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ABSTRACT: In past earthquake disasters, due to the occurrence of many people trapped
under collapsed buildings, rapid rescue activities were needed in the emergency response
period. In the event of the Southern Tokyo Inland Earthquake, it is assumed that up to
72,000 people are expected to be trapped under collapsed buildings, and rescue activities in
the affected areas will be required as soon as possible. This study aims at contributing to the
advance planning for rescue activities after earthquake occurrence for people trapped under
collapsed buildings in Yokohama City, Kanagawa Prefecture, in the event of the Southern
Tokyo Inland Earthquake by performing a rescue simulation that considers the functional
obstacles of the transport network after the earthquake. From the results of this study, we
consider the effect of functional obstacles of the transport network on lifesaving activities and
the strategy of traffic regulation on emergency transportation roads.

1 INTRODUCTION

In the Great Hanshin-Awaji earthquake, many people were trapped in collapsed buildings
and prompt rescue activities were required. However, the arrival of emergency vehicles was
greatly delayed due to road damage and blockage caused by building collapse, so rescue activ-
ities were difficult immediately after the earthquake. The occurrence of large-scale earth-
quakes in the future is a concern in the metropolitan area. For example, in the damage
assumption for harm caused by the Southern Tokyo Inland Earthquake, it is said that the
maximum number of people expected to be trapped in collapsed buildings due to structural
damage from shaking is about 72,000 in the total affected areas (Central Disaster Manage-
ment Council 2013). For this reason, measures to secure the safety of human life are actively
taken. For example, the Central Disaster Prevention Council formulated plans on emergency
transport routes and the dispatch destinations of rescue teams from outside the affected areas.
However, because no evaluation method has been established for the effect of assumed
damage on rescue activities, consideration on concrete measures has not been sufficiently con-
ducted and emergency response immediately after a disaster may not be implemented
smoothly.
In this research, to contribute to the advance planning for lifesaving activities after an earth-

quake, rescue simulation was constructed for people trapped in collapsed buildings in Yoko-
hama City, Kanagawa Prefecture, in the event of the Southern Tokyo Inland Earthquake.
Then, by conducting rescue activity simulation, this research (1) analyzed rescue activities by
rescue workers of the fire station in Yokohama City, Kanagawa Prefecture, for people
trapped in collapsed buildings; (2) grasped the effect of functional obstacles of the transport
network on lifesaving activities; and (3) considered the strategy of traffic regulation on emer-
gency transportation roads.
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2 CONSTRUCTION OF RESCUE SIMULATION

2.1 Outline of rescue simulation

In the rescue simulation of this study, it was assumed that firefighters rescued people trapped in
buildings collapsed by the Southern Tokyo Inland Earthquake at 5:00 a.m. It was assumed that
people were trapped in collapsed buildings due to wooden or non-wooden structures collapsing
from shaking and wooden structures failing from cliff collapse. The movement speed of the fire-
fighting vehicles heading toward the rescue site was set according to whether the road where the
vehicles passed was classified as a “regulated road (emergency traffic road)” or a “non-regulated
road,” and the assumed seismic intensity. “Regulated road (emergency traffic road)” means a
road that is supposed to prohibit or restrict the passage of vehicles other than emergency
vehicles to smoothly carry out emergency transportation of rescue workers and goods immedi-
ately after the occurrence of an earthquake. Whereas, “non-regulated road” means a road that
is not supposed to implement traffic restrictions. Additionally, the narrow streets of “non-regu-
lated roads” were estimated considering the effect of road blockage by collapsed buildings. In
the rescue simulation, the data ArcGIS Geo Suite Road Network (Esri 2018) was used. In this
data, road type, road width, travel speed (km/h) at congestion, and travel speed (km/h) at non-
congestion were input by referring to the results of nationwide road and street traffic surveys
(Ministry of Land, Infrastructure and Transport 2015), which were listed. This study simulated
rescue activities by letting the rescue team select the route that minimized the travel time to the
rescue site where people were trapped in collapsed buildings, using the Network Analyst tool
(Vehicle Routing Problem). By using this tool, it is possible to collectively calculate the traveling
routes of each rescue site by a plurality of fire fighting vehicles.

2.2 Calculation of the number of people trapped in collapsed buildings

This study calculated the number of people trapped in collapsed buildings in the case of the
Southern Tokyo Inland Earthquake at 5:00 a.m. in Yokohama City, Kanagawa Prefecture,
using a 250-square meter grid. The reason for adopting the 250-square meter grid data is that
other municipalities have data on assumption of damages in units of 250-square meter grid,
and we thought that the simulation constructed in this study was easy to apply. In addition,
the Southern Tokyo Inland Earthquake is an earthquake that the country places emphasis on
countermeasures, and the probability of occurrence is said to be high. Figure 1 shows the seis-
mic intensity (use the seismic intensity class of Japan Meteorological Agency) and the number
of buildings completely destroyed (Kanagawa Earthquake Damage Assumption Investigation
Committee 2015) used in this study. As a feature of the geology of Yokohama City, amplifica-
tion of earthquake motions and liquefaction phenomena are likely to occur at the time of
earthquake because lowlands spreading along rivers and coasts are alluvial. In this research,
earthquake ground motion is calculated considering the ground of each area. Furthermore,
building damage due to liquefaction of the ground is considered in evaluating functional obs-
tacles of the transport network.
Figure 2 shows the calculation flow of the number of people trapped in collapsed buildings.

The population per completely destroyed building was calculated using 250-square meter grid

Figure 1. Earthquake damage assumption in Kanagawa Prefecture.
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data from the 2015 census for population (Ministry of Internal Affairs and Communications
2016) and data from the 2010 city planning basic investigation for building data (Kanagawa
Prefecture Land Development Bureau 2010). Based on the Basic Survey on Social Life in
Fiscal 2011 (Ministry of Internal Affairs and Communications 2012), this study assumed that
97.5% of the total population was at home as of 5:00 a.m. and the remaining 2.5% was work-
ing outdoors. When calculating the people trapped in the collapsed building, the method
assumed by the Kanagawa Earthquake Damage Assumption Investigation Committee (2015)
was used. Finally, in this research, in order to reproduce rescue activities including travel time
by simulation, if the fractional part of the number of people trapped in collapsed buildings
calculated in units based on the 250-square meter grid was greater than or equal to the uni-
form random number of 0 to 1 calculated by the Python on GIS, it was rounded up; however,
if it was less than the uniform random number, it was rounded down.
Figure 3 shows the results of aggregating the number of people trapped in collapsed build-

ings calculated in units based on the 250-square meter grid by jurisdictional area of each fire
station of Yokohama City. The pie chart shows breakdown by factor of damage, and people
trapped in buildings collapsed from failure of wooden structures caused by shaking occupied
90% of the total. From Figure 3, the number of people trapped in collapsed buildings within
the jurisdictional area of the Kohoku Fire Station was the largest in Yokohama City.

2.3 Impact assessment on movement of firefighting vehicles due to traffic obstruction

In this research, firefighters were limited in movement from each fire station and branch to
the rescue site where people were trapped in collapsed buildings, and to vehicles such as pump
cars and rescue vehicles. Thus, the model of rescue activities after the earthquake was con-
structed by lowering the moving speed of the firefighting vehicles according to the damage
situation. Figure 4 shows an estimation flow of the moving speed of the firefighting vehicles
after the earthquake. The estimation of the moving speed of the firefighting vehicles according
to the assumed seismic intensity was set as shown in Table 1 with reference to Majima et al.
(2008), who tackled the construction of a transport simulation assuming the situation of a

Figure 2. Calculation flow of people trapped in collapsed buildings.

Figure 3. Number of people trapped in collapsed buildings.
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disaster after an earthquake. Majima et al. (2008) estimated the moving speed of emergency
vehicles using the speed corresponding to each road type. However, this study estimated
moving speed by considering the road traffic situation in the target area by using the non-con-
gestion traveling speed (V1) listed in ArcGIS Geo Suite Road Network 2018 data of Esri. In
fact, although severe conditions were assumed for road regulation after the earthquake, this
study did not consider the time required for road regulation from the occurrence of the earth-
quake as it was impossible to properly set this time. The following paragraph describes the
method of assessing impact on firefighting vehicles due to road blockage. Initially, this study
calculated the road blockage rate for each 250-square meter grid using a “relational expression
of damage ratio of buildings rate and road blockage rate” (Kanagawa Earthquake Damage
Assumption Investigation Committee 2015). The road blockage rate means the percentage of
links where the width of the roadway remaining from road blockage had become 3 m or less.
Figure 5 shows a logarithmic approximation formula concerning the percentage of respondent
firefighters with whom traffic obstruction occurred and the increase in road link ratio with
roadway width less than 3 m. This graph was created based on the results of a questionnaire
survey examining the “relationship between street conditions and traffic obstruction” con-
ducted with firefighters of the fire station in Kobe City by Ieda et al. (1997). Next, by applying
the calculated road blockage rate in units based on the 250-meter square grid to the approxi-
mation formula shown in Figure 5, the probability that a traffic obstruction in each 250-
square meter grid would occur was calculated. Finally, if the uniform random number from 0
to 1 calculated by the Python on GIS was smaller than the probability that a traffic obstruc-
tion would occur, it was assumed that the entire grid would cause a traffic obstruction due to
road blockage. If this was not the case, it was assumed that traffic obstruction would not
occur. Incidentally, in this study the roads affected by collapsed buildings were limited to
narrow streets because it was judged that buildings constructed along emergency traffic roads
had promoted earthquake resistance in recent years, so roads with widths of 13 m or more
were less likely to be affected by collapsed buildings.

Figure 4. Flow on estimation of moving speed

of firefighting vehicles.

Table 1. Estimation of moving speed according to assumed seismic intensity.

Road classification

Assumed seismic intensity

4 weakness or less
5 weakness or
high

6 weakness or
high 7

Regulated road Highway V1 V1 V1/2

General

road

Non-regulated

road

Highway V1/2 V1/10

General

road

V1: Non-congestion traveling speed (ArcGIS GeoSuite Road Network 2018 data).

Figure 5. Increase in road blockage rate and

probability of traffic obstruction.
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2.4 Setting conditions of rescue simulation and analysis procedure

First, this study calculated the number of rescue hours and rescue workers required to rescue
people trapped in collapsed buildings by employing materials used to analyze rescue activities
by the police in the Kumamoto earthquake (National Police Agency 2017) and the lessons
learned from the Great Hanshin-Awaji Earthquake (Analysis and Utilization Investigation
Committee 2006). Using the police’s analytical materials, the calculated average time taken to
rescue people trapped in collapsed wooden buildings was 96 minutes. Furthermore, the ques-
tionnaire on the number of rescue workers in the rescue site by the Kumamoto prefectural
police at the time of rescue activities showed that if the number of rescue workers was less
than 5 people per rescue site, they felt that the number of rescue workers was insufficient.
Based on the above, we set up our research to require one rescue team organized by six rescue
workers, with the required rescue time of 96 minutes to rescue 1 person trapped in a collapsed
wooden building. However, the rescue time of people trapped in a collapsed non-wooden
building was set to twice the rescue time for wooden buildings (192 minutes), referring to the
lesson materials of the Great Hanshin-Awaji Earthquake, where the time required for rescue
in the event of cliff collapse was also set similarly.
Next, this study described how to set conditions on rescue activities of firefighters in a

rescue simulation. Activity time per day for firefighters was set at 16 hours for rescue activities
including travel time, with 8 hours for rest. With reference to the Yokohama City Fire Fight-
ing Annual Report (Yokohama City Fire Bureau 2016), 12 firefighters were placed at each
branch office, and the remaining members were placed at the fire station. The work system of
the firefighters at the fire station was set as a two-part system (with a 24-hour shift). Addition-
ally, the convocation rate of firefighters who were not in the workplace at the time of the
earthquake at 5:00 a.m. was set at 50% at 5 hours, 75% at 10 hours, and 100% at 24 hours
after earthquake occurrence, with reference to the average convocation rate every hour for
staff of the Tokyo Fire Station’s fire station in the Great East Japan Earthquake (Fire Preven-
tion Council 2015). The rescue team was set to rescue immediately upon attendance.
Finally, the following sentence describes the analysis procedure of rescue simulation. The

purpose of this study is to grasp the effect of the functional obstacles of the transport network
on lifesaving activities and to consider the strategy of traffic regulation of emergency traffic
roads, where in CASE 1, traffic obstruction does not occur; in CASE 2, traffic obstruction
occurs and transportation of emergency traffic roads is regulated; and in CASE 3, traffic
obstruction occurs and transportation of emergency traffic roads is not regulated. The above
three cases were set up and simulation of rescue activities was conducted. The reduction in the
speed of the emergency vehicle in the case where traffic regulation was implemented and in the
case where it was not set with reference to Table 1. Furthermore, this study calculated the
number of survivors to evaluate the effect on the lives of people trapped in collapsed buildings
due to the difference in rescue time in each case. The number of survivors was calculated by
applying “the relational expression between the time elapsed from the occurrence of the earth-
quake to [the time of rescue] and the survival rate” (Kuwata & Takada 2003) to the people
trapped in the collapsed building. Figure 6 shows the graph of the relational expression. Then,
by comparing the number of survivors in each case, this study considered the effect of func-
tional obstacles of the transport network in lifesaving activities and the strategy of traffic regu-
lation of emergency traffic roads.

3 ANALYSIS RESULT OF RESCUE SIMULATION AND CONSIDERATION

For each fire station in Yokohama City, Kanagawa Prefecture, simulation of the rescue activ-
ities of the three cases described above was carried out for people trapped in collapsed build-
ings such as wooden and non-wooden structures collapsed by shakes and cliff failure in the
event of the Southern Tokyo Inland Earthquake at 5:00 a.m. Figure 7 shows the result of cal-
culating the average time from the occurrence of the earthquake to the completion of the
rescue activity for each person trapped in a collapsed building for each jurisdictional area of
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the fire station. Table 2 also shows the number of rescue workers at each fire station, the
people trapped in collapsed buildings within the jurisdictional area, the average time per
person spent trapped in a collapsed building from the time of occurrence of the earthquake
until the completion of rescue activities, and the number of survivors.
Comparing CASE 1 and CASE 3 in Yokohama City as a whole to grasp the effect of func-

tional obstacles of the transport network on lifesaving activities, the difference in the average
time per person spent trapped in a collapsed building from the time of the earthquake to com-
pletion of rescue activities was 3.5 hours, and the difference in the number of survivors was
141.8 people. Therefore, regarding the effect of functional obstacles of the transport network
on lifesaving activities, compared with the number of survivors in the case of no occurrence of
traffic obstruction, it was shown that the number of survivors decreased by 4.8% (141.8
people) in Yokohama City as a whole.
Next, this study compared CASE 2 and CASE 3 in the same way to consider the strategy of

traffic regulation of the emergency transportation road in lifesaving activities. As a result, the
difference in the average time per person trapped in a collapsed building from the earthquake
time to the completion of rescue activities was 0.9 hours, and the difference in the number of
survivors was 35.9 people. Thus, it was possible to confirm the effect of traffic regulation of
emergency transportation roads on lifesaving activities. Particularly, focusing on the jurisdic-
tional area of the Kohoku Fire Station, the difference in the average time was 1.4 hours, the
difference in the number of survivors was 9.2 people, and the difference in the number of sur-
vivors was large compared to the jurisdictional districts of other fire stations. However, there

Figure 6. The relational expression between the elapsed time to rescue and the survival rate.

Figure 7. Average time from earthquake occurrence to completion of rescue per person trapped in a

collapsed building (by each fire station).
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were areas where the traffic regulation effect on lifesaving was small, like the jurisdictional
area of the Seya Fire Station and Izumi Fire Station. Therefore, there was also a lack of mem-
bers who implemented traffic regulations in Yokohama City immediately after the disaster, so
traffic regulations within and around the jurisdictional area of the Kohoku Fire Station
should be preferentially implemented in Yokohama City.

4 CONCLUSIONS

In this research, a simulation of rescue activities considering functional obstacles in the trans-
port network after an earthquake was constructed for people trapped in collapsed buildings in
Yokohama City in the event of the Southern Tokyo Inland Earthquake to (1) analyze rescue
activities for people trapped in collapsed buildings by rescue workers of the fire station in
Yokohama City, Kanagawa Prefecture; (2) grasp the effect of functional obstacles of the
transport network on lifesaving activities; and (3) consider the strategy of traffic regulation on
emergency transportation roads.
Comparing CASE 1 and CASE 3, in Yokohama City as a whole, regarding the effect of

functional obstacles of the transport network on lifesaving activities, the difference in the aver-
age time per person spent trapped in a collapsed building from the time of the earthquake to
completion of rescue activities was 3.5 hours, and the difference in the number of survivors
was 141.8 people. Therefore, the effect of functional obstacles of the transport network on life-
saving was great. Additionally, it was possible to confirm the effect of traffic regulation on
emergency transportation roads in lifesaving activities. Furthermore, there was also a lack of

Table 2. Simulation results of rescue activities (by each fire station).

Fire Station
in
Yokohama

Rescue
workers
[person]

People
trapped
[person]

CASE 1 CASE 2 CASE 3

Average
time
[hour]

Survivors
[person]

Average
time
[hour]

Survivors
[person]

Average
time
[hour]

Survivors
[person]

Kohoku 168.0 783.0 39.1 331.0 42.7 311.5 44.1 302.3

Aoba 153.0 452.0 27.0 242.6 31.2 223.3 32.1 219.0

Tsuzuki 106.0 279.0 24.8 156.5 28.2 146.1 29.1 143.5

Kanagawa 131.0 366.0 25.3 203.3 27.4 195.2 28.5 191.2

Tsurumi 235.0 564.0 22.2 334.2 23.8 323.3 24.6 317.6

Hodogaya 131.0 185.0 14.9 129.6 17.5 122.3 18.7 119.2

Minami 120.0 187.0 15.8 128.6 18.0 122.4 18.6 120.9

Asahi 176.0 188.0 10.4 145.4 13.0 137.4 13.3 136.4

Midori 115.0 124.0 10.7 95.3 13.2 90.1 13.3 89.8

Nishi 103.0 120.0 11.4 90.9 12.3 89.0 12.6 88.3

Naka 148.0 149.0 9.9 116.6 11.0 113.7 11.6 112.3

Isogo 86.0 65.0 8.6 52.5 9.6 51.3 10.4 50.5

Kanazawa 159.0 80.0 8.2 65.3 9.4 63.4 9.9 62.7

Sakae Fire 86.0 22.0 5.5 19.2 6.8 18.6 6.9 18.5

Totsuka 148.0 40.0 5.2 35.1 6.4 34.1 6.6 33.9

Izumi 116.0 26.0 3.2 23.9 4.3 23.3 4.5 23.2

Konan 128.0 20.0 3.1 18.5 3.8 18.2 4.2 18.0

Seya 99.0 16.0 2.5 15.0 3.5 14.6 3.5 14.6

Total 2408.0 3666.0 23.2 2203.6 25.8 2097.7 26.7 2061.8

CASE 1: Traffic obstruction does not occur.
CASE 2: Traffic obstruction occurs and traffic on emergency traffic roads is regulated.
CASE 3: Traffic obstruction occurs and traffic on emergency traffic roads is not regulated.
People trapped: People trapped in collapsed buildings.
Average time: Average time from earthquake occurrence to completion of rescue.
Survivors: Number of survivors of rescued people trapped in collapsed buildings.
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members who implemented traffic regulations immediately after the disaster, so in Yokohama
City, traffic regulations within and around the jurisdictional area of the Kohoku Fire Station
should be preferentially implemented.
However, this study did not consider city fires and closures of roads due to landslide disas-

ters, etc. In addition, while considering the road damage caused by the collapse of the building
due to liquefaction phenomenon, we do not consider the collapse of the main body of the
road.
In the future, further investigations will be made on the effect of earthquake on the move-

ment of emergency vehicles, a task involving building rescue simulations that include firefight-
ing activities.
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