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Abstract: An earthquake of M7.3 is anticipated to occur in the northern part of Tokyo Bay area in the near future. If it
occurs, serious damage will result from a firestorm caused by the earthquake, and immediate countermeasures are
required. This paper proposes a scheme of developing new local roads utilizing vacant or underutilized land. This
scheme has advantages of a short implementation period and quick generation of effects over a conventional scheme of
widening existing roads which tends to have a longer implementation period. This paper evaluates both schemes
quantitatively in terms of cost-benefit criterion. To be specific, it firstly extracts, from the study area, zones where
fire-fighting activities are difficult utilizing GIS data such as road width and location of effective water supply points
after the earthquake occurs. Next, it calculates (1) the amounts of damage reduction in the cases of specific projects
using each road development scheme when the northern Tokyo Bay earthquake occurs, and (2) their expected values as
project benefits. Then it conducts cost-benefit analysis comparing those benefits with the project costs. Furthermore, it
calculates differences of the benefits and project costs of the conventional scheme corresponding to the differences of
its implementation period, and clarifies the conditions where the new road development scheme has an advantage.
Keywords: Cost-benefit analysis, local road improvement, earthquake damage reduction, counter-disaster planning,
Japan
1.

Introduction
Japan is located along the edges of major geotectonic plates and has been frequented by major earthquakes.

Several major earthquakes are anticipated to occur in the near future. Among them is one that is to occur in the northern
part of Tokyo Bay area. Its energy level is estimated to be at M7.3 on the Richter scale. Japanese Government’s Central
Disaster Prevention Ministerial Meeting predicts that serious damages will be caused by the earthquake through wide
spreading firestorms. This prediction is based on the fact that there exist large areas in the Tokyo Metropolitan Area
where wooden small houses are built at high density, local access roads are too narrow to conduct fire-fighting activities,
and evacuation and rescue routes are very likely obstructed by debris of fallen buildings along the routes. Immediate
countermeasures to reduce the damages are required.
The most common countermeasure taken in the past with regard to providing local roads with adequate
width for firefighting, evacuation and rescue activities is widening existing roads. This countermeasure, to be referred to
as “conventional scheme” in the following part, however, has some shortcomings. In most cases land acquisition of the
widened part of the roads involves relocation or reconstruction of many buildings along the roads. This means that it
requires agreements of residents and business people along the roads to the land acquisition and accompanying
relocation or reconstruction. It is not too difficult to see that this agreement process tends to be demanding and lengthy.
The effects or benefits of road widening is realized only when the whole stretch of the road, or at least one section
-1-

between intersections, is widened. If it takes a long time to complete the widening and any large earthquake occurs
before the completion, the investment for the widening is questionable from the purpose of reducing earthquake damage.
Therefore, the time taken from the start to the completion is essentially important.
On the other hand, there exist local governments which are considering construction of new local roads
making use of vacant or underutilized land as access routes for providing emergency services such as firefighting,
evacuation, and rescue activity. This scheme, to be referred to as “new scheme” in the following part, may have reality
if vacant or underutilized land is located favorably for this scheme, the number of buildings to be relocated or
reconstructed is less than that in the case of widening existing roads, and the time taken for the agreement process is
considerably shorter. Shorter lead time means that disaster damage reduction effects are materialized earlier and the
probability that the earthquake occurs before the completion of local road construction becomes less. This leads to
higher earthquake damage reduction effects or benefits of the local road construction.
In this paper, conventional scheme of local road widening and new scheme of new road construction are
compared in terms of earthquake damage reduction benefits and project costs including land acquisition, compensation
and construction costs based on the cases prepared for this study in an actual high-density wooden-house area. This
paper aims at clarifying on what conditions the new scheme is more advantageous than the conventional scheme.
2.

Framework of the Study
At the first stage, data on the present conditions necessary for the subsequent analyses are prepared on a

GIS system. Such data include roads classified by width rank, buildings classified by time of construction, and locations
of water supply available after large earthquakes. From these data, areas where firefighting activities are difficult after
large earthquakes are identified. In order for the firefighting activities to be possible, fire engines must be able to go to
the water supply available for firefighting after the large earthquake. At least 6m road width is necessary for fire engines
to go through. Therefore, water supply points which will actually be used after large earthquakes are those connected to
arterial roads via local roads with 6m width and over. Areas within 140m radius from those water supply points are
served by fire engines. Thus areas which are not served by fire engines are identified and delineated as areas outside the
areas served by fire engines. In this study, these areas are called “firefighting difficult areas after large earthquakes” or
“FDAs” in this paper.
Expected earthquake damage levels in FDAs are higher than in other areas. Provision of road access for fire
engines, thus also for other large vehicles naturally, to local areas reduces FDAs. Therefore, provision of road access to
local areas generates damage reduction benefits. This benefit generation occurs only when provision of road access is
accomplished, in other words, only when the project is completed and the widened road becomes open to the public. In
the case of conventional scheme implementation period is generally longer than in the case of new scheme. Accordingly,
benefit generation is delayed. Under the condition that large earthquakes are very likely to occur within a short period,
this delay means serious benefit reduction because there will be no benefit if any large earthquake occurs before the
project completion. In this study probability that any large earthquake occur for the first time is calculated for every
year and benefit is also calculated yearly as an expected value of damage reduction.
Project cases are prepared based on the actual spatial conditions. A study area is selected from the areas
densely built up with small houses in Katsushika Ward which is located in the north-east end of Tokyo. A water supply
point in the FDA of the study area is selected considering social feasibility of providing 6m width roads. Availability of
vacant or underutilized land and obstacles for road construction such as location of concrete buildings, temples and
shrines are taken into account. Cases of 6m width road provision are prepared so that the water supply point is
connected to arterial roads via local roads with the width of at least 6m. Case 1 is a conventional scheme case. Cases 2
and 3 are new scheme cases. For each of these 3 cases, costs are calculated based on the actual conditions, and the
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implementation period is assumed based on the experience in the past. Earthquake damages are calculated based on the
actual building and population conditions for each of a without-case and three with-cases. Earthquake damage reduction
benefits are calculated as the without-case damage minus the with-case damage. This benefit is generated only in the
year of the earthquake. Benefits generated after the earthquake are left out for the simplicity reason in this study. This
benefit is multiplied by the probability of earthquake occurrence and discounted by social discount rate. By adding up
amounts of this benefit for all years in the calculation period, the amount of the present value of the benefits is
calculated. Cost is also scheduled along the implementation period and maintenance period, discounted and summed up
to obtain the present value amount. Cost benefit ratios (to be abbreviated as CBRs in the following part) are calculated
according to the standard formula.
CBRs are compared each other and policy implications are drawn from the comparison. Fig. 1 shows the
flow chart diagram of this study.
Selection of the Study Area
Collection of Data in the Study Area
Analysis of the Current Situation

Calculation of Probabilities of Earthquake Occurrence
Earthquake Damage Estimation for the Without-Case

Preparation of Road Improvement Project Cases

Cost Estimation for the With-Cases

Earthquake Damage Estimation for
the With-Cases

Calculation of Damage Reduction Amounts

Calculation of Total Costs (Present

and Total Benefits (Present Value) for the

Value) for the With-Cases

With-Cases

Cost Benefit Ratios

Figure 1:
3.

The Study Area

3-1

Selection of the Study Area

Flow Chart Diagram of This Study

In selecting the study area, there were four major considerations. Firstly, the study area must be within the
areas likely to suffer from fire spreading caused by large earthquake. Secondly, the areas where concrete earthquake
damage reduction project plans had been prepared were avoided because the cooperation from local government
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administration may be difficult in fear of the result of this study becoming contradictory to the existing plans. Thirdly,
for the study area, necessary data should be made available through cooperation from local government administration.
Lastly, there need to be considerable proportion of vacant or underutilized land favorable for the new scheme. For the
first two considerations, “Counter-Disaster Urban Improvement Promotion Plan” prepared by Tokyo Metropolitan
Government gave good directions. Tokyo Metropolitan Government officials also gave us good suggestions and
introduced us to Katsushika Ward officials. For the considerations three and four, through Katsushika Ward officials’
cooperation and based on analyses of spatial data, we could finally select Horikiri 2-chome area as the study area. In
this area, residents are very active in disaster preparedness and this area is worth studying as a long term study area.
3-2

Current Status of the Study Area and Selection of the Water Supply Point
FDAs in the study area account for 65.3% of the total area. The ratio of decrepit wooden buildings within

all the buildings is 31.6%, while the same ratio in all Katsushika Ward is 22.1%. This area is very vulnerable to fire
spreading caused by large earthquakes. In the northern half of the area, water supply points available after large
earthquakes are less than in the southern half. Vacant or underutilized land is also less in the northern half. Therefore,
the water supply point which is to be connected to arterial roads through local roads under study is selected from the
southern half considering the locations of vacant or underutilized land and obstacles for road construction such as
location of concrete buildings, temples and shrines. Fig. 2 shows the current status of the study area.
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Figure 2: Current Status of the Study Area
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4.

Preparation of Project Cases
Three cases of local road improvement project are prepared. Case 1 as a conventional scheme case is the

one that widens existing roads and therefore is along the route which involves the least difficulty in acquiring land and
relocating/reconstructing buildings. Cases 2 and 3 as new scheme cases are prepared connecting pieces of existing
vacant or underutilized land. Since pieces of vacant or underutilized land are not always contiguous, some extent of
relocation/reconstruction of buildings is needed. Existing roads are to be expanded in some part in order to make new
local roads connected. Fig. 3 shows the three project cases.

Case 1: Widening Existing Roads
Case 2: Construction of New Roads (1)
Case 3: Construction of New Roads (2)
Figure 3:

Three Project Cases

5.

Estimates of Damage Reduction and Costs
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Calculation of the Probability of Earthquake Occurrence
The probability that matters in damage reduction calculation is the one that any large earthquake occurs for

the first time in the year concerned. Once a large earthquake occurs, damages are already incurred. The probability of
the second earthquake is not important. If we assume that the probability of a large earthquake in a year is a constant p,
the probability that any large earthquake does not occur until the year t is (1-p)t (Formula 1). Estimates of cumulative
probabilities of North Tokyo Bay Earthquake have been released from the Earthquake Research Committee, the
Headquarters for Earthquake Research Promotion which is an organization for promoting earthquake researches under
the Ministry of Education, Culture, Sports, Science and Technology. According to the newest release on May 16, 2008,
an earthquake of about M7 on the Richter scale is likely to occur in the south Kanto region within 10 years at
probability of about 30%, within 30 years at about 70% and within 50 years at about 90%. Although this earthquake
may not occur in the northern part of Tokyo Bay area, this earthquake will cause serious damage on the study area.
Therefore, in calculating yearly probability, these cumulative probability figures were applied. The probability that this
earthquake does not occur is 70% within 10 years, 30% within 30years and 10% within 50 years. Applying these figures
to the Formula 1 and conducting statistical analysis, the annual probability p was estimated. Using this figure, the
probability that the earthquake of about M7 occurs for the first time in the year t is calculated as (1-p)t-1 -(1-p)t (Formula
2). Viewed from the other side, (1-p)t (Formula 1) is regarded as the probability that the earthquake occurs for the first
time in or after the year t+1. Therefore, Formula 2 is interpreted as “the probability that the earthquake occurs for the
first time in or after the year t” minus “the probability that the earthquake occurs for the first time in or after the year
t+1”. The probability figures calculated by Formula 2 are shown in Figure 4.
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t
Figure 4:
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Probability that the Large Earthquake Occurs for the First Time in the Year t

Reduction of FDA by the Projects
All of the three project cases have the same effect on reducing FDA size since in any case the target water

supply point becomes connected to arterial roads. By working on the GIS system, this effect was estimated as 25.7%
point reduction from 65.3% to 39.6% in terms of FDA proportion in the study area. In this reduced area, most of roads
are very narrow and small houses are densely built up. Therefore, implementing the projects generates large benefits in
fire spreading damage reduction. Figure 5 shows FDA after the projects.

(FDA is the area outside the areas of shaded large circles)
Figure 5:
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FDA after the Projects

Estimates of Damage Reduction Amounts
Earthquake damage comprises material damage and human damage. The former consists of direct structural

damage (a) and fire damage (b). The latter consists of casualties caused by collapse of buildings (c) and those caused by
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fire. Fire-related casualties are divided into three groups: (d) casualties at the source of fire, (e) people who are injured
and waiting for rescue but killed by subsequent fire spread, and (f) people who are surrounded by fire, lose evacuation
routes and die. The road projects under study are expected to reduce damages of (b), (e) and (f) above. These damages
were estimated applying the method adopted in the study carried out by the National Capital Region Earthquake
Countermeasures Study Expert Committee, Central Disaster Prevention Ministerial Meeting, the Government of Japan.
The damage estimates for the without-case and the three with-cases are shown in Table 1. Letters (a) through (f) in
Table 1 correspond to (a) through (f) above. Damage estimates are made in number of buildings for material damage
and in number of people for human damage. Damage reduction effects are also shown in Table 1. Number of buildings
and number of people are then valued in money term and added up to obtain damage reduction amounts. Damage
reduction amounts are shown at the right bottom part of Table 1. Damage reduction amounts are almost same for all the
cases. Slight differences are due to the differences in direct structural damage and casualties caused by collapse of
buildings. This is because case 1 involves larger number of building relocation/reconstruction and as a result damaged
old buildings becomes less.
Table 1:

Estimates of Earthquake Damage and Damage Reduction Amounts

Material Damage
(in no. of buildings)
(b)
(a)
①Base Case
②Case 1
③Case 2
④Case 3
①－②
①－③
①－④
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608.1
600.5
605.1
602.8
7.6
3.0
5.3

FDAs
490.4
267.0
267.0
267.0
223.3
223.3
223.3

Human Damage (in no. of people)
(c)

(d)

(e)

Outside
FDAs

Death

Serious
Injury

Death

Serious
Injury

147.7
298.1
298.1
298.1
-150.4
-150.4
-150.4

38.1
37.6
37.9
37.7
0.5
0.2
0.3

62.1
61.3
61.8
61.5
0.8
0.3
0.5

0.4
0.4
0.4
0.4
0.0
0.0
0.0

1.2
1.2
1.2
1.2
0.0
0.0
0.0

FDAs
55.7
32.3
32.4
32.3
23.4
23.3
23.3

(f)

Outside
FDAs
14.8
25.9
26.0
25.9
-11.1
-11.2
-11.1

FDAs
Serious
Injury
0.9
3.2
0.5
1.8
0.5
1.8
0.5
1.8
0.3
1.5
0.3
1.5
0.3
1.5

Death

Total
Total
Damage
Total
Material
Serious
Reduction
Death (in
Damage (in
Injury (in
no. of
Amount
(in
Outside FDAs
no. of
no. of
people)
Serious buildings)
people) thousand yen)
Death
Injury
0.2
0.5
1,246.2
110.0
67.1
0.4
1.1
1,165.6
97.1
65.4
0.5
1.1
1,170.3
97.6
65.9
0.5
1.1
1,167.9
97.4
65.6
-0.2
-0.6
80.6
12.9
1.7
4,345,253.4
-0.2
-0.6
75.9
12.4
1.2
4,093,661.6
-0.2
-0.6
78.3
12.7
1.4
4,220,313.4

Estimates of Costs
Costs for improving local roads consist of (A) land acquisition, (B) compensation, (C) road construction

and (D) maintenance and repair. The costs of the three project cases are shown in Table 2. Letters (A) through (D) in
Table 2 correspond to (A) through (D) above. In the case 1, land acquisition cost is much lower than in the cases 2 and 3
because the latter constructs new roads and needs to acquire larger area of land. On the other hand, in the case 1,
compensation cost is much higher because the case 1 involves relocation/reconstruction of more buildings.
Consequently, the total costs of the cases 1 and 2 are almost same. The cost of the case 3 is slightly lower because land
area to be acquired is less and land acquisition cost is lower.
Table 2: Cost Estimates for Project Cases

Case 1
Case 2
Case 3
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Project Implementation Cost (in thousand yen)
(A)
(B)
(C)
Total
83,356.0
620,000.0
64,910.1
768,266.1
302,796.3
400,000.0
54,759.2
757,555.5
209,395.5
380,000.0
56,524.3
645,919.8

(D) (in thousand
yen/year)
1,065.7
933.8
962.2

Implementation Schedule
Since the case 1 involves more buildings, particularly new buildings, to be relocated/reconstructed than the
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cases 2 and 3, implementation period for the case 1 is assumed to be 11 years, while for the cases 2 and 3 the same is
assumed to be 7 years. This assumption is made based on the past implementation experiences of the similar projects. In
calculating CBRs, however, sensitivity analyses are made shortening the implementation period of the case 1 one year
by one year up to 7 years.
6.

Cost-Benefit Analysis
In calculating CBRs, calculation period is set to be from the base year until 50 years after completion of the

project. Social discount rate is set at 4% which is the standard rate adopted by the Government of Japan. The results of
the calculation are shown in Figure 6. The case 3 attains the highest CBR which is 1.67. This figure is comparable to
that of arterial road construction project. The case 2 takes the second place. Cost difference is the major reason for the
result. CBR of the case 1 barely exceeds 1.0. CBR of the case 1, however, goes up as the implementation period
becomes shorter. It exceeds that of the case 2 in the case of 8 years of implementation. It is thus understood that the
most important factor is the implementation period. This factor depends on the efforts of the parties concerned, while
other factors are almost determined and have little room for change.
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Figure 6: Results of CBR Calculation
7.

Conclusions and Challenges Forward
In this study the following points are clarified. Firstly, local road construction projects in earthquake-

threatened area can have high CBR comparable to that of arterial road construction project. Secondary, costs of new
scheme projects are not higher than those of conventional scheme projects. Thirdly, the new scheme has an advantage
over the conventional scheme in the case where its implementation period is shorter than that of the conventional
scheme. Lastly, in any scheme implementation period is the decisive factor of the success of the project because the
project is competing against the earthquake in a time race. We planners and administrators must promote improvement
of local roads in earthquake-threatened areas in a more flexible manner to win this time race.
Under present budgetary situation of local government, however, sharing considerable amount of budget to
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the local road construction may be difficult. Our next study theme is applying this method to auxiliary arterial road or
major local roads with 8 to 12 m width. Naturally this means that the project becomes more costly. In order to offset this
cost increase, we are planning a study which quantifies other benefits of road improvement which have not been
estimated quantitatively so far. Such benefits include, for example, safer feeling of pedestrians being separated from
hazard of traffic accidents, comfort of handicapped people, amenity such as landscape and green shades. Also, there are
some other earthquake damage reduction benefits which are not quantified. Such benefits must be tackled also. These
are the challenges we are going to cope with from now on.
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