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Abstract 

We present an overview of Japan’s earthquake insurance system for the household 

sector, with a particular emphasis on the structure of the system and methods used for setting 

risk premium rates. 

We first provide an overview of the factors that lead to earthquakes and the 

mechanism by which they occur, assuming that the reader is relatively unfamiliar with 

seismology. After considering the estimation of earthquake damage, we study methods for 

setting risk premium rates for earthquake insurance. In particular, since Japan is one of the 

few nations that has sustained repeated earthquake damage, premium rates are calculated with 

the utmost objectivity and precision, using loss factors based on data of past losses. 

Compared with more common disasters, it is common knowledge that earthquake 

losses are poor candidates for statistical modeling. Nevertheless, we consider Japan’s 

earthquake insurance system, which is based on societal demand for assurance of the public’s 

standard.of living and which has been established in conjunction with the legislation of 

national indemnification, to be one of the few systems in the world to adequately protect 

against major loss. 

Keyword 

magnitude, maximum surface acceleration, loss frequency of damage, loss frequency 

of earthquake-related fires, loss frequency of damage due to tsunami, 
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Preface 

As one of the most seismically active regions of the world, Japan has experienced 

numerous disastrous earthquakes. Recently, the Great Hanshin/Awaji Earthquake struck 

Southern Hyogo Prefecture at 5:46 a.m. on January 17, 1995. It claimed 6,430 lives, left three 

persons missing, and wrought massive property damage, including the destruction or semi- 

destruction of some 250,000 homes and other buildings. To provide protection against such 

catastrophic earthquakes, Japan has an earthquake insurance system that incorporates 

government-sponsored reinsurance. 

However, the Great Hanshin/Awaji Earthquake led to a torrent of complaints 

regarding the existing system, including charges that the current limit on earthquake insurance 

claims is too low. The system is now under review. Given public interest in earthquake 

insurance in the aftermath of the earthquake, our Research Group has selected earthquake 

insurance as a research theme. 

As e-xplained below, setting earthquake insurance premium rates involves 

synthesizing knowledge from a wide range of disciplines not only seismology, but also 

architecture and urban engineering, for example. This paper presents some basic points 

compiled regarding rate-making. 

-106- 



Occurrence of Earthquakes 

Seismic Measurements 

Faulting due to crustal deformation produces earthquakes. The term “magnitude” 

(usually abbreviated as “M’) refers to the scale used to represent earthquake size. 

The magnitude scale generally used in Japan is known as “JMA magnitude.” JMA 

magnitude is determined by calculating M from the equation below from as many observation 

points as possible, then taking an average of the values obtained. However, equation (b) is 

not applicable to earthquakes larger than M 5 5.5. (Note: “!a” refers to focal depth.) 

For h ZG 6Okm, 

4 M = log& + 1.73log,o A - 0.83 

b) M = log,& + 1.64logtaA + a 

Forh>60km, 

c) M = log& + K(A, h) 

where A [ m] is the-maximum ground motion half-amplitude (two components combined in 

horizontal motion plus a period of less than 5 sec.), as measured by an intermediate-period 

displacement-type seismograph; AZ [ 10” cm/s] is the maximum ground velocity amplitude, as 

measured by a short-period velocity-type seismograph (vertical motion); A is the epicentral 

distance [km], or distance between the epicenter and observation point; and is the 

characteristic correction factor of the seismograph. Values of K(A, h) are listed in the table. 

The intensity of the seismic ground motion at a given location is called “seismic 

intensity.” Even for earthquakes of large magnitude, ground motion and intensity are small if 

the location is far away from the quake’s epicenter. Conversely, for earthquakes with small 

magnitudes, intensity can be large if the epicenter is located near the observation location. 

In Japan, we use an intensity scale established by the Japan Meteorological Agency. 

This scale classifies seismic intensity on a scale from 0 to 7 (with a total of ten grades). 

Table 1 compares the JMA intensity scale and the Modified Mercalli Intensity Scale, widely 

used in Western countries. 
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Table 1. The JMA Intensity Scale and the Modified Mercalli Intensity Scale 

I “~-.-” ,...._. Modified Mercalli ScaleJ956) . . . ..__....._..I_...._I_.... ..__ - .-..... - ..-.-..._ - ..-.... ..-.- .-__. - ..__.........,..__.... _ ..__.-.__ - _-._._... MA intensity ‘~-tens; 
scale -I-- Scale 

0 I 

4cceleration/ 
(Kil\ i 
, 0 - - r  

Explanation 

o o _ I o /Observed only on seismographs and by an extremely small 
. . number of people in a sensitive environment _..___ - .___... -..+ .._.. - .._..___. -- ._._... _..- .-.. -_-_._- _.-- --,-,.--...L-..- .._.._.~____.._~.... 

I ~ 2 I 
. . 

[Felt by persons at rest on the upper floors of buildings. 
&Instable objects shake. ..-~-..~..-----~..-i-.--.” .-....__ .._-.- -- .._.-_. ---- _.... _.-- _____.._ _ .__.__._...____ 
IFelt indoors, especially on the upper floors. Parked 

2.1- 5.0 !automobiles rock slightly. 

-..-_-. /as an earthquake 
Many may not recognize the event 

--- .---A..-.“-----.-_--_..-- 

_......_- - 

.---_--.-.. “1 

4 
--_- ..__..-.-._.. 

VII 
5 weak _.._._......” 

.._._ .._.._......._._ -_ 
VIII 

5 strong ..-._._-- 
.- .__.._ - _.. ._-. Ix 

6 weak _-.---..- 
---.-_. -_-- _-.. 

X 
6 strong 

5 o- IO0 (Felt indoors by anyone awake. Dishes, windows, and doors 
. . /rattle. Parked automobiles rock significantly. __-.._--.p--- ___ --.. ---~ _.-- -- 

Io,o _ 2I o /Fe!t by almost everybody. Most sleepers awaken. 
___,_,, * Pendulum clocks stop. iobJects upset. --- 

iFelt by all. 
---.” ..___. - ___ - 

21.0 - 44.0 /outdoors 
Many people become frightened and run 

___..._._ -.._ __.._. p _____..._ _.-__.-..-_.---.----- ------ ..- -.- --.--_- 
$lmost everyone becomes frightened and runs outdoors. 

44.0 - 94.0 IConsiderable damage to unstable objects and poorly designed 
structures. - __.__ .._........._...; __..., -._,_.-_- ..-_. - _--- ___-----_-__” -._.__.- ---_.-_ .-.. --- -...- 
iEven strong structures damaged. Chimneys, monuments, and 

34.0 - 202.0/wails fall. Furniture upset. Some mud or sand flows up in 
iwells to change the condition of well water. . -:-.-- ..____.... +...-~----- - -...-..--.-- -- .._. ~ ..-.- _- _..__..__....___. -_ 

202.0 - iStrong structures heavily damaged; some collapse. 
432.0 Conspicuous cracks aLpear in the ground. .“__._ ._.._...__ .&--...--.---.-...- .___._-- ._____ . .._. -_- --.. - .____._I_-._ 

432.0 - 
IIviost cement structures damaged. Significant cracks appear 
/m the ground. Railroad tracks and road surfaces twist and 
Ibuckle. 

:Most buildings totally destroyed; bridges collapse; major 
Isurface cracking;, almost total destruction of existing 
jstructures. 

iLarge rock masses displaced. Objects thrown into the air. 

Types of Earthquakes 

The earth’s surface is composed of approximately 20 solid plates. Convection in 

the earth’s mantle causes these plates to move - up to several cm per year. Individual plates 

move in different directions, causing a wide range of phenomena such as earthquakes, 

volcanic activity, and orogeny to occur at plate boundaries. The theory of plate tectonics 
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attempts to explain such geological phenomena through the motion of the earth’s plates. 

According to plate tectonics, island arcs (such as Japan) are places of considerable 

tectonic activity. In such areas, the Pacific plate is being subducted beneath the Eurasian 

plate, causing a deep trench to form at the arc’s foremost edge. The island arc itself 

experiences strong, ongoing compression. As the edge of the arc is dragged continually 

downward by the Pacific plate, plate destruction occurs at the boundary of the continental and 

oceanic plates. This process may bring about the sudden shift of the edge of the continental 

plate toward the trench while also thrusting upwards. This upthrust causes a mass of 

seawater to be forced upward to the surface; when it collapses, a tsunami is formed and begins 

travelling outward from the quake zone. Plate destruction also produces seismic waves. 

Like the tsunami, these waves propagate outward in all directions from the quake zone. 

This sequence of events constitutes a so-called “plate boundary” earthquake, which occurs in 

front of island arcs. 

One example of this type of earthquake is the Great Kanto quake (M = 7.9), which 

struck Japan on September 1, 1923. It left over 142,000 dead or missing, and more than 

701,000 houses in greater Tokyo were totally or partially destroyed by the initial impact or 

subsequent fires. 

While plate boundary earthquakes involve a fairly easy-to-understand mechanism, 

some earthquakes occur for reasons unrelated to tectonic activity. These events are known as 

intraplate earthquakes, and the mechanism behind them remains unclear. Intraplate 

earthquakes tend to occur near urban areas, and therefore, it is important to take 

countermeasures against them. 

The Great Hanshin-Awaji Earthquake (M = 7.2) mentioned before was an intraplate 

earthquake. Eighty percent of casualties in this quake are thought to have been caused by 

crushing. The damage on Awaji Island to traditional tile-roofed, wood-framed houses was 

devastating, with most thought to have collapsed within 5 to 10 seconds after the initial shock. 

Up to 320,000 people in the Kobe area were forced to take shelter in elementary and junior- 

high schools. There was also significant damage to aspects of the Japanese economy, such 

as manufacturing, transportation and distribution. Total damage reported in Hyogo 

prefecture only was approximately 10 trillion yen. 
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Liquefaction 

Layers of sand which are saturated with water, an earthquake can cause the particles 

of sand to become suspended in the water. Under normal conditions, the particles of sand in 

any such layer are compacted and are able to support the weight of the ground as well as any 

structures above. When shaken repeatedly, however, the particles become loose and the 

binding between them disappears, causing the layer of sand to behave much like a liquid of 

large specific gravity. Such a condition is called “liquefaction.” Increase in water pressure 

while accompanies liquefaction tends to ejects groundwater along with the sand, forming 

holes on the ground surface. Liquefaction thus causes a ground layer to lose its supportive 

ability, exposing heavy structures to the risk of sinking. Light weight gasoline tanks, 

manholes, and septic tanks, by contrast, face. the opposite problem: they may be forced 

upward out of the ground. 

During the Niigata earthquake (M = 7.5) on June 16, 1964, the jetted sand formations 

that accompany liquefaction were observed in all areas of Niigata City. A four-story steel- 

framed municipal apartment building slowly tilted and fell over due to differential settlement 

below its foundation. 

Tsunami 

When large earthquakes occur in mid-ocean regions, tsunami may be generated. In 

areas where they come ashore, extensive damage frequently occurs. 

Shortly after the Southwest Hokkaido earthquake (M = 7.8) on July 12,1993, for 

example, a 10-m tsunami struck Okushiri Island, leaving over 200 dead. Only 3 to 4 minutes 

elapsed between the time of the earthquake and the tsunami’s landfall. By contrast, after a 

major Chilean earthquake (M=8.5) on May 22,1969, tsunami waves crossed the entire Pacific 

Ocean before reaching the coastline of Japan 22 hours later, leaving 122 dead, 20 missing, and 

872 injured. 

The waves of this tsunami were only 3 to 6 meters high, and under normal waves, 

they would have caused no damage. However, a tsunami wave differs from a normal wave 

in one key respect: it extends for several kilometers, rather than several meters to several tens 

of meters as most normal waves do. Therefore, the amount of water that reaches land is 

much greater in terms of magnitude. In addition, if the shoreline has an unfavorable 
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configuration (e.g., a “V” shape), the wave height may rise dramatically to over 30 m, in 

some cases causing even greater damage. 

The Current Household Earthquake Insurance System 

Overview of Japan’s Earthquake Insurance System 

Due to the special nature of earthquake losses, insuring against earthquake risk 

involves the following insurance system issues. 

(1) The probability of an earthquake is statistically indeterminate. 

(2) The amount of loss incurred as a result of an earthquake varies tremendously, 

depending on season, time of day, and other circumstantial factors. 

(3) Depending on the circumstances of an earthquake’s occurrence, the resulting 

losses can be enormous. The consequent burden upon the insurance system can 

exceed the capacity of private insurance. 

(4) Since earthquake losses can be catastrophic, they are difficult to handle on a 

reinsurance basis. 

(5) The degree of earthquake risk depends on geographic location, time, and other 

factors. Hence, in terms of type of insurance, there is a high likelihood of 

adverse selection which might result in inadequate coverage. 

An earthquake insurance system can be established only by devising means of 

dealing effectively with the above issues. When earthquake insurance was first introduced in 

Japan in 1966 to resolve these issues concerning earthquake risk and to establish and maintain 

an earthquake insurance system, the following six measures were incorporated into the system 

as a basic framework. 
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(1) In order to compensate for the limitation of a private insurer’s capacity to 

indemnify losses, the government allocates insurance responsibility through a 

reinsurance mechanism. Earthquake insurance is also based on a system that 

unites the public and private sectors. When an earthquake occurs, the 

government fully supports insurers, by facilitating or providing funds. 

(2) A specialized reinsurance company was established for earthquake insurance, 

and a system was created in which the property-and-casualty insurance industry 

participates on a unified basis. The system includes a mechanism for pooling 

all earthquake insurance policies, as well as an aggregate accumulation of funds 

for earthquake contingency reserves. 

(3) Premium rates are calculated based on data for events over extended time 

periods. 

(4) Earthquake coverage is automatically added to comprehensive fire insurance, 

thereby preventing adverse selection. 

(5) A maximum monetary amount was established for total claims payable for one 

earthquake. 

(6) A limit was established for the maximum coverage that insurers may provide 

under an insurance policy . 

9 Overview of JaDan 

Actual earthquake insurance has been revised numerous times since its inception. 

Table 2 compares the original to the current system. 
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Table 2: Overview of Earthquake Insurance 

The Original System The Current System 

Hazards 
Losses due to fire, destruction, or flooding Same 

indemnified 
directly or indirectly caused by an earthquake or 

against 
volcanic eruption, or a tsunami caused by either 

.,__._._.._..__.._....~........~. of the foregoing. -...-..-..-- _ ..--.. .._.._._..--.. - _............ - _.... - .._..-.....__...... __.- ..- _._.._............._................... ..^._.._.... ..-.,._ .._...___ 
Property Residential buildings and personal property Same 
insured 

Term of 
1 year Terms of 1 year and from 2 to 

coverage 
years are offered pursuant tl 
1988 revision. ,,,,,__,,,, _ _..._. _ _.........,._._. .,_._._..,. _ .._....._..... -.-___.-_.--.-_.“___-.- _.__ ._,....__,_..__~._._ .___.. _ __._...._. - .._ .__._._..__......___._..__ - ___._._, 

Additional coverage automatically added to As a general rule, an additiona 

Underwriting 
comprehensive home insurance and coverage is automatically addel 

method 
comprehensive store insurance to all household fire insuranc, 

policies, pursuant to 198 

_ .._... -..-I ..__.__._............~. - ._-.. - ...-..I..._.-..._.I...--. - -.......-... revision -._ ..-..-.....--.- j-.-----...-.-...-....-.......---........-.... 
30% of amount of fire insurance coverage, to a 30% - 50% of the amount of tht 

Amount of 
maximum of WOO,000 for buildings and primary policy coverag 

coverage 
Y600,OOO for personal property (pursuant to July 1980 revision) 

(maximum 
up to a maximum of Y50 million 

liability) 
for buildings and YlO million fo 
personal property (pursuant to ; 

_.__ _ ,....,” ._..........___.__.._. Jan. 1996 revision) _ _.._.._..._. - _..___ -._.--- _..._ _.-..---- .__---.-....--..----.....--I-.-.. -.-.----.-...t. -.--.---_ --.- .-__. 
Covers total losses only; partial losses not Covers total and partial losses fo 
covered (due to the practical difficulty of both buildings and persona 

ndemnificatio assessing partial losses as quickly and property 
n method objectively as required for such assessments, 

due to the widespread nature of earthquake 
damage and the mass assessment involved_) _-_,..,..____. - .._._...... ---. -.--_ -...-. ____ .__,____.__._,__,,.. -. _._-. .-__ -___. --__- _-_,_______ 

Limit on total Y300 billion per earthquake W.l trillion per earthquake 

claims paid 
pursuant to an April 199! 
revision _.__ __..__.,,.. _ _.._ _ ._._,. ..____...__......_._..__.....~ - .___..._.... - -... -._-.- _-..._._.--....^-.^...--.- I ..--.- ..-.--_ ..- -.-. ..-.. -- .-... --_.- ----.-.. -.__ 

VI.60 - Y5.00 (per Y1,OOO of coverage per one- YO.50 - W.30 (pursuant to Jan 
year term), depending on the region and type of 1996 revision), depending on the 

Premium rate structure. The same rate applies to both region and type of structure 
buildings and personal property. Same rate applies to bott 

buildings and personal property. 

Characteristics of Japan’s Earthquake Insurance System 

The Japan Earthquake Reinsurance Co. (JERC) was established with a mission to 

serve as the core mechanism of a system unifying the property-and-casualty insurance industry 

with respect to the earthquake reinsurance system. JERC’s functions include pooling all 
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earthquake insurance policies underwritten by private companies and accumulating private 

company contingency reserves. JERC was established pursuant to Article 3(l) of the 

Earthquake Insurance Law, promulgated at the same time as the earthquake reinsurance 

system was established. The Article states that “The government may enter into reinsurance 

contracts with insurance companies and other entities reinsuring the insurance liability 

assumed by insurance companies and others, pursuant to earthquake insurance policies.” In 

short, JERC serves as a company that reinsures the insurance liabilities of insurers and other 

entities, and is the counterpart of the government’s reinsurance contracts. 

In concrete terms, JERC’s main functions are as follows. 

(1) JERC accepts all earthquake insurance policies underwritten by private 

companies on an obligatory basis. 

(2) Through excess-of-loss reinsurance, JERC cedes to the government a portion of 

the insurance liabilities it reinsures. JERC also reinsures its own liabilities to 

private companies through proportional allocation. JERC retains the balance of 

liabilities not reinsured. 

(3) JERC manages private reserve assets on a unified basis. In addition to the 

reinsurance premiums on reinsurance liabilities it retains. and the investment 

returns accrued thereon, JERC is also charged with investing the reinsurance 

premiums on reinsured insurance liabilities which are ceded back to private 

companies and also the investment returns accrued thereon. 

(4) When an earthquake loss occurs, JERC disposes of those private assets under its 

management and control. At that time, it appropriates the proceeds in order to 

fund obligatory reinsurance recovery payments to private companies and also 

obtain external reinsurance recovery collections from private companies. In 

addition, JERC collects reinsurance recovery payments from the government. 
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Reinsurance Scheme 

rance Sy&m 

Very many insurance settlements may be required in the event of major earthquakes. 

Given the high possibility that these claims will exceed the indemnification capacity of private 

insurance companies, the Japanese government assumes some of the liability, facilitating and 

providing funding to private insurers in the event of a major earthquake, enabling Japan’s 

earthquake insurance system to function. Based on earthquake reinsurance excess-of-loss 

reinsurance treaties, a liability framework was established to allocate liability for payment of 

earthquake insurance claims. Figure 1 provides an illustration of the reinsurance scheme. 

Liability for earthquake loss claims is triggered in the sequence shown (moving from left to 

right in Figure 1), depending on the volume of the claims incurred. 

Figure 1 Reinsurance Scheme 

~JERc ]]Insurance Companies 
Y 300 07 billion Y 3 10.8 billion 

Government 
Y 3,489 13 billion 

Reinsurance Transactions in Practice 

0 Actual reinsurance transactions for earthquake insurance are created through a 

pooling mechanism, in which JERC is central. In essence, reinsurance 

transactions comprise the following three reinsurance mechanisms. 

(1) An earthquake insurance reinsurance treaty (“Treaty A”), whereby a private 

direct insurer cedes to JERC the entire insurance liability the insurer assumed 

through an insurance policy between itself and a policyholder 

(2) An earthquake insurance excess-of-loss reinsurance treaty (“Treaty C”), whereby 

JERC cedes to the government a prescribed portion of the insurance liability 
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assumed by JERC through Treaty A 

(3) An earthquake insurance reinsurance treaty (“Treaty ES”), whereby JERC cedes 

to the various private direct insurers the remainder of the insurance liability 

JERC assumed pursuant to Treaty A (i.e. the total liability less the portion ceded 

pursuant to Treaty C) 

Problems of the Existing Earthquake Insurance System 

This system was not created with the goal of ensuring a minimum standard of living 

for the public, but to ensure the survival of those affected. Inevitably, the system has 

limitations. The following are problematic issues from the perspective of the needs of the 

consumer and actual circumstances. 

People have clamored for lower premiums since the system’s inception. This 

discontent may be due to the comparison with fire insurance premiums, since fire is a familiar 

risk. Premium iates naturally reflect differences between earthquake risk and fire risk, but 

this is not readily accepted or understood by consumers. Reducing premiums would require 

the government to shoulder more of the risk, or other such measures. 

Although the indemnification system has been improved a number of times, the 

underwriting limits and coverage rate limitations conflict with the need for complete 

indemnification (the entire amount of a loss must be indemnified. Even in the case of partial 

damage to a building, an amount equal to that for the case of total destruction must be paid if 

the damaged building is to be rebuilt). Continued improvements in indemnification remain 

an issue. 

Cover= 

The increasing complexity of the insurance system and coverage produces 

misunderstanding or incomplete understanding among policyholders. Some of these 

misunderstandings may become apparent only after a disaster occurs. The simplest system 
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possible is therefore ideal. For the sake of convenience, demands for separate insurance 

coverage have been voiced. For the moment, this is a matter for future discussion. 

Setting Risk Premium Rates 

Overview of Techniques for Setting Earthquake Insurance Premium Rates 

in Japan 

Methods for setting premium rates for ordinary types of property and casualty 

insurance such as fire insurance and automobile insurance are based on risk premiums, which 

are based on actual statistical data. In contrast, methods for setting earthquake insurance 

rates rely on a seismologically- and technologically-determined theoretical degree of risk as a 

basis for setting risk premiums. This is because setting and verifying rates based on actual 

data is difficult. Earthquakes are a unique risk, with enormous variation in losses from year 

to year. 

The first step in setting an earthquake insurance premium rate is determining the risk 

premium rate. This is done by using a theoretical approximation to calculate ihe 

hypothetical losses (earthquake insurance claim payments) that would be incurred if historical 

destructive earthquakes were to recur. These hypothetical losses are the basis for setting the 

risk premium rate, to which the additional premium rate required to administer insurance is 

added to produce an overall premium rate. 

Earthquake Loss Factors 

The types of physical damage that a policyholder may suffer when an earthquake 

occurs are shown in Figure 2. The loss frequency used for setting earthquake insurance 

premiums comprises the three loss frequencies below, with each calculated separately. They 

are then added to produce the overall loss frequency. 

(1) Loss frequency of damage due to seismic motion 

(2) Loss frequency of fire damage due to fire caused by earthquake 
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(3) Loss frequency of damage (destruction or inundation by flooding) due to 

earthquake-induced tsunami 

Figure 2: Relation of Earthquake Risk Factors 

Destruction 
--* 

Ground Ground 
of 

Seismic -deformation’ liquefaction 
buildings 

-+ ground - 
motion 

Spillage of 
Occurrence 

Destruction 
-+ hazardous ---w ---+ of buildings 

substances of fire 
by fire. 

Calculating the Loss Frequency of Damage Due to Seismic Activity 

How should we calculate the loss frequency of direct destruction of buildings by 

seismic activity? Or how should we also calculate the loss frequency of subsidence or tilt of 

buildings caused by liquefaction? 

The intensity of ground motion felt 

by different districts during an earthquake can 

be evaluated based on the size of the 

earthquake and the epicentral distance A (km) 

(i.e., the distance between the quake’s 

epicenter and the district) using the equation 

below, which assesses the attenuation of 

ground motion over distance. 

In this equation, the JMA magnitude 

Figure 3. Plane of the Earth 
and the Epicenter 

z 
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is used as the value for the size of an earthquake, and the epicentral distance is calculated 

using the Pythagorean theory and approximating the ground as a flat plane, 

A=dm, 

where 

6: angular epicentral distance [rad] 

cosS = sin& sin@ t cos~a co@ cos(Aa A) 

$0, Ao: geocentric latitude and longitude of the epicenter [rad] 

#, A: geocentric latitude and longitude of a given district [rad] 

R: average radius of the Earth [6,371.164 km] 

h: focal depth [km] 

. . 
ent Crowd (=ondrtlons 

Generally, the seismic tremor becomes smaller as the distance from the epicenter 

increases. The attenuation of ground motion is generally known to follow the equation 

logroA=M alogro(AtP)ty, 

where A is the maximum amplitude, A is the epicentral distance, and a, j3, and y  are constants. 

If  the waveform of the seismic -wave is uniform, the acceleration due to seismicity n is 

proportional to the amplitude A, so it can easily be seen that 

a=610”(AtB)a 

where S is a constant. 

In an actual earthquake, ground motion is greatly affected by the type of ground, so a, 

/3, and 6 are dependent on the ground type, which implies that when considering building 

movement, the type of ground beneath the building must also be taken into consideration. 

Earthquake insurance policies in Japan adopt the equation below, proposed by the 

Comprehensive Project on New Earthquake-Resistant Design by the Public Works Research 

Institute of the Ministry of Construction. 

In this equation, the ground is classified into Class I through IV by strength, and the 

maximum acceleration amax for each class is determined by the following equations. 

Class I: a ,,,ax = 46.0 x 10 o.208 M ( A t 10 ) o.686 

Class II: a max = 24.5 x 10 o.333 M ( A t 10 ) o.924 

Class III: a max = 59.0 x 10 ‘%’ M ( A + 10 ) ‘SJX 

Class IV: a ,,,aX = 12.8 x 10 0.432M ( A t 10 ) ‘.‘r* 
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Table 3 gives the definitions for Classes I through IV. 

Table 3. Ground Types Proposed in the Standards for New Earthquake-Resistant Design 

Ground type Explanation 

I Class I 
,. _ .._. ..-.. 

Class II 
.._..... ._. .._....... .._ 

Class III 

Ground (basement rock) Tertiary or older, or ground with less than 10 m of 
diluvial sediment layer to basement rock. _.._. ., ._. .,.. ..__. -.. --- ..-..................... -.- ..-....... - .-....... . . . . . . .._........-....................~........~.....--....... ..~.............. 
Ground with at least IO m of diluvial sediment layer to basement rock, or 
ground with less than 10 m of alluvial sediment layer to basement rock. 
Ground with less than 25 m of alluvial sediment and less than 5 m of soft 

isE?!!!..-- -........._............~..~~..---...~.. _ ..-.. _ . . .._.._...-._..__..-........-....-...-..---.-..-. - ..-. -._- .__---....._...........~...~.~..~~.~.-~............ 
All other ground 

_.._.................-...- --._ 
Class IV 

To estimate the seismicity-related damage caused by tsunami activity, it is 

necessary to take into account not only maximum acceleration but also the distribution of 

maximum acceleration to frequency. One well-known example of ground conditions 

affecting the spectral characteristic of seismic waves is the September 19, 1985 Mexico 

earthquake (M = 8.1). Mexico City, some 390 km away from the quake’s hypocenter, 

experienced considerable long-period seismic wave activity because of the soft ground 

beneath the city, which increased the damage there. 

The maximum acceleration a(r) for period T depends not only on M and A, but also 

on ground condition CC, so a(T) can be represented by the equation 

a(TJ=P(M,A,GC,T)a,,,. 

Furthermore, if we assume that there is no correlation between M, A, and CC, 

B(M,A,GC,T)=C(M,T)C(A,T)C(GC,~. 

For simplification, B(M, A, CC, 7) will be written as B(r). These terms are referred to as 

/IQ): response magnification index for period T [set] 

C(M, Z’): weighing factor for magnitude M 

C(A, T): weighing factor for epicentral distance (A [km]) 

C(GC, 7): weighing factor for ground condition CC 

For these weighing factors, we employ the spectral response magnification index proposed in 

the Specifications for Earthquake-Resistant Design of Highway Bridges, produced by the 

Ministry of Construction (See Table 4). 
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Table 4 Weighing Factor3 fhr Magnitudes, Eplcentral Distances, and Ground Conditions 

To evaluate the intensity of ground motion in a given district, one must know the 

local ground conditions. One means of estimating the ground conditions for a given area is 

the “Geomorphic Surface Area Map Data for Districts of Japan,” published by the 

Geographical Survey Institute. This database classifies the districts of Japan into 8 

geomorphic types; 1) mountains, 2) volcanoes, 3) hills, 4) base of mountain, 5) base of 

volcano, 6) plateau, 7) lowlands, and 8) lakes and marshes. 

Types 1) and 2) are assumed to correspond to Class I grounds; types 3), 4), and 5) to 

Class II; type 6) to Class III; type 7) to Class IV. The ground conditions and surface ratio for 

each district are then calculated. Any increase in surface area after the creation of this 

database is treated as filled-in land, all of which must be considered as Class IV ground. 

The change in position of a structure in an inertial system is called “displacement.” 

During an earthquake, all structures experience displacement to a certain degree. Wood- 

framed structures are designed to withstand displacement through the deformation properties 

of the construction materials used. Therefore, if the displacement exceeds a certain value, 

destruction will occur in proportion to the amount of displacement. 

The amount of displacement D that occurs in a wood-framed structure when the 

ground acceleration is a(T) is represented by the following equation, determined in a 1971 

study by the prefecture of Tokyo. 

where 

T: natural period of the wood-framed structure [set] 

D: response displacement of the wood-framed structure [cm] 

980: gravitational acceleration [gal = cm/set’] 
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Here, 

is the design seismic coefficient. The amount of displacement D can be written using KT as 

D=40TK, 

The standard for total destruction displacement &(r) [cm], the half-destruction 

displacement dn(T) [cm], and the partial- Figure 4. Displacement 

destruction displacement d&r’) [cm] are as a0 partial half total 
destruction destruction destruction destruction 

follows. I I I I .u 
0 dp(T) dH(?? 

D < dr(T) : no destruction 
d,(T) 

d&I) I; D c d”(T) : partial destruction of structure 

d”(T) s D < d#) : half-destruction of structure 

dQ) s D : total destruction of structure 

At the Tokyo Disaster Prevention Conference, seismic ground motion was simulated 

using the Great Kanto earthquake as the quake event, and the following relationships were 

obtained. 

d#J = 10.1648 T o.2165 

dN(T) = 5.0824 T o.2165 

dp(T) = 1.6941 T o.2165 

for Wood-m 

The natural period of a structure depends upon many factors, such as its design, 

construction, height, and size, but is generally considered to follow a normal distribution. 

Therefore, from direct measurement of the natural periods of structures, wood-framed 

structures are grouped according to their date of construction , and the normal distribution 

functionf w(T; r) of the natural periods of the respective groups is determined. 

Identifying the relationship between the amount of displacement of a structure and 

the maximum displacement it can withstand for different frequencies is equivalent to 

determining the range of natural periods in which destruction occurs. Therefore, the total 

loss frequency of total destruction qwT (M, A, CC, t) for a given earthquake (M, A), ground 

condition (CC’), and date of construction (t) can be obtained from the equation 
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=I {ER f~TB(M, ,GC,T)(1,r,,.(M. ,GC)s10.1ffl~T”2’“‘} 
f W(T; T) dT. 

If  we express the ratio of wood-framed structures in district c with ground condition 

CC and date of construction t to the total number of wood-framed structures in that district as 

ww(c, CC t), when 

cww(c, CC, T) = 1, 

then the loss frequency of total destruction qwT(M, A, c) to wood-framed structures for an 

earthquake (M, A) in a given district(c) can be expressed as 

qw&t4, A, c) = 2 ww(c, CC, t) qwT(M, A, CC, t). 
cc.l 

The loss frequency of half-destruction qwn(M, A, c) and partial-destruction qwp(M, A, c) can 

be obtained in the same manner from the ratio of structures having natural periods in the range 

of dT(7J > D 2 dH(Z’) and d”(T) > D 2 d,(T), respectively. 

Non-wood-framed structures differ Figure 5. Seismic Index Distribution of 

from wood-framed structures in terms of 
Non-wood-framed Structures 

Number of 
earthquake behavior; in general, they are Str”Cr”reS 

designed to possess sufficient rigidity to 

i 

Distributmn of 
C seismic index for all 

withstand earthquake forces. Earthquake Str”Ct”reS 

damage is thus estimated by comparing the 

actual earthquake resistance of a structure to the I 

resistance necessary to withstand an earthquake. 

In Japan, a structure’s earthquake 

resistance is represented using its seismic index 
Seismic l&x 

01 Str”Ct”rr (I,) 

of structure I,, This index is calculated from the structure’s strength, configuration, age, and 

site conditions. Larger values imply better earthquake resistance. 

An estimation of the earthquake resistance necessary during an earthquake is usually 

represented by the standard earthquake resistance value ET. This is calculated by modifying 

’ R is the set of all real numbers 
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the design seismic coefficient Kr, 

ET=CGCICTGKT 

where 

Co: geomorphic index. This is determined from geomorphic conditions 

and takes values between 1.0 and 1.25 

Ct: importance index. Ct 2 1.0; for structures with high public interest 

such as hospitals, Ct z 1.25. 

Cm: response magnification index of non-wood-framed structures. 

Determined from the structure’s height and configuration. Generally 

around 3.0. 

In an actual earthquake, the Figure 6. Damage Index of Non- 

distribution of damage to structures is usually wood-framed Structures 

similar to that shown in Fig. 5. To easily 
Number of 
StlllCt”PZS 

quantify the frequency of damage (i.e., the ratio Partially destroyed 

of the shaded area to the whole in Fig.S), a 

structure is considered to be partially destroyed, 

half-destroyed, and totally destroyed when I, is 

below a certain value, as for wood-framed 

structures. (see Figure 6). Therefore, for I,, ex of 

the standards for total-destruction index d’n (7) StruUCt”re (I,) 

d’@r), half-destruction index d’n(&), and partial-destruction index d’@r) are written, 

respectively, as 

Is z= d’r(Er): no destruction of structure 

d’p(&) 2 1, > d’n(Er): partial destruction to structure 

d’n(&) z- 1, > d’-&): half destruction of structure 

d’T(&) 2 Is: total destruction Of structure 

From studies on past earthquake damage, the following relationships are obtained for each 

destruction level. 

Total destruction index: 
ET+O.I 

d’r(Er) = 2 

Half destruction index: d’n (ET) = 2 ET: o-l 
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Partial destruction index: d’p (ET) = Er 

t for Nan-Wood-Framed Strum 

The actual seismic index of structure Is for non-wood-framed structures is known to 

follow a lognormal distribution. Therefore, for a non-wood-framed structure with number of 

floors s, the lognormal distribution function of the seismic index Is is denoted asfN(ls; s). 

The design seismic coefficient for non-wood-framed structures is different from that 

of wood-framed structures because there is no need for correction due to resonance, and can 

be expressed as 

K,=$ = an&M, A, CC) 
980 . 

Therefore, the loss frequency of total damage to non-wood-framed structures qNdM, A, GC, s, 

Co, C,, Cm) according to earthquake (M, A), ground condition (CC), number of floors (s), 

geomorphic index (Co), importance index (Ct), and response magnification index for non- 

wood-framed structures (Cro) can be expressed as 

qNdM, 4 GC, $9 CG, CI, CTG) = j-f,SER ,,SSdi(ETjl fN(k J) dk 

CG Cl c, o,,,& M&4G" + 0.1 

=6 * fN(k; s) dk 

I f  we express the ratio of non-wood-framed structures in district c with ground 

condition GC, with number of floors s, geomorphic index Co, importance index Cr, and a 

response index for non-wood-framed structures C m to the total number of non-wood-framed 

structures in that district as w~(c, GC, s, Co, Ct, Cm) when 

Gc,,,,c~N@, GC, s, Cc, CI, CTG) = 1, 
r. I. rc 

then the loss frequency of total destruction of non-wood-framed structures qNdM, A, c) for an 

earthquake (M, A) in the district (c) is 

qNdM, 44 =,.,z+"(c, GC,s, cc, CI, cTdqNT(M, A, GC,s, cc, CI, CTG). 

Similarly, the loss frequency of half-destruction qNH(M, A, c) and the loss frequency of partial 

destruction qNp(M, A, c) can be calculated from the ratios of structures having seismic indexes 
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of structure in the ranges of d’#r) < Is s d’n(Er) and d’&) <Is zz &r(Q), respectively. 

As mentioned earlier, liquefaction occurs in Class IV ground. Even among Class 

IV ground, however, liquefaction phenomena can vary due to differing ground characteristics. 

Therefore, Class IV ground is further divided into microgeomorphic regions, and the 

occurrence of liquefaction qL(a, b) in microgeomorphic region b at acceleration a can be 

determined from studies on past incidents of liquefaction. 

Studies of the destruction rates to housing in Noshiro City, Akita Prefecture, which 

suffered great damage from the Central Japan Sea earthquake (M =7.7) of May 26, 1983, were 

used to produce a total destruction rate I-,., half destruction rate rn, and partial destruction rate 

From the above results, if the ratio of the surface area of microgeomorphic region b 

to the total area of the district c is expressed as wL(c, b), then the occurrence of liquefaction 

qL(a, c) at acceleration a can be calculated from 

qL@, c) = c wLk b) q&, b). 

Using this value, the rates of total destruction, half destruction, and partial destruction are 

calculated as rr qL(a, c), rH qL(a, c). and rp qL(a, c), respectively. 

Calculating the Loss Frequency of Earthquake-Related Fires 

Fires following earthquakes have different causes and spread under different 

conditions, so past records of damage cannot be used directly to evaluate present dangers. 

Therefore, for evaluating future earthquake-related fires, it will be necessary to conduct a 

comprehensive evaluation based on scientific understanding of the processes involved in fire, 

from origin to spread. 

Outbreak rate of fires during an earthquake for structures with different uses and for 

different ground acceleration 

Determining the relationship between the earthquake force and the possibility of fire 

is the same as determining the relationship between the outbreak rate of fires and ground 
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acceleration. To do so, it is necessary to understand the outbreak rate of fires during 

earthquakes by evaluating separate groups of structures with different susceptibilities to fire. 

Earthquake insurance policies in Japan adopt the values determined by the Fire and Disaster 

Management Agency of Tokyo for the outbreak rate of firef(u, a), where building use (u) and 

ground acceleration (a) are basic values. 

Calculating the number of fires 

The Fire and Disaster Management Agency of Tokyo assumes a winter evening, 

which has the highest outbreak rate when determining the outbreak rate of fire f(u, a). 

However, the occurrence of earthquakes is not restricted to any specific season or time. And 

although the Agency assumes conditions equal to those in the 23 districts of Tokyo, 

conditions and outbreak rates clearly differ among different regions in Japan (which runs in a 

NS direction). Therefore, the outbreak rates in different regions are determined by multiplying 

f(u, II) by correction factors for season, time of day, and region. The number of fires in a 

region is determined by taking the product of this regional outbreak rate and the total number 

of houses and businesses in the area. The effect of early extinction of a fire is already taken 

into account in the original outbreak rate& a), so what this calculation determines is the 

number of cases N of fire due to spreading. 

N=f(u,a)p,(u)p,(u)p.(c,u)N’~(c,u) 

where 

&I: correction factor of outbreak of fire for season 

I(u): correction factor of outbreak of fire for time of day 

a(u): correction factor of outbreak of fire for region (1 for Tokyo 

prefecture, and 0.56 to 1.28 for regions other than Tokyo) 

N’,(c, u): the total number of houses and business buildings in the urban 

district 

Therefore, if the total area of the urban district is A(c), then the density of fire (a, c) 

can be calculated from the equation 

Cf(u,a)p,(u)p,(u)p,(c,u)N’l(c,u) 
N u 

@,c)=m = A Cc) 
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Calculatingoss Frewake Rel ted -a ’ 

Calculating the radius of the area destroyed by spreading fire 

Earthquake-related fires are more feared than normal fires because they occur in 

multiple locations at the same time, making them more likely to develop into large-scale 

urban fires. 

The spread of earthquake-related fires is greatly affected by multiple factors: 1) 

building structure; 2) building density; 3) presence of deterrents (vacant lots, roads, railways, 

etc.); 4) natural conditions (wind velocity, humidity, etc.); and 5) fire-fighting resources. 

The total area destroyed by fire is closely connected to the duration of the spreading fire. 

Therefore, from past experience, the duration of fire for a seismic intensity i is assumed, and 

the equation for the radius of the area destroyed by fire I(i, c) is then determined through 

computer simulations based on the spread-related factors listed above. 

Calculating the loss frequency of damage due to fire in urban districts 

Next, we assume a situation where fires break out in multiple locations at the same 

time, and carry out a simulation using a random outbreak model. Through this simulation, 

we can calculate the ratio of the urban area destroyed by fire to the total area b&z, i, c) when 

random numbers of fires with the spread radii determined above break out.. 

b,(a, i, c) = ( 1 e W234~(i,c)* 0.026~1 (kc) O.WPQ,C) ) wee) 

where W(c) is the ratio of the area of the urban district to the total area of the district. 

the total loss 

From the results above, we can calculate the frequency of damage due to fire in urban 

areas. Now we add the frequency of damage due to fire in non-urban areas to determine the 

total frequency of damage due to fire in the district. Outside urban districts, housing density 

is lower and fires tend not to spread. Therefore, damage from earthquake-related fire is 

restricted to the building where the fire first broke out. I f  early extinction of the fire is not 

achieved, the building is considered destroyed. 

If  the number of structures outside the urban areas is N’,(c, u), the loss frequency of 

fire outside urban areas b2(a, c) can be calculated in a similar manner to that of urban areas. 
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b,(u, c) = ” 
1 A”2 (c, u> 

Therefore, the total loss frequency of damage due to fire for a given ground 

acceleration, seismic intensity, and district b(u, i, c) can be expressed as 

b(a, i, c) = b,(a, i, c) + L&7, c). 

Calculating of Loss Frequency of Damage Due to Tsunami 

the Wave 1 

For some earthquakes there is the added danger of causing a tsunami. In such cases, it 

is necessary to determine an index for tsunami size. The loss frequency of damages due to 

earthquakes and related fires is calculated based on the quake’s JMA magnitude; however, 

JMA magnitude is inadequate for tsunami because of their characteristics. Therefore, the 

wave heights of tsunami are calculated using a “tsunami magnitude” term. 

The tsunami magnitude m is a frequently used index in Japan. Table 5 provides a 

definition. 

Table 5. Definition of the tsunami magnitude(m) 

m  / Explanation 
-1 i Wave height below 5Ocm No damage. .- _......... i” -.. .._..._. ._.. -.L.. ..-.......^.-....._.._.. - _...- L- ._.-......__......^. - _.-.-.-.._ - -..__....,...._... _.._...._...._._......~.......~~.~~.~. 
0 / Wave height : approximately Im , trifle damage.- - - .._....... ._.._.............._.__...~.~.~ ._.._ 
1 i Wave height : approximately 2m , to the degree of the houses being 

.._.... i damaged near by seaside and ships being taken away. “...i _...._ - -...... ..__........ ._.........- ..^._-....__._ - .__.._..,.--.._ ..- -..._. - .._. -. ..I....... ” ._,_......_..__...._ ._.__.._.__. I _.__ 
2 j Wave height : from 4m to 6m, losses of house and life. 
3 / Wave height : from 10m to 20m , extreme damage caused over 400km 

I coastline. 
4 j Maximum wave height : over 30m , extreme damage caused over 

i 5OOkm. 

Based on records of past earthquakes accompanying tsunami, the relationship 

between the earthquake magnitude M and tsunami magnitude m can be represented by the 

following equation. 

m = 2.61M- 18.44 

From this equation, we can convert the earthquake magnitude into a tsunami 

magnitude. The maximum height of a tsunami wave HO [m] at the origin is known 
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empirically to follow the equation below. 

2 mt3 

Ho== 

From these equations, the maximum wave height of a tsunami at its origin can be 

calculated based on the earthquake magnitude. 

The height of a tsunami decreases as distance from the origin increases; the equation 

for attenuation of wave height H [m] at distance A [km] away from the epicenter was 

determined using approximately 1.50 data points for earthquakes originating in the sea, which 

were selected from a catalog of historic earthquakes. 

H = Ho A o.328 

The relationship behveen the average wave height and the ratio of structures swept 

away was determined for the Pacific coast of the Tohoku region (the Sanriku region), which is 

known to be struck by giant tsunami. The following equation was obtained for the total 

destruction rate of wood-framed structures. 

d = 0.003198 HA2 = 0.003198 
( 

8 -;;.“Q”;“;;y4) A-o.32*) 2 

Furthermore, based on the “Statistical Report on Flood Disasters,” released by the 

River Bureau of the Ministry of Construction, the following equations for loss frequency of 

damage for different structure types and extent of damages were determined. 

Loss frequency of total destruction 
of wood-framed structures 

Loss frequency of half destruction 
of wood-framed structures 

Loss frequency of partial destruction 
of wood-framed structures 

Loss frequency of total destruction 
of non-wood-framed structures 

Loss frequency of half destruction 
of non-wood-framed structures 

Loss frequency of partial destruction 
of non-wood-framed structures 

d,q= d 

d WH = 3.511485 d w 

d wp = 26.700394 d w 

d m = 0.196288 d 

d CH = 0.634146 d m 

d cp = 82.853659 dcr 
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Total of Loss Frequencies and Correction for Earthquakes Not Included in 

the Prediction 

Based on the loss frequencies calculated above, the loss frequency of damage for 

different earthquakes, district, structure types, and extent of damage can be calculated. 

It must be noted that the Chronological Scientific Tables (See Reference 3), which 

were used as the source for calculations of net premium rates for earthquake insurance, do not 

include all the earthquakes occurring in or near Japan or causing damage to Japan. In 

addition, they do not include records of risks involving unrecorded earthquakes, volcanic 

eruptions, tsunami caused by faraway earthquakes, or catastrophic debris flow. Therefore, 

corrections are made for the risks not included in the calculation when predicting the total sum 

of damage. 
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Conclusion 

In June 1964, the Niigata Earthquake hit the Niigata region with a magnitude of 7.5, 

producing extensive damage in and around Niigata. This earthquake led to the establishment 

of Japan’s earthquake insurance system in June 1966, based on supplemental measures 

whereby the government underwrites reinsurance. Numerous earthquakes have occurred in 

the nearly 33 years since this systems was established, including recent ones offshore Kushiro 

and eastern Hokkaido, as well as the Great HanshimAwaji Earthquake. All remain fresh in 

our memories. 

The emphasis in this paper is on Japan’s earthquake insurance system for the 

household sector, an area that became a topic of great public interest after the Great 

Hanshin/Awaji Earthquake. We have discussed the earthquake mechanism, the basic factors 

and distinctive characteristics of earthquake insurance, and problems with the existing system, 

placing greatest emphasis on Japan’s approach to premium rates. 

In closing, we would like once again to express our sincere thanks to Mr. Daimon, 

General Manager, Earthquake Insurance Department of Property and Casualty Insurance 

Rating Organization of Japan, whose gracious assistance and cooperation was instrumental in 

preparing this paper. 

April 1999 

The Institute of Actuaries of Japan 

Catastrophic Risk Research Group 
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