuation speeds, tne use of one "representative” speed was
considered inappropriate. As explained in Appendix VI of the
RSS, the distribution of evacuation speeds was therefore repre-
sented by three discrete values, 0, 1.2 and 7.0 mph, with

probabilities of 30 percent, 40 percent, and 30 percent, res-

pectively.

While the evacuation model described above is most likely
sufficient for the calculation of aggregate public risks from
potential reactor accidents, it is inadequate for use in
evaluating evacuation as a radiological emergency protective
measure for several reasons. Calculations which use effective
evacuation speeds do not provide realistic descriptions of the
spatial or temporal movements of evacuating persons, and are
therefore difficult to interpret. The total time required to
complete an actual evacuation will involve z delay time of
some duration in addition to the actual travel time required
to leave the affected area. The time required for notifying

responsible authorities, interpreting data, deciding to evacuczte,




Table 1. EPA Evacuation Data for Transportation
Accidents (from Appendix VI of ref. 1)
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directing people to evacuate, and for people to mobilize and

get underway (7] may result in significant delays. Actual

speeds attained while evacuating may be considerably higher

than the calculated effective speeds. This could significantly
affect the total time of exposure to ground deposited radiocactive
material. Responsible planning authorities will have some under-
standing of these delay components and the likely speeds attain-
able on routes leaving the evacuated area. The assumption that
evacuating persons overtaken by the radioactive cloud are exposed
to the entire cloud duration and to ground contamination for a
constant 4 hours is also an unrealistic description of the
public's exposure to radiation during evacuation. In addition,
rather than remaining constant during the total time of evacua-
tion, shielding factors and breathing rates may be markedly
different during the delay and transit periods. Therefore, a
revised model of public evacuation was developed for use in
examining evacuation as a protective measure and is presented

in the next section. Representative values for the temooral
Parameters in the revised treatment are determined based on a
reinterpretation of the EPA data [6], as explained in Section

IV of this report. It should be noted that the concepts
enumerated in the proceeding discussions are applicable 1in

general to emissions of airborne toxicants.

III. DESCRIPTION OF EVACUATION MODEL AND PARAMETERS
The new evacuation model was designed for use in the RSS

consecuence model and is therefore similar in some respects to



the RSS evacuation model described in the previcus section.
However, significant differences do exist between the two
models and these diffecences are detailed here. 1In lieu of
the effective evacuaticn speeds assumed i1n the RSS evacuation
model, the revised treatment 1li.;orporates a delay ctime before
public movement, followed by evacuation radially away frcm

the reactor ‘at a higher constant speed.* Both the assumed
delay time apd evacuation speed are required as input to the
model. Different shielding factors and breathing rates are
used while stationary or 1in transit. As assumed pre-

viously, all persons within the designated evacuation area
move as a group with the same delay time and evacuation

speed. Therefore, the possibility that some peoole may not
leave the evacuated area is ignored. This latter assumption
results in upoer bound estimates of evacuation effectiveness,
given a specific delay time and speed.** Unlike the RSS model
in which persons continue evacuating until they are elther
overtaken by the cloud or leave the model grid, all evacuating
persons in the new model travel a designated distance from the
evacuated area and then are removed from the problem. This
treatment allows for the fact that after traveling outward for
some distance, people may learn their position relative to the

cloud and be able to avoid 1it.

*The speed 1s higher than the previously assumed effective
speed since the total evacuation times (delay plus travel
time) must be the same.

**The evacuation effectiveness would decrease linearly with
an increasing nonparticiating fraction of the pooulation.
In actual evacuations, Civil Defense personnel have observed
a nonparticipating minority of approximately 5% [6].

13
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The new model also calculates more realistic exposire ‘
durations to airborne and ground deposited radionuclides
than the RSS evacuation model. The RSS consequence model
employs an exposure model for an instantaneous point source
(8] and thus all releases have zero effective lengths.
Because of this, evacuating persons overtaken by the cloud
in the RSS evacuation model are exposed to the entire cloud
at the point the cloud initially reaches them. In reality,
however, a released zloud of radioactive material would have
a finite release duration and a length that depends nn the
wind speed during and following the release of the radio-
active material from the reactor containment building.

A person overtaken by the “ront of the cloud might still

escape before being passed by the entire cloud and thus
receive only a fraction of the full cloud exposure.* The
revised evacuation model assigns the cloud a finite length
which 1s calculated using the assumed release duration and
wind speed during the release. To simolify the treatment,

the cloud is assumed to remain of constant lenath following
the release (i.e., the front and back of the cloud travel at
the same speed), and the concentration of radioactive material
is assumed to be uniform over the length of the cloud. The
radial position of evacuating persons, while stationary and in

transit, is compared to both the front and the back of the

*It 1s also possible that an evacuating person may travel
under tne cloud for a long time and thus receive more
exposure than i1f he had remained stationary during iLhe
passage of the cloud.




cloud as a function of time to determine a more realistic

period of exposure to airborne radionuclides.

The revised treatment calculates the time periods during

which people are exposed to radionuclides on the ground while

they are stationary and while they are evacuating. Because

radionuclides would be deposited continually from the cloud

as 1t passed a given location, a verson while under the cloud

would be exposed to ground contamination less concentrated

than i1f the cloud had completely passed. To account fo: this,

at least 1in part, the new model assumes that persons are exposed

to the total ground contamination concentration, calculated to

exist after complete passage of the cloud, when completely passed

by the cloud, to one half the calculated concentration when any-

where under the cloud, and to no concentration when 1ii.. front of

the cloud. A graphical description of the peoole/cloud inter~-

actions treated in this model 1s included in Aopendix A.

IV. REINTERPRETATICN OF EPA EVACUATION DATA

The EPA evacuation data [6] for transoortation acci-
dents presentad in Table 1 was used to determine represen-
tative effective evacuation speeds for use in the RSS
evacuation model. The revised model of public evacuation
descri™ed in this report requires as input estimates for
both a delay time before public movement and an evacuation
speed while in transit. While the data recorded for the

evacuation events listed in Table 1 includes the total

evacuation period or time, the delay and transit times are



not given. However, sufficient information is available for
the separation of delay and transit times if 2 specific
actual evacuation speed is assumed. The transit time for
each evacuation event can be estimated by dividing the
recorded evacuated distance by the assumed evacuation speed.
Subtracting the estimated transit time from the recorded
evacuation period results in the appropriate delay time

for that event. Pecfocrming this calculation for each

of the ten evacuation events listed in Table 1 for selected
assumed evacuation speeds leads to the following estimates

of the mean and range of corresponding Jdelay timss.

Assumed Evacuation Mean Delay Range of Delay
Speed (MPH) Time (hours) Times (hours)
10 2.8 0 - 5.5
20 3.2 0.4 - 6.8
30 3.3 v.6 - 7.2
40 3.4 0.7 - 7.4

Statistical analysis of the data suggests that for each
assumed evacuation speed, the distribution of delay times
calculated may be satisfactorily represented by a normal
distribution. Using a normal dlsiributicn for each of the
assumed speeds suggests the following !5-85 percent range

of delay times.

Assumed Evacuation Speed 1£-85% Range of Delay Times
e (MPH) (hours) _ iz
10 0.9 - 4.7
20 1.2 »:5.2
30 1.3 - 5.3
40 1.4 - 5.4




As indicated by the information above, the mean and likely
range of delay times suggested by the EFA data are relatively

insensitive to the evacuation speed assumed. Regardless of

wha: speed is assumed the mean, 15 and 8% percent delay times

are approximately 3, 1 and 5 hours, respectively.

17
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APPENDIX A

Graphical Description of Evacuation Model

This appendix graphically illustrates the possible
space/time interactions of evacuating persons and the cloud
of radicactive material as treated by the revised evacuation
model. Figure 1 shows the radial position of the radioactive
cloud as a function of time following warning of the impending
release. The warning is assumed to occur at time = 0, and
t. is the time available after warning and before the start

-

of the release. t_. is the duration of release. The positions

r
of both the front and back of the cloud are indicated, and
for si-piicity the speed of the cloud (windspeed) is assumed
constant in this figure. 1In actual computations performed
using the consequence model, the speed of the cloud can vary
downwind distance interval. Also, both in the model and the
figure, the speeds of the front and back of the cloud are
assumed to be identical (i.e., the cloud has a constant length).
Figure 2 shows the radial position of evacuating people
initially located at d, as a function of time following warning.
Again, the warning is assumed to occur at time = 0, and t, is
the delay time belore people begin to move away from the
reactor. Evacuating persons are assumed to move radially away

from the reactor with a constant velocity, Vp* The distance

functions of the cloud and people are given by:
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Figure 1. Radial Position of Cloud as a
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Figure 2. Radial Position of Evacuating People
as a Function of Time




People:

o ’ o
dp(t) = (A.1)
vp(t-to) +d, e t >ty
Front of Cloud:
0 e Lt
dcf(t) = (A.2)
vc(t - Byl r t >t

where v. = average cloud velocity up to dc {t).

c f

Back of Cloud:

dCb(t) = (A.3)

vc[t- (e, + &0 % Pk ¥ 8)

FPigure 3 combines Pigures 1 and 2 as an example of the
people/cloud interaction pessibilities treated in the evacua-
tion model. In the hypothetical situation indicated, the
entire cloud passes by the population located at do before

they begin to move. However, once the population begins

21



DISTANCE FROM REACTOR

Peovle

Front of
Cloud
N

TIME

Figure 3. One Example of the Interaction of
Evacuating Peorle and Cloud as a
Functiuvn of Time.



moving away from the reactor, they rapidly overtake and escape

the cloud.

Exposure implications:* i) people are
once while
transit

ii) people are
tamination
stationary

in transit

exposed to cloud twice:

stationary, once in

exposed to ground con-
for (tg = tl) while

and for (t2 - to) while

The exposure history of downwind populutions is calculated

on a distance interval basis in the consequence model-[l]. As

people evacuate through each interval, there are nine possible

people/cloud interactions, all of which
evacuation model. The follecwing figure

strates these situations.

are treated by the

schematically illu-

*Shielding factors and breathing rates may be different while

stationary and in transit.
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People travel in front of cloud
Cloud overtakes people

Cloud overtakes and passes people
People escape from under cloud
People travel under cloud

Cloud passes people

People overtake and pass cloud
People overtake cloud

People travel behind cloud
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