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Urban Evacuation in Seismic Emergency

Conditions

THIS FEATURE EXAMINES THE
PROBLEMS OF URBAN
EVACUATION PLANNING AND
MANAGEMENT AFTER AN
EARTHQUAKE, WITH
REFERENCE TO
INTERNATIONAL LITERATURE.
IT EXAMINES THE MODELS
USED TO REPRESENT THE
PHENOMENON AND THE
INFLUENCE OF A
POPULATION’S BEHAVIOR,
AND IT DISCUSSES THE
POSSIBILITY OF IMPROVING
A ROAD SYSTEM WITH
SPECIFIC TRAFFIC
REGULATIONS.

BY UMBERTO PETRUCCELLI
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GENERAL ASPECTS OF THE PROBLEM
Evacuation is a complicated and deli-
cate operation that easily can lead to acci-
dents and unforeseen circumstances.
However, evacuation can be simple to
perform before a catastrophic event—if
the event can be predicted sufficiently in
advance and with reasonable certainty.
The staggered departure of the popula-
tion, whether spontancous or pro-
grammed, can produice almost stationary
traffic flows during the escape time. A fur-
ther simplification of this kind of evacua-
tion scenario exists in the possibility of
using the road network’s entire capacity
because it has not yet suffered any damage
and is not being used by rescue vehicles.
Earthquakes, however, differ from
other catastrophic events. It is not cur-
rently possible to predict the first tremor
or the aftershocks of an earthquake with
sufficient certainty and accuracy. As a
consequence, evacuation can be carried
out only after an earthquake. This obvi-
ously involves complications. A post-seis-
mic evacuation differs from an evacuation
that occurs prior to a forecast catastrophic
event for the following reasons:
* Unpredictability of the time available
for the population to seck shelter
¢ Greater concentration of demand
and, consequently, more widespread
saturation phenomena
* Increased complexity of demand
scenarios to be analyzed
* Possible reduction in supply as cer-
tain elements of the road system
may be rendered inoperative
* Necessity to guar-
antee the simulta-
neous niovements
of both operative and rescue vehicles
* Increased difficulties in coordinating
and directing the evacuation
* Changes in ordinary behavior due
to panic
* Increased probability of road acci-
dents or unforeseen circumstances

* Difficulty in implementing special
traffic regulation measures and plans

REPRESENTATIVE MODELS

The problem of urban evacuation lies
in the analysis of the supply/demand sce-
narios cxpected within this field. Essen-
tially, this involves checking the transport
network when exposed to the load pro-
duced by an evacuation and assessing cer-
tain descriptive functioning parameters
of the system, such as the time needed for
the area to be emptied; the flows present
during this time on each element of the
network; the commercial velocities; the
critical points (bottlenecks); and, possi-
bly, the way they function.

A study of this kind can prove some-
what complicated, especially in an unco-
ordinated evacuation. In this case,
because departures cannot be timed, one
can expect a high concentration of depar-
tures in the first few minutes after the
first tremor with the consequent forma-
tion of a large wave of traffic preventing
the system from reaching a stationary
functioning status.

In actual fact, the demand, which
peaks markedly, does not have corre-
sponding flow values greater than the
capacity because the network arcs act as
accumulation zones for the queuing vehi-
cles that probably will cause traffic jams
at many intersections. As a result, evacua-
tion times increase considerably in rela-
tion to those predicted and the network
is not fit for use by rescue vehicles.

Figure 1 illustrates the problem from
a qualitative point of view: The dashed
curve represents the flow that would be
created on one element of the network
after an uncoordinated evacuation if all
the elements of the network had an infi-
nite capacity or, at the least, a capacity
equal to or greater than the demand
assailing chem.

The continuous curve in Figure 1 rep-
resents the real flow, equal to the capacity,
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which could stabilize on an element of the
network if the jams caused by demand far
exceeding supply did not lead to jams at
the intersections. The said curve represents
the flow that could be produced in a coor-
dinated evacuation, in which the depar-
tures are duly timed to ensure that flows
do not exceed capacities.

The morphological diagram of
approaches to the general problem of
emergency evacuation proposed by certain
experts is interesting (see Figure 2).! It
highlights, among other things, the limits
of the simulative approach. Although it is
capable of representing the real system
well, the simulative approach requires the
treatment of a great bulk of data and,
above all, does not allow the resules
obuained to be extended to another system.

Other experts have identified three cate-
gories among the existing evacuation mod-
els: dissipation rate models, manual capacity
analysis models and micro traffic simulation
models.Z The first provide an aggregate state
formula for estimating evacuation time
according to the size and population density
of an area. The second contain techniques
for allocating the population on the net-
work while taking road capacities into
account. Micro simulation models describe
the evacuation process on the network on a
micro level and, unlike the first two models,
they generally are dynamic.

The problem of developing simula-
tion models for use in the study of evacu-
ation has been confronted over the last
few years with different approaches based
on simulation at macro, micro and inter-
mediary levels.3* Micro simulation stud-
ies vehicular flow as the result of the
movement of an individual vehicle com-
posing the flow. Therefore, it is more
suited to reproducing highly complicated
situations and non-steady-state condi-
tions of demand. However, because of
the mass of calculations required, it is
better suited to precautionary checks of
evacuation scenarios to be implemented.

If, in addition to the movement of vehi-
cles, a study is made of the operations that
precede them (and so condition the begin-
ning of the evacuation) and, in particular,
the preparation time and the time for the
alarm signals to spread, it is preferable to
consider families as entities within the
micro simulation racher than cars.’
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Figure 1. Qualitative progress of spontaneous and timed evacuation demand.
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Figure 2. Morphological diagram of approaches to the general problem of emergency evacuation.

From an operative point of view, an
evacuation carried out prior to a cata-
strophic event raises the following ques-
tions in consideration of transport
planning:67

* How much time is needed for the

entire population to reach a safe place?

* How many people are at risk as a result

of the estimated evacuation time?

*» What routes must be used by public

vehicles employed in the evacuation?

* What is the best evacuation strategy?

» Where are the critical points and

bottlenecks on the network?

* What traffic control measures can be

implemented to improve the effi-
ciency of the critical points?

For an evacuation carried out immedi-
ately after a catastrophic event, the follow-
ing questions also must be considered:

¢ What is the configuration of the
infrastructure network of supply
after the event?

* What transport demand will be pro-
duced after the event by family
members reaching each other before
the actual evacuation begins (taking
into account the effect of panic)?

* Are these movements and the evacu-
ation itself compatible with the res-
cue operations, which must be
guaranteed at the same time?

A further problem concerns the validicy
(in bottleneck areas and in conditions of
extreme congestion in general) of supply
models that define possible speed according
to the inverse infrastructure flow/capacity
ratio. As shown by certain experts, this leads
to velocity values nearing zero when the
capacity is in saturated conditions. This
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obviously limits their application to prob-
lems such as evacuation, in which, presum-
ably, full capacity is reached on all or nearly
all the arcs and nodes of the network during
the majority of the evacuation time.8

The transport demand estimate
requires a preliminary study of people’s
behavior in the specific situation. When
basing the study on comparable experi-
ences, one aspect must be known: the

A
2 Rapidresponse .+ Medium pesponse
£ 100 \ s -
= N & ~
2 o0 z .
3 sod : / $how response
$ :
S 70 !
g :
B 60~ !
S 1
%;L 30— ; Situation for a
= i forecast event
3 404 !
=
Z oJ .
g 3 :
3 20 :
S 104 -0
vl -
T T 1 T 1 li T T I T I -
<4 3 2 -1 0 1 2 3 E 56
Evacuation Time
order (hours)

Figure 3. Cumulative percentage of evacuees leaving home in a forecast event.

100—

a

c

Rapid response

Cumulative percentage of evacuees leaving hom

Medium response

-
P

7 Slow response

Situation for an
unexpected
event

T

Moment the
event oceurs

v

Time
(hours)

Figure 4. Cumulative percentage of evacuees leaving home in an unexpected event.

100 =
80

60

40

It

20
0 b

Percentage
cumulative volume

]
[
o

——
-

[ I
n
o O
— -
o oor
1}
£
o

0 20 40 60 80

Time (minutes)

100

Figure 5. Percentage of the cumulative volume loading on the network according to time.

36

population’s response methods and times
immediately after = 0, where #= 0 repre-
sents the moment at which the alarm sig-
nal is given or, in the absence of a signal,
the moment at which the event occurs.
The three curves in Figure 3 repre-
sent, on a qualitative level, the rapidity
with which the number of people who
begin the evacuation at the moment £ =0
increases with time (assuming the order
to do so had been given at the moment ¢
= 0).? In Figure 4, the same curves are
produced according to the hypothesis of
an unforeseen event, starting from the
moment at which such an event occurs.

BEHAVIORAL ASPECTS

The cumulative volume loaded on the
network can be represented by an s-shaped
curve defined by the following equation:10

1
Ve()= ) (1)

where

Ve(t) = cumulative percentage of the
total volume loaded on the network at
clock-time ¢

a = s-curve slope factor

b = loading time factor

Figure 5 shows the graph of the s-
shaped curve represented by this equa-
tion. The construction of a network
loading curve that reproduces the real
demand scenario requires the variables
representing the behavior of the individ-
uals involved to be introduced in the
evacuation model, through which the
frequency distribution can be obtained
for the evacuation start times.

The influence of behavioral variables
on evacuation times was verified in an
application to the city of Dimona, Israel.
Evacuation after an emergency caused by
a radioactive leak was simulated by means
of a model incorporating two descriptive
behavioral variables: the time for the evac-
uation instructions to spread and the time
for the evacuation decision to be made.!!

Using a tree diagram, it was possible to
estimate the time for the emergency
instructions to spread through various
categories of people in two different sce-
narios: evening (from 6:00 p.m. to 12:00
a.m.) and late night (from 12:00 a.m. to
6:00 a.m.), relative to whether or not peo-
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ple had a radio or television and whether
it was turned on. If not, the scenario
referred to the type of home; information
was received from neighbors with varying
speeds depending on whether they lived
in a flat or a house. Additional time was
assigned to those who were not at home,
allowing them to reach rheir homes
before beginning the evacuation.

In both scenarios, evacuation times
calculated with this simulation were
found to be noticeably longer than rhose
produced by an evacuation model that
did nort use behavioral variables. On the
other hand, the maximum value for
queuing was found to be lower.

Figure 6 shows the number of vehicles
expected at one of the city's exits at every
3-minute interval during the first 15 min-
utes after the alarm is raised, calculared
using the specially designed behavioral
based model and a common model.!2

For a model to be produced for a pop-
ulation’s behavior, that behavior first
must be examined using specific surveys.
It should be noted, however, that the
behavior observed in certain surveys dif-
fered greatly from one context to
another. For example, the percentage of
people who declared themselves willing
to evacuate was found to be 89 percent in
Dimona. This contrasts with the willing-
ness of 49 percent of those residing
within a 6- to 10-mile range of Three
Mile Island nuclear plant and 76 percent
and 75 percent, respectively, of those
residing near the Shoreham and
Seabrook nuclear power plants in New
York and New Hampshire.!3

The characteristics of an escape in con-
ditions of increasing panic can be summa-
rized in the following way, with particular
reference to people fleeing on foot: !

* People move or try to move much

faster than normal

* People start pushing; interactions

become physical in nature

* Moving and, in particular, passing a

bottleneck becomes uncoordinated

* Arching and clogging occur at exits

* Jams build up

* Physical interactions in jammed

crowds contribute to dangerous
pressure levels

* People fall or become injured, creat-

ing “obstacles”
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Figure 6. Distribution of evacuating vehides through a city’s exit calculated using a behavioral based model

and a non-behavioral based model.

* People show a tendency toward mass
behavior (doing what other people do)

* Alternative exits often are over-
looked or not used efficiently

The characteristics schematized for
evacuation on foot can be adapted for an
evacuation in panic conditions by means of
private car. The differences are as follows:

* Free flow speeds and, consequently,
possible speeds may be higher than
those normally observed for the same
vehicular density values, with a conse-
quent reduction in safety conditions

* Drivers fail to respect the rules of
the road (in particular, traffic lights
and the rights of way), resulting in a
distribution of empty road intervals
in proportion to the flows of con-
flicting maneuvers

* Accidents occur with greater fre-
quency in relation to ordinary out-

~flow conditions; broken down
vehicles along the roads form nar-
row passageways constituting singu-
lar points with reduced capacities
that are capable of conditioning the
route’s overall capacity

* Existing alternative routes are not
evaluated with due rationality

The generalized hypothesis for the
rationality of the user fails: The user acts
without information on the nerwork’s
state of congestion and, due to panic, is
unable to evaluate lucidly any informa-
tion received in real time.

The need to move away as quickly as
possible and the congestion that occurs

during the evacuation sometimes induce
the driver to head for the arc that
appears least congested rather than cre-
ate a full decisional strategy. In doing so,
the driver’s behavior is governed by a
myopic view, based on the state of satu-
ration of alternative routes as seen from
the vehicle’s position.15

This behavior can be taken into
account during destination selection
(which city exit portal to use) and, above
all, during the route selection process by
adopting criteria concerning the percep-
tion of the degree of saturation of each arc
based on the distance of one’s own vehicle
from the last vehicle in the queue. !0

A decision based on these criteria
obviously leads to a distribution among
the city exit portals and among various
alternative routes that is different from
the distribution that would be obtained
by basing the route selection on journey
time or generalized cost, as occurs in a
common assignment method.

Panic also affects the distances
between queuing vehicles by inducing the
“scrunching” effect, decreasing the dis-
tances between vehicles in relation to
those found in normal outflow condi-
tions with the same capacity occupied.!”
In addition to increasing the risk of acci-
dents, this also makes the relationships
among density, velocity and flow supplied
by the scientific bibliography with refer-
ence ro ordinary conditions less reliable.

The population density and the pro-
portions of the urban area also have con-
siderable effects on evacuation times.
This result, which is rather unsurprising
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in itself, has been noted in the applica-
tion of various evacuation models, with
increases in the evacuation time noted as
exponential to the size of the arca.

With regard to Dimona in particular,
the evacuation times calculated for a sup-
posed population increase of 5 percent
were found to be 9 percent and 12 per-
cent higher at the two exits considered in
relation to the values obtained for the
current population.!8 This confirms the
importance of identifying verification
scenarios that are sufficiently representa-
tive of numerous real evacuation situa-
tions. This may differ, in numerical
terms, depending on the time of day to
which the scenario refers.

TRAFFIC CONTROL
If the evacuation is carried out, even
partially, using private cars (if this is
found to be possible and compatible with
rescue operations) and, particularly if the
evacuation is coordinated, it would be
worthwhile to implement traffic control
measures that make it possible to opti-
mize the working of the system and take
on unforeseen situations. [n particular:1?
¢ Place two officers at each critical inter-
section so that one can give assistance
and information to drivers in need.

* Set signal patterns to provide the
most green time for the approach
leading away from the area.

* Leave a lane open for use by emer-
gency vehicles and vehicles traveling
against the flow of evacuation traffic.

* Suspend the payment of any tolls to
maximize the access capacity of the
roads concerned.

¢ Select the evacuation routes that
minimize left-turn conflicts.

* Supplement the directions to be
imposed with physical barriers.

* Prevent the movement of long vehi-
cles (trucks and mobile homes).

It would be particularly interesting to
evaluate the possibility of implementing a
special traffic scheme after the carthquake,
designed to facilitate the evacuation. One-
way systems can as much as double the
capacity of each lane and increase the
capacity of intersections, reducing the con-
flict points sensibly. However, the imple-
mentation of these schemes seems quite
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difficult, especially because they are
unlikely to be understood by road users.

Experimental confirmation has been
provided in the application to Rio
Grande Valley, TX, USA, of a simulation
model developed for hurricane evacua-
tions.20 The model obtained signifi-
cantly lower values in the evacuation
times and a decidedly consistent increase
in network capacity.

CONCLUSIONS

This analysis has highlighted the lack
of working knowledge in the scientific
literature regarding some specifics about
soon-after earthquake evacuation.
Research on the following two problems
must be expanded:

* People’s behavior after a quake and
how it affects evacuation demand fea-
tures and evacuation path choice,
aimed toward:

—A network loading model taking
into account objective data (town
layout, earthquake magnitude and
effects on buildings) and subjective
darta (sensibility of people involved)

—An assignment model able to con-
sider the effects of panic and lack-
ing information about network
load on the path choice

The working of nerwork elements in

saturated and over-saturated condi-

tions: This research must be aimed
toward producing and calibrating
supply models reproducing the flow-
speed and density-speed relation-
ships, in these working conditions,
for every network element and also
taking into account the effects of sat-
uration on the next elements. ll
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