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In memoriam:

Fred Cuny of Intertect, from whose ideas, vision and personal encouragement
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bring humanitarian support to the displaced people there.
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Foreword

During the past ten years, since publication of the first edition of Earthquake
Protection, the world has experienced many catastrophic earthquakes. These
earthquakes have been in developed and developing countries and they have
impacted urban as well as rural communities. Tens of thousands of lives and
billions of dollars of economic losses have occurred due to these events. With
every passing decade, the level of losses is increasing dramatically. Even in
countries which are supposed to be at the cutting edge of science and technology
in earthquake-related disciplines, we have seen devastating life and economic
losses. It is then natural to inquire as to why our societies have not been able to
mitigate the effects of such events.

The answer to such a query is very complex. The socio-economic conditions
together with education and awareness of earthquake risk of the population at
large play an important role in shaping the way an affected community will
respond to an earthquake. Even amongst experts from seismology, geology, archi-
tecture, engineering and other technical disciplines related to earthquakes, there
is relatively small appreciation of the complexities of earthquake risk mitigation
issues. A holistic understanding and the application of strategies based on such
an understanding are very urgently needed.

The second edition of Earthquake Protection by Coburn and Spence provides
an excellent introduction to this complex problem. The book treats the problem
of earthquakes from seismological, geological, architectural, engineering, social,
and economic perspectives. The book provides a superb explanation about the
role of insurance/reinsurance in earthquake risk management. It is important for
all the earthquake risk management professionals to appreciate and understand the
interactions of various disciplines to develop sustainable earthquake risk reduction
strategies. This book by Coburn and Spence should be required reading for all
these professionals.

Since the publication of the first edition of Earthquake Protection in 1992,
the two authors have continued to build their reputations in this field, both in
academic research and in commercial application. Their treatment of financial
implications related to earthquakes is unique and provides state of the art knowl-
edge to readers in the financial services industry. This book is also invaluable to
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students of architecture, engineering, and sciences who are trying to learn about
earthquake-related loss estimation strategies.

In recent years, it has become obvious to all the professionals working towards
reducing the losses due to earthquakes that a holistic approach in risk reduction
is the only possible way of creating earthquake-resistant communities. Coburn
and Spence in this book have provided excellent ideas towards that goal.

Haresh Shah

Obayashi Professor of Engineering, Emeritus, Stanford University

Chairman of the Board of Trustees, GeoHazard International, World Seismic
Safety Initiative

March, 2002
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1 Earthquakes,
Disasters
and Protection

1.1 Earthquake Protection: Past Failure
and Present Opportunity

In spite of the huge technical achievements of the last century — which have given
us skyscraper cities, fast and cheap air travel and instant global telecommuni-
cations, as well as eradicating many major diseases and providing the potential
to feed our burgeoning population — over much of the world the threat of earth-
quakes has remained untamed. As later chapters will show, the progress we have
made in reducing the global death toll from earthquakes is modest, and at the
beginning of the twenty-first century, we have become distressingly familiar with
tragic media images of the total devastation of towns, villages and human lives
caused by large earthquakes, for which their victims have been quite unprepared.

One possible reason for the lack of progress in saving lives from earthquakes
is that although they are among our oldest enemies, it is only in the last quarter of
the twentieth century that we have begun to understand how to protect ourselves
against them. From time to time in our history, parts of the earth have apparently
randomly been shaken violently by vast energy releases. Where these events have
occurred near human settlements, the destruction has been legendary. Tales of
destruction of ancient cities, like Troy in Greek mythology, and Taxila, have
been attributed to the power of the earthquake. In more recent memory the cities
of Messina in Italy, Tangshan in China, Tokyo and Kobe in Japan, and San
Francisco in the United States have all been devastated by massive earthquakes.
The apparent randomness of earthquakes, their lack of any visible cause and their
frightening destructiveness earned them over the centuries the status of divine
judgement. They were the instruments of displeasure of the Greek god Poseidon,

Earthquake Protection, Second Edition. Andrew Coburn and Robin Spence
Copyright © 2002 John Wiley & Sons, Ltd. ISBN: 0-471-49614-6




2 EARTHQUAKE PROTECTION

the spiteful wriggling of the subterranean catfish Namazu in Japanese mythology,
and punishment for sinners in Christian belief.

Only over the last century or so have we begun to understand what earth-
quakes are and what causes them. We have come to know that earthquakes are
not random, but are natural forces driven by the evolutionary processes of the
planet we live on. Earthquakes can now be mapped, measured, analysed and
demystified. We know where they are likely to occur and we are beginning to
develop predictive methods which reduce the uncertainty about where and when
the next destructive events will happen. But in many of the parts of the world
most at risk from large earthquakes, some aspects of the old attitudes live on;
people are fatalistic, unwilling to believe that they have the means or ability to
combat such destructive power, and thus they are reluctant to think in terms of
planning, organising and spending part of their income — as individuals or as
societies — on protection.

What makes matters worse is that the twenty-first century is experiencing
an unparalleled explosion in the world’s population growth, and an exponential
growth in the size and number of villages, towns and cities across the globe.
At the present time, unlike previous centuries, there is hardly a place on land
where a large earthquake can occur without causing damage. As cities increase in
size, so the potential for massive destruction increases. For this reason, the risk
of earthquake disaster is higher than at any time in our history, and the risk is
increasing. In the past few decades we have seen catastrophic disasters to cities
and regions across the world on a scale unheard of a century ago. Unless serious
efforts are made to improve earthquake protection worldwide, we can expect to
see similar and greater disasters with increasing frequency in the years to come.

But the science and practice of how to protect ourselves, our buildings and our
cities from earthquakes has also been developing rapidly during recent years. A
body of knowledge has been built up by engineers, urban planners, financiers,
administrators and government officials about how to tackle this threat. The
approach to protection is necessarily a multi-disciplinary one, and one requiring
a wide range of measures including well-targetted spending on protection, better
building design and increasing quality of construction in the areas most likely to
suffer an earthquake.

Earthquake protection involves everyone. The general public have to be aware
of the safety issues involved in the type of house they live in and of earth-
quake considerations inside the home and workplace. The construction industry
is involved in improving building design and increasing quality. Politicians and
administrators manage risk by making decisions about how much to spend on
earthquake safety and where public resources are most effectively allocated.
Many other participants are involved either directly or indirectly, including urban
planners in designing safer cities, community groups in preparing for future earth-
quakes and motivating their members to protect themselves, private companies
and organisations in protecting themselves, their employees and customers, and
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insurance companies in assessing the risks and providing cover for people to
protect themselves.

This book is for everyone interested in understanding, organising or participat-
ing in earthquake protection. It is intended to provide an overview of methods
to reduce the impact of future earthquakes and to deal with earthquakes when
they occur.

1.2 Earthquake Disasters

Earthquakes can be devastating to people as individuals, to families, to social
organisations at every level, and to economic life. Unquestionably the most ter-
rible consequence of earthquakes is the massive loss of human life which they
are able to cause. The first task of earthquake protection is universally agreed
to be reducing the loss of human life. The number and distribution of human
casualties caused by earthquakes show the scale of the problem.

1.2.1 Casualties Around the World

Table 1.1 gives a list of confirmed or officially reported deaths in earthquakes
in different countries around the world during the twentieth century. We know
of at least 1248 lethal earthquakes during the twentieth century,! with a total of
1685000 officially reported deaths due to earthquakes. Over 40% of this total
has occurred in a single country, namely China.

The total number of people actually killed by earthquakes is likely to be greater
than the 1.7 million reported total. Small earthquakes causing only a few deaths
may have gone unreported, and in 87 of the significant earthquakes reported
this century, no figure for fatalities is officially available. Published estimates
of fatalities may also be inaccurate, particularly in large events affecting many
communities or in isolated areas. Some figures are also likely to be overestimates.

The risk to life from earthquakes is widespread. As Table 1.1 shows, at least
80 countries suffered life loss during the twentieth century. There also some other
countries which are known to have suffered fatalities, sometimes on a large scale,
in earlier centuries but which are not included in the list of countries suffering
fatalities over the last 100 years. Future earthquakes may pose a significant threat
in these countries. Large life loss is also widespread; half of all the countries
which suffered any fatalities have had life loss running to thousands.

The extent of life loss in each country is primarily a function of the severity
of life loss in individual earthquakes, rather than simply of the number of earth-
quakes experienced. Contrasting extreme examples from this list, the number of

! Authors’ database of damaging earthquakes, 1900—2000.
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EARTHQUAKES, DISASTERS AND PROTECTION

Table 1.2 The twentieth century’s most lethal earthquakes.

Rank Fatalities Year Earthquake Country Magnitude

1 242 800 1976 Tangshan China

2 234120 1920 Kansu China

3 142807 1923 Kanto Japan

4 83000 1908 Messina Italy

5 66794 1970 Ancash Peru

6 60000 1935 Quetta Pakistan

7 40912 1927 Tsinghai China

8 35500 1990 Manjil Iran
32700 1939 Erzincan Turkey
32610 1915 Avezzano Italy
28000 1939 Chillan Chile
25000 1988 Armenia USSR
23000 1976 Guatemala Guatemala
20000 1905 Kangra India
19800 1948 Ashkhabad USSR
17118 1999 Kocaeli Turkey
15620 1970 Yunnan China
15000 1998 Afghanistan Afghanistan
15000 1917 Indonesia Indonesia
15000 1978 Tabas Iran
15000 1907 Tajikistan USSR
12225 1962 Buyin Zhara Iran
12100 1968 Dasht-e-Biyaz Iran
12000 1960 Agadir Morocco
10700 1934 Kathmandhu Nepal

lethal earthquakes suffered by China is only double the number experienced by
Greece, and yet the number of people killed is almost a thousand times greater.

The main contributors to the death toll are the small number of earthquakes
which have caused large numbers of fatalities. Measured this way, the worst
earthquakes of the twentieth century are listed in Table 1.2. The six worst events
are responsible for almost exactly half of the total earthquake fatalities. A major
reduction in the total number of people killed in earthquakes could be achieved if
further repetitions of these extremely lethal events could be avoided. In order to
avoid their repetition, it is first necessary to identify and understand the factors
that made these events particularly lethal and then to work towards reducing
these factors.

1.2.2 The Causes of Earthquake Fatalities

The statistics recording death due to earthquakes identify a wide range of
earthquake-induced causes of death. Statistics include deaths from the fires
following earthquakes, from tsunamis generated by off-shore events, from
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rockfalls, landslides and other hazards triggered by earthquakes. There are a
wide range of other causes of death officially attributed to the occurrence
of an earthquake,” ranging from medical conditions induced by the shock of
experiencing ground motion, to accidents occurring during the disturbance,
epidemic among the homeless and shootings during martial law. Any or all of
these may be included in published death tolls from any particular earthquake.

It is clear from reports, however, that in most large-scale earthquake disas-
ters, such as those in Table 1.2, the principal cause of death is the collapse of
buildings. In earthquakes affecting a higher quality building stock, e.g. Japan and
the United States, more fatalities are caused by the failure of non-structural ele-
ments or by earthquake-induced accidents than are killed in collapsing buildings,
mainly because low proportions of buildings suffer complete collapse. Examples
of failure of non-structural elements are pieces being dislodged from the exterior
of buildings, the collapse of freestanding walls, or the overturning of building
contents and equipment. Examples of earthquake-induced accidents include fire
caused by the overturning of stoves, people falling from balconies or motor
accidents.

Over the last century, about 75% of fatalities attributed to earthquakes have
been caused by the collapse of buildings.® Figure 1.1 shows the breakdown of
earthquake fatalities by cause for each half of this century. This shows that by far
the greatest proportion of victims die in the collapse of masonry buildings. These
are primarily weak masonry buildings (adobe, rubble stone or rammed earth) or
unreinforced fired brick or concrete block masonry that can collapse even at low
intensities of ground shaking and will collapse very rapidly at high intensities.
These building types (one local example is shown in Figure 1.6) are common in
seismic areas around the world and still today make up a very large proportion
of the world’s existing building stock.

Much of the increased populations in developing countries will continue to be
housed in this type of structure for the foreseeable future. However, there are

1900-1949 Share of 795000 fatalities 1950-1999 Share of 700000 fatalities

Other causes Other causes
Landslides Collapse of masonry )
) A buildings Landslides
Fire following Fire following
earthquake earthquake Collapse of masonry
buildings
Collapse of RC Collapse of RC

buildings buildings

Collapse of

timber buildings Collapse of timber

buildings

Figure 1.1 Breakdown of earthquake-related fatalities by cause

2 See the list of causes of death due to the occurrence of an earthquake in Alexander (1984).
3 Coburn ef al. (1989).
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Figure 1.2 The collapse of masonry buildings is the cause of most of the deaths in
earthquakes around the world. The 1982 Dhamar Earthquake, Yemen Arab Republic

continuing changes in the types of buildings being constructed in many of the
countries most at risk. Modern building materials, commercialisation of the con-
struction industry and modernisation in the outlook of town and village dwellers
are bringing about rapid changes in building stock. Brick and concrete block are
common building materials in even the most remote areas of the world, and the
wealthier members of rural communities who 20 or 30 years ago would have
lived in weak masonry houses now live in reinforced concrete framed houses
and apartment blocks.

Unfortunately, many of the reinforced concrete framed houses and apartment
blocks built in the poorer countries are also highly vulnerable and, moreover,
when they do collapse, they are considerably more lethal and kill a higher per-
centage of their occupants than masonry buildings. In the second half of the
twentieth century most of the urban disasters involved collapses of reinforced
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concrete buildings and Figure 1.1 shows that the proportion of deaths due to
collapse of reinforced concrete buildings is significantly greater than earlier in
the century.

1.2.3 The World’s Earthquake Problem is Increasing

On average, about 200 large-magnitude earthquakes occur in a decade — about
20 each year. Some 10% to 20% of these large-magnitude earthquakes occur in
mid-ocean, a long way away from land and human settlements. Those that occur
on land or close to the coast do not all cause damage: some happen deep in the
earth’s crust so that the dissipated energy is dispersed harmlessly over a wide
area before it reaches the surface. Others occur in areas only sparsely inhabited
and well away from towns or human settlements.

However, as the world’s population grows and areas previously with small
populations become increasingly densely settled, the propensity for earthquakes
to cause damage increases. At the start of the century, less than one in three of
large earthquakes on land killed someone. The number has gradually increased
throughout the century, roughly in line with the world’s population, until in
the twenty-first century, two earthquakes in every three now kill someone. The
increasing frequency of lethal earthquakes is shown in Figure 1.3.

But the annual rate of earthquake fatalities does show some signs of being
reduced. Figure 1.1 shows that the total number of fatalities in the years

1950-1999 has averaged 14000 a year — down from an average of 16000 a
year in the previous 50 years. And the number of earthquake-related fatalities in

Number of Fatal Earthquakes per Decade

O No. of events

H No. of events
causing >1000
casualties

Number of events and number
of events causing > 1000 casualties

o
!

1900-09
1910-19
1920-29
1930-39
1960-69
1970-79
1980-89
1990-99

Decade

Figure 1.3 Number of fatal earthquakes per decade. This number has been increasing
steadily over the last century. But the number per decade in which more than 1000 have
been killed has remained roughly constant
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the 1990s was 116 000, an average for the decade of 11600 per year. Some of
this reduction is undoubtedly due to beneficial changes: the reduction in fatalities
from fire is largely due to changes in the Japanese building stock and successful
measures taken by Japan to avoid conflagrations in its cities. And changes in
building practices in some areas are making a significant proportion of buildings
stronger than they used to be.

Nevertheless the present worldwide rate of reduction in vulnerability appears
insufficient to offset the inexorable increase in population at risk. In the last
decade the world’s populationwas increasing by about 1.5% annually, i.e. dou-
bling every 50 years or so, so the average vulnerability of the world’s building
stock needs to be falling at a reciprocal rate, i.e. halving every 50 years, simply
for the average annual loss to be stabilised. The evidence suggests that although
the average vulnerability of building stock is falling, it is not falling that quickly,
so that the global risk of future fatalities is rising overall.

1.2.4 Urban Risk

Urban earthquake risk today derives from the combination of local seismi-
city — the likelihood of a large-magnitude earthquake — combined with large
numbers of poorly built or highly vulnerable dwellings. A detailed analysis of the
largest 800 cities in the world combining data on population, population growth
rates, housing quality and global distribution of seismic hazard enables us to
estimate the risks in all the large earthquake-prone cities, and compare them.
Table 1.3 lists some of the world’s most highly vulnerable cities and divides
them into risk categories. Risk is here measured by the numbers of housing units
which could be destroyed in the event of the earthquake with a 10% probability
of exceedance in 50 years (approximately the once in 500 years earthquake).
This assessment of loss is an indication of the overall risk, averaged out over a
long period of time. The actual pattern of loss is likely to consist of long periods
(a century or more) with small losses, with occasional catastrophic losses. Of the
29 cities in the three highest risk categories, only 8 cities (6 in Japan and 2 in
the United States) are in the high-income group of countries; the 21 others are
all in the middle- or low-income group of countries.

It is clear from both Table 1.1 and Table 1.3 that the risk today is polarising,
with industrialised countries obtaining increasing levels of safety standards in
their building stock while the increasing populations of developing countries
become more exposed to potential disasters. This polarisation is worth examining
in a little more detail.

1.2.5 Earthquake Vulnerability of Rich and Poor Countries

Earthquakes causing the highest numbers of fatalities tend to be those affecting
high densities of the most vulnerable buildings. In many cases, the most vulner-
able building stock is made up of low-cost, low-strength buildings. Some idea
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Table 1.3 Cities at risk: the cities across the world with the highest numbers of dwellings
likely to be destroyed in the ‘500-year’ earthquake.

Name Country Population, 2002
(thousands)

Category A (over 25000 dwellings destroyed in ‘500-year’ earthquake)

Guatemala City Guatemala 1090
Izmir Turkey 2322
Kathmandu Nepal 712
Kermanshah Iran 771
San Salvador El Salvador 496
Shiraz Iran 1158
Tokyo Japan 8180
Yokohama Japan 3220

Category B (between 10 000 and 25 000 dwellings destroyed in ‘500-year’ earthquake)

Acapulco Mexico 632
Kobe Japan 1517
Lima Peru 7603
Mendoza Argentina 969
Mexicali Mexico 575
Piura Peru 359
San Juan Argentina 439
Trujillo Peru 600

Category C (between 5000 and 10 000 dwellings destroyed in ‘500-year’ earthquake)

Beijing China 7127
Bogota Colombia 6680
Chiba Japan 902
Izmit Turkey 262
Kawasaki Japan 1271
Manila Philippines 10133
San Francisco USA 805
San Jose USA 928
Sendai Japan 1022
Tehran Iran 7722
Tianjin China 4344
Valparaiso Chile 301
Xi’an China 2656

The figures are derived from several sources of data. The ‘500-year’ earthquake hazard for the city is based on
the zoning of the 10% probability of exceedance in 50 years in the GSHAP map (http://seismo.ethz.ch/GSHAP/);
this is combined with recent population figures from the world gazetteer (www.world-gazetteer.com), and average
household sizes from UN data (UNCHS, 2001); estimates of the vulnerability of each city’s building stock are based
on information compiled by the authors from earthquake vulnerability surveys, recent earthquake loss experience
and a variety of local sources of information. The resulting estimates are very approximate.
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of the cost and quality of building stock involved in these fatal events can be
obtained by comparing the economic costs inflicted by the earthquakes (chiefly
the cost of destroyed buildings and infrastructure) with human fatalities. This is
presented in Figure 1.4, for the countries most affected by earthquakes in the
twentieth century.*

The highest casualties are generally those affecting low-cost construction. In
Figure 1.4, the economic losses incurred range from $1000 of damage for every
life lost (China) to over $1 million worth of damage for every life lost (USA).
The location of individual countries on this chart is obviously a function of their
seismicity as well as the vulnerability to collapse of their building stock and
the degree of anti-seismic protection of their economic investment. The most
earthquake-prone countries will be found towards the top right-hand corner of
the chart, and the least towards the bottom left corner. Richer countries will lie
above the diagonal joining these corners, poorer countries below it.

In general, high-seismicity countries want to reduce both their total casualties
and their economic losses. In order to do this, those concerned with earthquake

Earthquake Losses by Country
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Figure 1.4 Fatalities and economic loss in earthquakes by country (after Ohta et al.
1986)

4 After Ohta et al. (1986).
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protection need first of all to understand some of the technical aspects of earth-
quake occurrence and the terminology associated with seismology, the study of
earthquakes. There are a large number of books that explain earthquake mechanics
in far greater detail than is possible here, and a number are listed in the sugges-
tions for further reading at the end of the chapter. But some of the principles of
earthquake occurrence are worth summarising here, to explain the terminology
which will appear in later chapters.

1.3 Earthquakes

1.3.1 Geographical Distribution of Earthquakes

The geographical distribution of earthquake activity in the earth’s crust is seen
from the global seismic hazard map shown in Plate 1. The map shows the distribu-
tion of expected seismicity across the earth’s surface, measured by the expected
intensity of shaking over a given time.> The concentration of seismicactivity
in particular zones can be clearly seen. Two features of this map are worth
elaborating.

1. Running down the western side of the Pacific Ocean from Alaska in the north
to New Zealand in the south is a series of seismic island arcs associated with
the Aleutian Islands, Japan, the Philippines and the islands of South East Asia
and the South Pacific; a similar island arc runs through the Caribbean and
another surrounds Greece.

. Two prominent earthquake belts are associated with active mountain building
at continental margins: the first is on the eastern shores of the Pacific stretching
the length of the Americas, and the second is the trans-Asiatic zone running
east—west from Myanmar through the Himalayas and the Caucasus Mountains
to the Mediterranean and the Alps.

In addition to these major sources of earthquake activity, through the middle of
each of the great oceans (but not shown on the map) there is a line of earthquakes,
which can be associated with underwater mountain ranges known as mid-ocean
ridges. Elsewhere, earthquakes do occur, but the pattern of activity is less dense,
and magnitudes are generally smaller.

Tectonic Earthquakes

Seismologists explain this complex mosaic of earthquake activity in terms of plate
tectonics. The continents on the earth’s surface consist of large areas of relatively

3 The expected intensity of shaking at each location is measured by the peak horizontal ground
acceleration with a 10% probability of exceedance in 50 years.
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cohesive plates, forming the earth’s structure, floating on top of the mantle, the
hotter and more fluid layer beneath them. Convection currents in the mantle cause
adjoining plates to move in different directions, resulting in relative movement
where the two plates meet. This relative movement at the plate boundaries is
the cause of earthquakes. The nature of the earthquake activity depends on the
type of relative movement. At the mid-ocean ridges, the plates are moving apart.
New molten rock swells up from below and forms new sea floor. These areas
are called spreading zones. At some plate boundaries, the plates are in head-on
collision with each other; this may create deep ocean trenches in which the rock
mass of one plate is thrust below the rock mass of the adjacent plate. The result is
mountain building associated with volcanic activity and large earthquakes which
tend to occur at a considerable depth; these areas are called subduction zones.
The ocean trenches associated with the island arcs and the western shores of
South America are of this type. Some collision zones occur in locations where
subduction is not possible, resulting in the formation of huge mountain ranges
such as the Himalayas.

There are also some zones in which plates are moving parallel and in opposite
directions to each other and the relative movement is primarily lateral. Examples
of these are the boundary between the Pacific plate and the North American plate
running through California, and the southern boundary of the Eurasian plate in
Turkey; in these areas large and relatively shallow earthquakes occur which can
be extremely destructive.

Subduction Zones

The mid-ocean ridges are the source of about 10% of the world’s earthquakes,
contributing only about 5% of the total seismic energy release. By contrast, the
trenches contribute more than 90% of the energy in shallow earthquakes and
most of the energy for deeper earthquakes as well. Most of the world’s largest
earthquakes have occurred in subduction zones.

Intra-plate Earthquakes

A small proportion of the energy release takes place in earthquakes located away
from the plate boundaries. Most of such intra-plateearthquakes occur in con-
tinental zones not very far distant from the plate boundaries and may be the
result of localised forces or the reactivation of old fault systems. They are more
infrequent but not necessarily smaller than inter-plate earthquakes. Some large
and highly destructive intra-plate earthquakes have occurred. The locations of
intra-plate earthquakes are less easy to predict and consequently they present a
more difficult challenge for earthquake protection.

An important consequence of the theory of plate tectonics is that the rate and
direction of slip along any plate boundary should on average be constant over
a period of years. In any given tectonic system, the total energy released in
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earthquakes or other dissipations of energy is therefore predictable, which helps
to understand seismic activity and to plan protection measures. Likely locations
of future earthquakes may sometimes be identified in areas where the energy
known to have been released is less than expected. This seismic gap theory is a
useful means of long-term earthquake prediction which has proved valuable in
some areas. Earthquake prediction is discussed further in Chapter 3.

1.3.2 Causes of Earthquakes

Earthquakes tend to be concentrated in particular zones on the earth’s surface,
which coincide with the boundaries of the tectonic plates into which the earth’s
crust is divided. As the plates move relative to each other along the plate bound-
aries, they tend not to slide smoothly but to become interlocked. This interlocking
causes deformations to occur in the rocks on either side of the plate boundaries,
with the result that stresses build up. But the ability of the rocks to withstand
these stresses is limited by the strength of the rock material; when the stresses
reach a certain level, the rock tends to fracture locally, and the two sides move
past each other, releasing a part of the built-up energy by elastic rebound.

Once started, the fracture tends to propagate along a plane — the rupture
plane — until a region where the condition of the rocks is less critical has been
reached. The size of the fault rupture will depend on the amount of stress build-up
and the nature of the rocks and their faulting.

1.3.3 Surface Faulting

In most smaller earthquakes the rupture plane does not reach the ground
surface, but in larger earthquakes occurring at shallow depth the rupture
may break through at the earth’s surface producing a crack or a ridge — a
surface break — perhaps many kilometres long. A common misconception about
earthquakes is that they produce yawning cracks capable of swallowing people
or buildings. At the epicentre of a very large earthquake rupturing the surface
on land — quite a rare event — cracks in the earth do occur and the ground either
side of the fault can move a few centimetres, or in very large events a few
metres, up or along. This is, of course, very damaging for any structure that
is built straddling the rupture. During the few seconds of the earthquake, the
ground is violently shaken and any fault rupture is likely to open up several
centimetres in the shaking. There is a slight possibility that a person could
be injured in the actual fault rupture, but by far the worst consequences of
damage and injury come from the huge amounts of shaking energy released
by the earthquake affecting areas of hundreds of square kilometres. This energy
release may well cause landslides and ground cracking in areas of soft or unstable
ground anywhere in the affected area, which can be confused with surface fault
traces.
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1.3.4 Fault Mechanisms; Dip, Strike, Normal

According to the direction of the tectonic movements at the plate boundary the
fault plane may be vertical or inclined to the vertical — this is measured by the
angle of dip — and the direction of fault rupture may be largely horizontal, largely
vertical, or a combination of horizontal and vertical.

The different types of source characteristic do produce recognisably different
shock-wave pulses, notably in the different directional components of the first
moments of ground motion, but in terms of magnitude, intensity and spatial
attenuation the different source mechanisms can be assumed fairly similar for
earthquake protection planning.

1.3.5 Earthquake Waves

As the rocks deform on either side of the plate boundary, they store energy — and
massive amounts of energy can be stored in the large volumes of rock involved.
When the fault ruptures, the energy stored in the rocks is released in a few
seconds, partly as heat and partly as shock waves. These waves are the earth-
quake. They radiate outwards from the rupture in all directions through the earth’s
crust and through the mantle below the crust as compression or body seismic
waves. They are reflected and refracted through the various layers of the earth;
when they reach the earth’s surface they set up ripples of lateral vibration or
seismic waves which also propagate outwards along the surface with their own
characteristics. These surface waves are generally more damaging to structures
than the body waves and other types of vibration caused by the earthquake. The
body waves travel faster and in a more direct route so most sites feel the body
waves a short time before they feel the stronger surface waves. By measuring the
time difference between the arrival of body and surface waves on a seismogram
(the record of ground motion shaking some distance away) seismologists can
estimate the distance to the epicentre of a recorded earthquake.

1.3.6 Attenuation and Site Effects

As the waves travel away from the source, their amplitude becomes smaller and
their characteristics change in other complex ways. Sometimes these waves can
be amplified or reduced by the soils or rocks on or close to the surface at the site.
Theground motion which we feel at any point is the combined result of the source
characteristics of the earthquake, the nature of the rocks or other media through
which the earthquake waves are transmitted, and the interaction with the site effects.

A full account of earthquake waves and their propagation is outside the scope
of this book, but is well covered elsewhere.® The effect of site characteristics
on the nature and effects of earthquake ground motion is further discussed in
Chapter 7.

6 See e.g. Bolt (1999).
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Not all earthquakes are tectonic earthquakes of the type described here. A
small but important proportion of all earthquakes occur away from plate bound-
aries. These include some very large earthquakes and are the main types of
earthquakes occurring in many of the medium- and low-seismicity parts of the
world. The exact mechanisms giving rise to such intra-plate earthquakes are still
not clearly established. It is probable that they too are associated with faulting,
though at depth; as far as their effects are concerned they are indistinguishable
from tectonic earthquakes.

Earthquakes can also be associated with volcanic eruptions, the collapse of
underground mine-workings, and human-made explosions. Generally earthquakes
of each of these types will be of very much smaller size than tectonic earth-
quakes, and they may not be so significant from the point of view of earth-
quake protection.

1.3.7 Earthquake Recurrence in Time

Given the nature of the large geological processes causing earthquakes, we can
expect that each earthquake zone will have a rate of earthquake occurrence asso-
ciated with it. Broadly, this is true, but as the rocks adjacent to plate boundaries
are in a constant state of change, a very regular pattern of seismic activity is rarely
observed. In order to observe the pattern of earthquake recurrence in a particular
zone, a long period of observation must be taken, longer in most cases than the

time over which instrumental records of earthquakes have been systematically
made. A statistical study of earthquake occurrence patterns, using both historical
data and recent data from seismological instruments, can enable us to determine
average return periods for earthquakes of different sizes (see Figure 1.5). This
is the approach which has been used to develop the global seismic hazard map
shown in Plate I and is discussed further in Chapter 7.

1.3.8 Severity and Measurement of Earthquakes

The size of an earthquake is clearly related to the amount of elastic energy
released in the process of fault rupture. But only indirect methods of measuring
this energy release are available, by means of seismic instruments or the effects
of the earthquake on people and their environment.

The terms magnitude and intensity tend to be confused by non-specialists in
discussing the severity of earthquakes. The magnitude of an earthquake is a
measure of its total size, the energy released at its source as estimated from
instrumental observations. The intensity of an earthquake is a measure of the
severity of the shaking of the ground at a particular location. ‘Magnitude’ is a
term applied to the earthquake as a whole whereas ‘intensity’ is a term applied to
a site affected by an earthquake, and any earthquake causes a range of intensities
at different sites.
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Average Number of Earthquakes Occurring Each Decade
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Figure 1.5 Average recurrence rate of earthquakes of different magnitudes worldwide
(after Bath 1979)

1.3.9 Earthquake Magnitude

A number of magnitude scales are in use. The oldest is the Richter magnitude
(M,) scale, defined by Charles Richter in 1936. It is based on the logarithm of
the amplitude of the largest swing recorded by a standard seismograph. Because
earthquakes of different types cause different forms of seismic wave trains, more
detailed measurements include body wave magnitude (my) and surface wave mag-
nitude (M;), based on the amplitudes of different parts of the observed wave
train. In general, the definition of magnitude which best correlates with the sur-
face effects of earthquakes is the surface wave magnitude M, since it is the
surface waves which are most destructive to buildings. There are a number of
correlations between the different magnitude definitions.

Because magnitude scales are derived from the logarithm of the seismograph
amplitude, the amount of energy released in an earthquake is not a simple function
of the magnitude — each unit on the Richter scale represents a 32-fold increase
in the energy released.
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A guide to earthquake magnitude
Magnitude less than 4.5

Magnitude 4.5 represents an energy release of about 108 kilojoules and is the
equivalent of about 10tonnes of TNT being exploded underground. Below about
magnitude 4.5, it is extremely rare for an earthquake to cause damage, although
it may be quite widely felt. Earthquakes of magnitude 3 and magnitude 2 become
increasingly difficult for seismographs to detect unless they are close to the
event. A shallow earthquake of magnitude 4.5 can generally be felt for 50 to
100 km from the epicentre.

Magnitude 4.5 to 5.5 - local earthquakes

Magnitude 5.5 represents an energy release of around 10° kilojoules and is the
equivalent of about 1000tonnes of TNT being exploded underground. Earth-
quakes of magnitude 5.0 to 5.5 may cause damage if they are shallow and if
they cause significant intensity of ground shaking in areas of weaker buildings.
Earthquakes up to magnitudes of about 5.5 can occur almost anywhere in the
world - this is the level of energy release that is possible in normal non-tectonic
geological processes such as weathering and land formation. An earthquake of
magnitude 5.5 may well be felt 100 to 200 km away.

Magnitudes 6.0 to 7.0 - large magnitude events

Magnitude 6 represents an energy release of the order of 10'° kilojoules and is the
equivalent of exploding about 6000 tonnes of TNT underground. A magnitude 6.3
is generally taken as being about equivalent to an atomic bomb being exploded
underground. A magnitude 7.0 represents an energy release of 10 kilojoules.
Large-magnitude earthquakes, of magnitude 6.0 and above, are much larger
energy release associated with tectonic processes. If they occur close to the
surface they may cause intensities at their centre of VIII, IX or even X, causing
very heavy damage or destruction if there are towns or villages close to their
epicentre. Some of these large-magnitude earthquakes, however, are associated
with tectonic processes at depth and may be relatively harmless to people on the
earth’s surface. There are about 200 large-magnitude events somewhere in the
world each decade. A magnitude 7.0 earthquake at shallow depth may be felt at
distances 500 km or more from its epicentre.

Magnitudes 7.0 to 8.9 - great earthquakes

A magnitude 8 earthquake releases around 102 kilojoules of energy, equivalent
to more than 400 atomic bombs being exploded underground, or almost as
much as a hydrogen bomb. The largest earthquake yet recorded, magnitude 8.9,
released 10" kilojoules of energy. Great earthquakes are the massive energy
releases caused by long lengths of linear faults rupturing in one break. If they
occur at shallow depths they cause slightly stronger epicentral intensities than
large-magnitude earthquakes but their great destructive potential is due to the
very large areas that are affected by strong intensities.
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Very sensitive instruments can record earthquakes with magnitudes as low
as —2, the equivalent of a brick being dropped from the table to the ground.
The energy released from an earthquake is similar to an explosive charge being
detonated underground, with magnitude being the measure of the energy released.

In the guide to magnitude (see box), an explosive equivalent of each magnitude
level is given as a rough guide. The destructive effects at the earth’s surface of the
energy released are also affected by the depth of the earthquake: energy released
close to the surface will be more destructive on the area immediately above it,
and a deep energy release will affect a wider area above, but the energy will be
more dissipated and the effects weaker.

1.3.10 Limits to Magnitude

The larger the area of fault that ruptures, and the bigger the movement that takes
place in one thrust, the greater the amount of energy released. The length of
the fault and its depth determine the area of its rupture: in practice the depth
of rupture is constrained by the depth of the earth’s solid crust, so the critical
parameter in determining the size of earthquake is the length of the fault rupture
that takes place. The tectonic provinces where long, uninterrupted fault lengths
exist are limited, and are by now fairly well defined. The limits to magnitude
appear to be the sheer length of fault that could possibly unzip in one single
rupture. The largest magnitude earthquake yet recorded measured 8.9, rupturing
over 200 continuous kilometres down the coast of Chile.

Because of this tendency for magnitude scales to saturate at about 9, seismol-
ogists have developed a new measure of the magnitude of an earthquake which
derives more directly from the source characteristics. Seismic moment is defined
by the rigidity of the rocks, multiplied by the area of faulting, multiplied by the
amount of the slip. Seismic moment can be inferred from instrument readings,
and for larger earthquakes checked by observations of the surface fault trace.
Based on seismic moment, a moment magnitude (M,,) has been defined which
correlates well with other measures of magnitude over a range of magnitudes.

1.3.11 Intensity

Intensity is a measure of the felt effects of an earthquake rather than the earth-
quake itself. It is a measure of how severe the shaking was at any location.
For any earthquake, the intensity is strongest close to the epicentre and atten-
uates away with distance from the source of the earthquake. Larger magnitude
earthquakes produce stronger intensities at their epicentres. Intensity mapping
showing isoseismals, or lines of equal intensity, is normally carried out after
each damaging earthquake by the local geological survey. Isoseismal maps of
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Isoseismal Map, Belice Earthquake, sicily, 16 January 1968
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Figure 1.6 An example of an isoseismal map: the Belice earthquake, 1968, Sicily, Italy,
using the MSK intensity scale (after Cosentino and Mulone, in Barbano et al. 1980)

past events play an important part in the estimation of the probable occur-
rence of future earthquakes. An example of an isoseismal map is shown in
Figure 1.6.

Intensity is assessed by classifying the degree of shaking severity using an inten-
sity scale. The intensity level is assigned for a particular location from the visible
consequences left by the earthquake and from reports by those who experienced
the shaking. The level of intensity is identified by a Roman numeral commonly
on a scale from I to X (or even up to XII), indicating that the scale describes a
succession of states but is not numerical. An example of an intensity scale, the
definitions of the EMS 98 intensity scale, are given in the box. It may be worth
noting that intensities of degree X are rare, and the higher degrees, XI and XII,
have rarely, if ever, been scientifically verified.

The European Macroseismic Scale 1998: definitions of intensity’

Note: the arrangement of the scale is: (a) effects on humans, (b) effects on objects
and on nature, (c) damage to buildings.

Intensity I: Not felt

(@) Not felt, even under the most favourable circumstances.
(b) No effect.
(c) No damage.

"Based on Griinthal (1998).
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Intensity II: Scarcely felt

(@) The tremor is felt only at isolated instances (<1%) of individuals at rest and in
a specially receptive position indoors.

(b) No effect.

(c) No damage.

Intensity Ill: Weak

(@) The earthquake is felt indoors by a few. People at rest feel a swaying or light
trembling.

(b) Hanging objects swing slightly.

(c) No damage.

Intensity IV: Largely observed

(@) The earthquake is felt indoors by many and felt outdoors only by very few.
A few people are awakened. The level of vibration is not frightening. The
vibration is moderate. Observers feel a slight trembling or swaying of the
building, room or bed, chair, etc.

(b) China, glasses, windows and doors rattle. Hanging objects swing. Light
furniture shakes visibly in a few cases. Woodwork creaks in a few cases.

(c) No damage.

Intensity V: Strong

(@) The earthquake is felt indoors by most, outdoors by few. A few people are
frightened and run outdoors. Many sleeping people awake. Observers feel a
strong shaking or rocking of the whole building, room or furniture.

(b) Hanging objects swing considerably. China and glasses clatter together.
Small, top-heavy and/or precariously supported objects may be shifted or fall
down. Doors and windows swing open or shut. In a few cases window panes
break. Liquids oscillate and may spill from well-filled containers. Animals
indoors may become uneasy.

(c) Damage of grade 1 to a few buildings of vulnerability class A and B.

Intensity VI: Slightly damaging

(@) Felt by most indoors and by many outdoors. A few persons lose their balance.
Many people are frightened and run outdoors.

(b) Small objects of ordinary stability may fall and furniture may be shifted. In a
few instances dishes and glassware may break. Farm animals (even outdoors)
may be frightened.

(c) Damage of grade 1 is sustained by many buildings of vulnerability class A and
B; a few of class A and B suffer damage of grade 2; a few of class C suffer
damage of grade 1.

Intensity VII: Damaging

(@) Most people are frightened and try to run outdoors. Many find it difficult to
stand, especially on upper floors.

(b) Furniture is shifted and top-heavy furniture may be overturned. Objects fall
from shelves in large numbers. Water splashes from containers, tanks and
pools.
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(c) Many buildings of vulnerability class A suffer damage of grade 3, a few of
grade 4. Many buildings of vulnerability class B suffer damage of grade 2, a
few of grade 3. A few buildings of vulnerability class C sustain damage of
grade 2. A few buildings of vulnerability class D sustain damage of grade 1.

Intensity VIII: Heavily damaging

(@) Many people find it difficult to stand, even outdoors.

(b) Furniture may be overturned. Objects like TV sets, typewriters, etc., fall to the
ground. Tombstones may occasionally be displaced, twisted or overturned.
Waves may be seen on very soft ground.

(c) Many buildings of vulnerability class A suffer damage of grade 4, a few of
grade 5. Many buildings of vulnerability class B suffer damage of grade 3,
a few of grade 4. Many buildings of vulnerability class C suffer damage of
grade 2, a few of grade 3. A few buildings of vulnerability class D sustain
damage of grade 2.

Intensity IX: Destructive

(@) General panic. People may be forcibly thrown to the ground.

(b) Many monuments and columns fall or are twisted. Waves are seen on soft
ground.

(c) Many buildings of vulnerability class A sustain damage of grade 5. Many
buildings of vulnerability class B suffer damage of grade 4, a few of grade 5.
Many buildings of vulnerability class C suffer damage of grade 3, a few of
grade 4. Many buildings of vulnerability class D suffer damage of grade 2, afew
of grade 3. A few buildings of vulnerability class E sustain damage of grade 2.

Intensity X: Very destructive

(c) Most buildings of vulnerability class A sustain damage of grade 5. Many
buildings of vulnerability class B sustain damage of grade 5. Many buildings
of vulnerability class C suffer damage of grade 4, a few of grade 5. Many
buildings of vulnerability class D suffer damage of grade 3, a few of grade 4.
Many buildings of vulnerability class E suffer damage of grade 2, a few of
grade 3. A few buildings of vulnerability class F sustain damage of grade 2.

Intensity XI: Devastating

(c) Most buildings of vulnerability class B sustain damage of grade 5. Most
buildings of vulnerability class C suffer damage of grade 4, many of grade 5.
Many buildings of vulnerability class D suffer damage of grade 4, a few of
grade 5. Many buildings of vulnerability class E suffer damage of grade 3,
a few of grade 4. Many buildings of vulnerability class F suffer damage of
grade 2, a few of grade 3.

Intensity XII: Completely devastating

(c) All buildings of vulnerability class A, B and practically all of vulnerability class C
are destroyed. Most buildings of vulnerability class D, E and F are destroyed.
The earthquake effects have reached the maximum conceivable effects.

Definitions of quantity

Few means less than about 15%; many means from about 15% to about 55%;
most means more than about 55%.
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Classification of damage to masonry buildings®

Grade 1: Negligible to slight damage (no structural damage, slight non-structural
damage)

Hair-line cracks in very few walls. Fall of small pieces of plaster only. Fall of loose
stones from upper parts of buildings in very few cases.

Grade 2: Moderate damage (slight structural damage, moderate non-structural
damage)

Cracks in many walls. Fall of fairly large pieces of plaster. Partial collapse of
chimneys.

Grade 3: Substantial to heavy damage (moderate structural damage, heavy
non-structural damage)

Large and extensive cracks in most walls. Roof tiles detach. Chimneys fracture at
the roof line; failure of individual non-structural elements (partitions, gable walls).

Grade 4: Very heavy damage (heavy structural damage, very heavy non-structural
damage)
Serious failure of walls, partial structural failure of roofs and floors.

Grade 5: Destruction (very heavy structural damage)
Total or near total collapse.

Classification of damage to buildings of reinforced concrete

Grade 1: Negligible to slight damage (no structural damage, slight non-structural
damage) (Figure 1.8b)

Fine cracks in plaster over frame members or in walls at the base. Fine cracks in
partitions and infills.

Grade 2: Moderate damage (slight structural damage, moderate non-structural
damage) (Figure 1.8c)

Cracks in columns and beams of frames and in structural walls. Cracks in partition
and infill walls; fall of brittle cladding and plaster. Falling mortar from the joints of
wall panels.

Grade 3: Substantial to heavy damage (moderate structural damage, heavy
non-structural damage) (Figure 1.8d)

Cracks in columns and beam column joints of frames at the base and at joints
of coupled walls. Spalling of concrete cover, buckling of reinforced rods. Large
cracks in partition and infill walls, failure of individual infill panels.

Grade 4: Very heavy damage (heavy structural damage, very heavy non-structural
damage) (Figure 1.8¢e)

Large cracks in structural elements with compression failure of concrete and
fracture of rebars; bond failure of beam reinforced bars; tilting of columns.
Collapse of a few columns or of a single upper floor.

Grade 5: Destruction (very heavy structural damage) (Figure 1.8f)
Collapse of ground floor or parts (e.g. wings) of buildings.

8Damage grades 1 to 5 as defined in this scale are referred to elsewhere in this text as damage levels
DI to D5.
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Classification of typical vulnerability classes

Class A: rubble stone, fieldstone, adobe

Class B: simple stone, unreinforced masonry with manufactured masonry units
Class C: massive stone, unreinforced masonry with RC floors; RC frame or walls
without ERD

Class D: reinforced or confined masonry, RC frame or wall with moderate ERD,
timber structure

Class E: RC frame or wall with high ERD, steel structure

But vulnerability could be one class higher or one or two classes lower according
to standard of construction.®
Note: ERD = earthquake-resisting design.

There are a large number of intensity scales, most of which have been mod-
ifications or adaptations of previous scales, and originate from the attempts of
early seismologists to classify the effects of earthquake ground motion without
instrumental measurements. The most common ones in use today include the
Modified Mercalli (MM) scale, a 12- point scale mainly in use in United States;
the European Macroseismic Scale (EMS), a development from the MM scale now
used more in Europe and given as an example in the box; the Japanese Meteoro-
logical Agency (JMA) scale, a seven-point scale used in Japan; and other scales
similar to the MM scale are used in the former USSR and in China for their own
building types. The evolution of these various intensity scales is summarised in
Figure 1.7.

Nowadays, intensity scales are primarily used to make rapid evaluations of the
scale and geographical extent of a damaging earthquake in initial reconnaissance,
to guide the emergency services.

1.4 Earthquake Protection

The term earthquake protection, as used in this book, refers to the total scope
of all those activities which can be taken to alleviate the effects of earthquakes,
or to reduce future losses, whether in terms of human casualties or physical
or economic losses. The term is similar in meaning to the more widely used
expression earthquake risk mitigation, although this usually refers primarily to
interventions to strengthen the built environment, whereas earthquake protection
is taken to include the human, financial, social and administrative aspects of
reducing earthquake effects.

9For a more detailed definition of the vulnerability classes, see the vulnerability table and the
guidelines given in the European Macroseismic Scale document (Griinthal, 1998).
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Historical Evolution of Seismic Intensity Scales

1783 Domenico Pignatoro grades seismic shocks for Italian earthquakes: "Slight ...to...Violent"
1828 Egen uses grades of perceived shaking for geographical mapping of a single event Scale 1-6

18th—19th Century
Personal Intensity Scales used by their authors as a shorthand for their own investigations

e

.g. Robert Mallet 1858 and 1862

1874 [ Michele Stefano De Rossi—————— 10 point scale e.g.:— "8: ... Very Strong Shock. Fall of

1878

chimneys and cracks in buildings..."

Francois Forel 10 point scale

N

1883 | Rossi - Forel Intensity Scale (R-F) |_10 point scale e.g.:—l "8: ...Fall of Chimneys, cracks in the walls of

buildings..."

1883

1880s to 1915
1888

1900
1904

Gi m i 10 point scale to describe higher intensities |"8: ...Partial ruin of some houses and frequent
luseppe ercalli levels 4 and 5 of AF scale combined | @nd considerable cracks in others..."

and level 10 divided into two
Attempts to define Absolute Intensity Scales Based on Acceleration
E.S. Holden  First ‘Absolute Scale of Earthquake Intensity’ based on acceleration (irregular values)
for Californian earthquakes
Prof. Omori Absolute Intensity Scale for Japan: Seven Grades, based on shaking table studies

Cancani Acceleration values added to Mercalli Scale, regular, exponential values for 1-10,
plus two additional acceleration values for possible higher levels, 11 and 12.

Plus a number of others, listed in Freeman (1932).

A 12 point scale

Mercalli Cancani Seiberg (MCS) Two points added by 8: ... Even though solidly constructed, houses

Cancani and descriptions | Of European architecture generally suffer

for them added by Seiburg | heavy damage by gaping fissures in the walls ..."

MCS Scale adopted by International Seismological Association

Richter’s Instrumental Measurement of Magnitude supercedes intensity for comparing size of different
v earthquakes Intensity takes Roman Numerals (I-Xll), to distinguish from Magnitude Scale

12 point scale "W ...Dam nsiderable to ordin:
Wood and Newmann I-for use in United Sta1es-| - -Damage considerable to ordinary

Modified Mercalli (MM) and for more modern substantial buildings, partial collapse..."

building types
v

1956

Charles Rich K 12 point scale "VIII: ...Damage or partial collapse to
_ Charles Richter Masonry used as indicator| Masonry C (Ordinary workmanship and
Modified Mercalli (MM-1956) of intensity. 4 grades of | mortar) Some damage to masonry B (Good

1930s-1970s

. N masonry proposed workmanship and mortar, reinforced)..."
Regional Intensity Scales

Different Scales used in different areas of the world:
Europe: MCS (1912)

USA: MM (1931

Japan: JMA (Based on 7 point Omori Scale, 1900)
USSR: Soviet Scale (1931) 12 point scale similar to MCS

China:  Chinese Scale (1956) 12 point scale similar to Soviet Scale and MM
12 point scale

N

To standardise intensity "VIII: ... Structure type B (ordinary brick buildings)

Medvedev Sponhuer Karnik (MSK) - 5ssessment internationally ~| Many (about 50%) damage degree 3 (heavy

and provide damage functions | damage, large and deep cracks in walls) and

for vulnerability assessment | Single (about 5%) damage degree 4 (partial

collapse) ..."

MSK 'International Intensity Scale' Officially Adopted at Unesco Intergovernmental Conference on Seismology

MSK Revisions 1976 (MSK-76)

Adopts modifications suggested by Working Groups,
including reservations about the existance of Intensity levels XI and XII

1980 (MSK-81) Further working group revisions, published as MSK - 1981.

Revision procedure began to Problems being addressed: inclusion of new building types, revision of
update MSK scale for wider damage distributions, non-linearity between levels VI and VII.
application

Publication of European Macroseismic Scale EMS 92 for review
Formal adoption in ESC of the EMS

A 4

| European Macroseismic Scale EMS gsl —1"VIIl: Many buildings of vulnerability class B

Figure 1.7

suffer damage of grade 2; a few of grade 3"

The genealogy of intensity scales
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Figure 1.8(b) EMS damage state D1 (slight damage)
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Figure 1.8(d) EMS damage state D3 (heavy damage)
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Figure 1.8(f) EMS damage state D5 (destruction)

Figure 1.8 Damage to mid-rise reinforced concrete frame buildings in the 1999 Kocaeli
earthquake in Turkey, in relation to the EMS damage states defined on p. 25
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1.4.1 Self-protection Measures

There is no doubt that in some areas of the world where earthquakes are a com-
mon occurrence, people do take some basic actions to protect themselves without
any external prompting. They build their houses more robustly than elsewhere,
using materials which are able to resist some degree of ground motion with-
out damage, and they avoid sites which previous disasters have shown to be
dangerous because of landslides, rockfalls or tsunamis. The culture and tradi-
tions of such areas are often full of references to past disasters which help to
maintain present-day earthquake awareness. Earthquake damage surveys from
many parts of the world have often reported unexpectedly good performance by
vernacular structures, and it has been suggested that the awareness of the earth-
quake risk has been incorporated into the traditional form of construction of these
buildings.

There are a number of reported examples of traditional construction techniques
that may have evolved within certain communities as a response to repeated
occurrences of earthquakes. Such examples include:

e The construction of energy-absorbing timber frame joints in traditional
Japanese construction.
Traditional timber reinforcement in weak masonry construction in the
Alpine—Himalayan seismic belt.'”
Roof systems supported on a dual structure of walls and posts, allowing posts
to keep the roof up when walls collapse in earthquakes thereby preventing
injury to the occupants.'!
Composite earth-and-timber vernacular structures in a number of earthquake-
prone areas that combine heavy mass for thermal insulation with the resilience
and ductility of a timber frame structure.'?
The use of arches, domes and vaults which appear to suffer less earthquake
damage by transmitting lateral forces safely.!?

10 The use of horizontal timber-strengthening elements in traditional masonry construction along the
Alpine—Himalayan seismic belt from Southern Europe through the Middle East (katil construction)
to the Indian Subcontinent (Arya and Chandra 1977) has been attributed to the earthquake-resisting
properties of this construction type in Ergiinay and Erdik (1984). It also has other attributes, including
adding general stability to the construction, which may also encourage its widespread adoption in
these regions.

1 The safe collapse of walls in earthquakes while roofs are supported on extra posts has been noted
in a number of earthquake reports, including Ambraseys et al. (1975) report of the Patan earthquake
in Pakistan, and the characteristics of the traditional Bali Balinesian hut, described in LINUH (1976)
which allows a thatched roof to shed its mud walls in an earthquake without collapsing.

12 For example, the quincha construction in Peru and other parts of Latin America and the use of
Bagdadi construction in Iran and elsewhere.

13 Several earthquake reports from Iran and elsewhere have noted that traditional dome construction,
particularly quasi-spherical domes, and arches have remained relatively undamaged in regions of
heavy destruction; an example is in Ambraseys et al. (1969) reporting the Iran, Dasht-e-Bayaz,
earthquake in 1968.
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There are also many examples of ancient earthquake engineering knowledge
for more monumental structures, including the construction of pendulum-like
central posts in pagodas in China,'* anti-seismic engineering for temples
in Ancient Greece'® and earthquake-resistant reinforcement of monuments,
mosques, minarets and other structures of Ottoman architecture'® throughout
the Middle East. Other historical accounts of protection measures include the
legislation measures enacted by the Neapolitancourt during the seventeenth
century'” and the numerous attempts in the nineteenth century by the City Fathers
of San Francisco to protect the city against future earthquakes.'8

This evolution of construction techniques by communities increasingly adopt-
ing the building types that perform well in successive earthquakes has been
dubbed ‘Architectural Darwinism’, the survival of the fittest building methods.®
There is no doubt that earthquakes and other disasters can act as powerful
prompts, causing a community to change its construction practices, adopt new
and safer building types and to pass new legislation to protect itself. It is even
argued that change only comes about as a result of a major disaster, with most
of the advances in disaster protection in a community attributable to a major
disaster in the past.?’

But many of the most damaging earthquakes of the last few decades have
occurred in locations where there is no general public awareness of the earthquake
risk, either because they have been recently settled, or because the interval since
the last large earthquake is many centuries. In these cases?! the earthquake tends
to be particularly disastrous.

Thus, where self-protection happens, it can make some contribution to provid-
ing an adequate level of protection, and it is useful to be aware of the extent of
earthquake awareness and self-protection which exists. But self-protection cannot
always be assumed to take place, and even where it does, it is very unlikely that
self-protection alone will provide adequate protection. Some degree of action by

14 Needham (1971) has suggested that the knowledge of the superior earthquake resistance of timber
was learned early by Chinese craftsmen.

15 Excavations and reconstructions of classical Greek temples reveal iron cramping of stone blocks
and pre-loading of foundations to create monolithic foundations that would withstand earthquake
waves.

16 Mosque design by the famous sixteenth-century Ottoman architect Sinan included chain
reinforcements around domes and towers to resist earthquake forces.

17 Tobriner (1984).

18 Tobriner in NCEER (1989).

19 Wood (1981).

20 Davis (1983).

2l Cases of earthquakes recurring unexpectedly and disastrously include Tangshan in China 1976,
the Leninakan region of Armenia in 1988, the Dhamar area of Yemen in 1982, and the 1995 Kobe
earthquake in Japan.
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national, regional and local authorities can be assumed to be necessary wherever
earthquakes are a known or a potential hazard.

1.4.2 Vulnerability and Protection

Any discussion of earthquake protection must attempt to identify the distribution
of vulnerability in any society, and across the world. It is clear from the earlier
discussion that earthquake vulnerability is heavily concentrated in the poorer
developing countries of the world. Consequently the book will place particular
emphasis on earthquake protection policies which can be of application in coun-
tries with limited resources. In such countries it rarely makes sense to attempt
to implement earthquake protection as an activity separate from other measures
to improve the general living conditions of the most economically vulnerable
groups.

Likewise, there is evidence that even in the wealthiest countries, there is sig-
nificant earthquake vulnerability among the poorest members of society, who
are forced to live in old weak buildings because this is the only accommo-
dation they can afford. Methods of upgrading these buildings are becoming
available and better understood, and they will be discussed in later chapters.
But it is essential not to overlook the political dimension of allocating pri-
orities for earthquake protection within a society in which all members feel
vulnerable, and recent experiences in implementing protection policies will be
described.

One of the key questions for any society to determine is what level of protection
it should attempt to provide. Earthquake protection is costly and must compete
for limited resources with other priorities for individual and public expenditure,
such as health care and environmental protection. In common with many other
areas of expenditure it is very difficult to define with any precision what benefits
are purchased by any given expenditure. Often earthquakes are seen as a remote
threat, unlikely to occur within the planning timescale of governments, adult
taxpayers or corporations, and even then very unlikely to be fatal; and it is
difficult to raise public enthusiasm for spending money on protection except in
the immediate aftermath of an earthquake. Overspending on protection will waste
resources, restricting economic development and economic growth, and these
opportunity costs are easier to perceive. The question of setting the right level of
protection and how to evaluate alternative protection strategies is therefore one
of the topics which the book will discuss.

Another matter which will be considered is whose responsibility it is to take
initiatives and to pay for protection. Apart from the individual or corporate
property owner, concern for the effects of earthquakes is also experienced by
local community groups, local government, and regional and national govern-
ments. International agencies are also involved, particularly in the activity of
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post-earthquake relief. The community at each of these levels will benefit from
improved earthquake protection, and needs to be drawn into a comprehensive
and effective protection strategy. At the lowest end, individuals and commu-
nity groups have the smallest probability of experiencing a disaster, and the
least resources to implement a protection strategy; on the other hand, perhaps
only community-based groups can effectively determine priorities for protection.
At the upper end national governments at the same time both face the great-
est risk of a disaster and have potentially the greatest financial and legislative
resources to implement protection, but without the active support at the level
of individual or community-based action, earthquake protection cannot succeed.
Strategies and actions appropriate to all levels of decision-making are described
in this book.

1.5 Organisation of the Book

The following chapter, Chapter 2, discusses the costs of earthquakes: what is lost,
who pays, and how risks are being measured and shared in the newly developing
international risk transfer market. Each of the following five chapters then deals
with a separate aspect of earthquake protection.

Chapter 3 deals with earthquake preparedness. The evidence shows that if the
public can be made aware of the risk of an impending earthquake, and trained
to know how to act when an earthquake strikes, the casualties will be consider-
ably smaller than if the earthquake strikes an unprepared community, regardless
of any additional action that might be taken to strengthen buildings. The chap-
ter discusses the present state of earthquake prediction and how this might be
used to improve public preparedness. Actions which can be taken in advance of
expected earthquakes such as training in emergency procedures and the role of
evacuation are also considered. Developing an earthquake safety culture is the
key to success.

Chapter 4 looks at the earthquake emergency itself, and examines what can
be done to reduce losses by the operation of effective disaster plans and by
facilitating speedy search and rescue operations. Detailed aspects of the way
buildings are designed are shown to have a crucial influence on the survival
chances of those caught in damaged or collapsed buildings.

Chapter 5 deals with post-earthquake recovery and reconstruction. It is clear
that the immediate aftermath of one earthquake provides the best opportunity for
building-in protection from future earthquakes, in the damaged area itself and
in adjacent areas — an opportunity which is often lost through lack of awareness
of the appropriate actions. The appropriate and politically acceptable response is
likely to be different in areas where the interval between damaging earthquakes
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is a few decades from that where the expected interval is measured in centuries,
as a number of reconstruction case studies show.

Chapter 6 is concerned with defining the roles and strategies appropriate to the
different groups acting to protect themselves and society as a whole. Measures
suitable for individuals, households and neighbourhood community groups are
discussed first, then suitable measures for private companies or organisations
are itemised. The role of urban authorities in developing earthquake protection
programmes at a city level is considered. Then national government activities and
priorities for implementing protection measures are presented and it is argued that
it is necessary for government to take a lead role in instigating a safety culture.
Finally measures for international and national aid and development organisations
are considered.

Chapter 7 presents the effects of siting and location on earthquake risk. It
describes the use of seismic hazard maps to support decisions on earthquake
protection, especially building design regulations, and it discusses the use of
microzoning techniques for earthquake protection in urban areas.

Chapter 8 considers the means available for improving the earthquake resis-
tance of buildings. It discusses the manner in which buildings resist earthquakes
and the choice of appropriate structural form and materials for new buildings
is considered. The approaches for engineered buildings designed to codes of
practice will be very different from those for non-engineered buildings. Older
existing buildings constitute the greatest source of earthquake vulnerability almost
everywhere and the chapter concludes by describing some of the techniques
for strengthening existing buildings which have been developed in particular
locations.

Chapter 9 deals with loss estimation and seismic risk assessment techniques.
As the techniques of risk analysis develop, it becomes an increasingly important
part of the earthquake protection strategy for any organisation or community to
be able to assess the extent of losses, of all types, which it faces. The methods
available to carry out loss assessment and the way in which the uncertainties
involved can be dealt with are the subject of Chapter 9.

Chapter 10 follows from the arguments of the previous chapter, identifying
the range of strategies which have been adopted which could make measurable
reductions in future earthquake risk, mainly through building improvement pro-
grammes. It also considers how such alternative earthquake protection strategies
can be evaluated, and how comparisons can be made in a situation where avoid-
ing human death and injury is the primary goal of protection policies, and in
which simple monetary evaluation of losses is consequently inadequate. It con-
cludes by reviewing the progress in earthquake protection which has been made
so far. And it considers the potential for progress through international action
during the years ahead.
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2 The Costs
of Earthquakes

2.1 The Costs of Earthquakes in the Last Century

During the last century, from 1900 to 1999, earthquakes caused damage esti-
mated to be worth more than $1 trillion ($1 000000000 000) at modern values.
This represents the loss estimates from the historical repair costs of each of the
1248 destructive earthquakes recorded around the world during the century, and
adjusted to the value of money in the year 2000.

2.1.1 Costs of Earthquakes are Increasing Rapidly

These costs if averaged over the century represent a loss of over $10 billion a year.
But costs are rising dramatically and during the century the average annual rate
of earthquake cost increased by an order of magnitude. In the last decade of the
century the loss rate averaged more than $20 billion a year. This is because there
is more property to be affected by earthquakes and property is more valuable. The
historical costs of earthquakes much earlier in the century were lower because
population densities were lower and property cost less to build and repair.

Historical Earthquakes would Cost more if they Occurred Today

For example, the contemporary estimates of the 1906 earthquake in San Fran-
cisco put the costs of rebuilding the ruined and burnt city at over $300 million.
At today’s prices, this represents a sum of over $50billion. But at that time,
San Francisco was a city of around 340 000 people, with much less sophisticated
infrastructure, less expensive buildings and much simpler personal possessions
compared with the city that exists there today. Today San Francisco is one of the
world’s leading and richest cities, with a population of 7 million people in the
Bay Area and a gross product of over $100 billion a year. A similar-magnitude
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earthquake to the 1906 event affecting today’s San Francisco would almost cer-
tainly not cause the same extent of fires as occurred in 1906, and most of the
modern buildings built to earthquake codes would not suffer major damage, but
the damage that would be caused would cost hundreds of billions of dollars
to repair. One analysis puts the total economic loss from a repeat of the 1906
earthquake on modern San Francisco at $170 to $225 billion.'

2.1.2 Different Types of Damage Cost Estimates

But the estimation of costs from all these earthquakes is very imprecise. The
historical data is only approximate and comes from many different sources of
different quality. People estimating earthquake losses use different terminology
and different components of the cost when they produce a damage cost esti-
mate. Definitions of different expressions of earthquake loss costs commonly
encountered are given in Table 2.1.

2.1.3 Difficulties of Costing an Earthquake

Quantifying the costs of an earthquake is difficult. Loss figures given for his-
torical earthquakes are usually estimates, based on aggregates of approximate
information. Often assessors make their estimate by modelling likely loss levels
against approximate information about the numbers and values of property in
the affected area. In only a few cases have detailed studies been made to collect
the actual costs incurred by all of the many people, businesses and stakehold-
ers affected by the earthquake, and to compile an overall assessment once the
repairs and reconstruction costs are known. Such studies show that it can take
many months and years for the true costs to be recognised.

Losses come from many Stakeholders

There are many different components of loss, and many different people and
organisations suffer losses, so establishing a definitive inventory of losses across
all the various stakeholders is complex. Table 5.1 provides a framework of the
major categories of likely loss-sufferers and various economic sectors impacted
by an earthquake, based on checklists used for initial loss scoping for United
Nations disaster reconnaissance missions.

Losses become more Apparent over Time

There is usually an urgency to establish an early loss assessment, and earthquake
event reports that publish a loss estimate quickly after an event sometimes remain

! Risk Management Solutions (RMS) (1995).
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Table 2.1 Definitions of different earthquake loss costs.

Physical loss

Economic loss

Insured loss

Shock loss

Historical loss

Value-adjusted
loss for a
reference
date (e.g.
loss at 2000
value)

Local currency
loss

$ loss

Recurrence
loss or
‘as-if” loss

Costs of repairing the physical environment, including repairing
damaged buildings, rebuilding infrastructure and replacing
destroyed possessions

The total costs of repairing damaged property, the costs of the
emergency operations and relief efforts, and the costs of lost
economic production arising from the disturbance caused by the
earthquake. Economic loss estimation is usually an attempt to
aggregate the losses from all the stakeholders directly affected,
such as the population, the commercial businesses, the public
sector and the insurance industry

The loss to the insurance industry, arising from claims made by
policyholders covered for earthquake. Insurance may cover repair
to damaged buildings, replacement of damaged possessions and
compensation for business interruption, and additional living
expenses for people made homeless by earthquake damage. Only
a proportion of people and private companies affected are likely
to have earthquake insurance cover, and policies may have
deductibles and limits, so insurance repayments cover only part
of the costs incurred by the private sector

The cost of damage arising from the initial shaking, but excludes
any subsequent losses, such as damage caused by fires triggered
by the earthquake, or damage caused by landslides, sprinkler
leakage or other secondary hazards

The value of the actual costs at the time of the earthquake. To
compare the costs of earthquakes that occurred in different years,
some account needs to be taken of the change in purchasing value
over time, such as using a retail price index or inflation index

The cost of an historical earthquake, adjusted to a standardised
value, such as the value at a reference year, to account for
change in purchasing value over time. In this book, earthquake
loss costs are adjusted to values for the reference year 2000

The value of costs in the currency of the country affected. To
compare the costs of earthquakes that occurred in different
countries, currencies are converted, usually standardised on US
dollars

The cost converted from the local currency to US dollars at the
exchange rate prevailing at the time of the earthquake.
Fluctuations in exchange rates over time can distort comparisons
of costs between countries

The loss that would be caused by a historical earthquake as if it
were to recur on a modern population and building stock. The
loss is modelled, calculating the effects of the known ground
motion severity of the historical earthquake on the built
environment or insured portfolio that exists in those locations
today. Such studies should provide the benchmark year assumed
for the infrastructure

39
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authoritative and are quoted in subsequent catalogues when better estimates may
have been made some time later. Sometimes estimates are never reviewed even
when accurate data finally becomes available many months later, as by this time
interest may have waned.

Loss estimates change very significantly over time, as more information
becomes available. It takes time for people to discover and to provide accurate
estimates of the costs of repair and replacement of goods. In earthquakes a
large proportion of the cost is in repair of buildings, which is notoriously
difficult to estimate accurately. Costs of carrying out repair work initially
estimated from normal construction rates can escalate when the local demand
from the disaster causes price inflation. Damage can prove more complex
and costly once construction work starts. As buildings and machinery return
to use, the recommissioning process can also reveal more damage and
complexities.

Insurance Loss Development over Time

Insurance claims are only a proportion of the losses suffered in an earthquake,
but they indicate how loss development can take time to occur and for the true
nature of the loss to take many months to be finalised. Figure 2.1 shows how
the estimates by the US insurance industry of insured losses from the Northridge
earthquake were revised over time. Initial surveys of insurance companies com-
piled in the first two months after the earthquake estimated that insurance claims
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costs were likely to be around $4.5billion, but the final inventory of losses
compiled nearly five years later showed that the total payouts reached more than
three times that, at $15 billion.

Estimating Lost Economic Activity

A complete assessment of the financial impact of an earthquake is only possible
by including the losses caused by lost economic production as a result of the
damage to facilities and disruption to the infrastructure. Some of the biggest
uncertainty in estimating earthquake losses arises in quantifying the costs of
lost production. Lost production is an abstract quantity and cannot be physically
surveyed in the way that it is possible to count the number of damaged buildings.
It arises from companies being forced to suspend their activities for a period of
time, losing revenues or incurring manufacturing shortfalls or some other financial
loss. In some cases companies are unable to pay wages and parts of the working
public also suffer reduced incomes at a time when they have suffered economic
losses. This is further discussed later in the chapter.

Many estimates of economic loss either ignore these losses, assuming they
are marginal, or add notional amounts to the costs of physical damage. Sev-
eral analysts believe that losses from lost economic production are considerably
underestimated in earthquake accounting. Losses from economic activity may
take many months to become apparent and as time goes by, if businesses do
not resume production, these losses get larger. Loss estimates made in the first
few months after an earthquake are rarely able to assess losses from economic
downtime with any accuracy and so most earthquake cost statistics are likely to
underestimate this component.

Use of Earthquake Loss Estimates

For all these reasons, earthquake loss estimates are highly approximate data, lim-
iting their use for statistical analysis or detailed comparisons between individual
events. The compilation of this information in a catalogue such as the database
built by the authors can be used to show the scale of economic loss in general
and broad trends.

2.1.4 Why Is It Important to Know about the Costs?

While loss of human life and injury are the most tragic and intolerable conse-
quences of earthquakes, their social and economic losses consequences are far
reaching, and provide a powerful argument for earthquake protection. The scale
of economic loss from earthquakes is considerable and, for many of the people
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and organisations affected, their individual loss is financially devastating. Their
collective losses have an impact on broader society and, as is shown later in this
chapter, earthquake losses reduce economic growth and make for a less plentiful
society for everyone.

Efforts are increasingly focusing on reducing the losses from earthquakes,
and accurate information is needed to assess how much good would be done by
different approaches. Assessment of the costs and benefits of protection measures
is only possible if we can assess the likely losses with some precision. The
financial management of risk requires an accurate analysis of costs. An individual
or a company ultimately has to decide how to manage their own risk — how
much they can afford to lose if an earthquake or other catastrophe occurs, and
whether to buy insurance or to carry out other risk transfer and risk mitigation
measures. Better information on losses helps with these decisions. Professional
risk managers, like insurance companies and financiers, need to set rates to sell
insurance policies and to assess the risk that they assume when they accumulate
a portfolio of property at risk from loss. The financial models that they use to
quantify and assess their risk all rely on good input data about the losses from
earthquakes.

2.1.5 Intangible Losses

Estimates of earthquake loss as described above are derived by looking at the
measurable aspects of cost, sometimes referred to as the fangible losses. There
are also losses that cannot be formally quantified, the intangible losses; these can
be significant and have important financial consequences.

Intangible losses include the human misery and the deprivation caused by the
earthquake, and its effects on morale and confidence. Earthquakes destroy his-
torical heritage and culture that contribute to the quality of our lives and our
identity as a community. Earthquakes disrupt communication networks, and dis-
rupt social activities, which means that people lose contact with friends, customers
and business suppliers.

Effects on Culture and Heritage

Damage and destruction of the historical buildings and cultural artefacts of a
region are a major loss that cannot be quantified. The historical buildings of
a community are one of the major ways in which it defines its own cultural
identity; they and the contents of its museums help it to connect with its past.
They are irreplaceable, and their loss is beyond economic valuation. Attempts are
sometimes made to rebuild destroyed town centres to look the same as they were
before the earthquake, but this, costly though it is, does not replace them. The
costs of repair of historical buildings are much higher than other buildings, and
some regions of the world cannot afford the costs of repair involved. An example
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is the Gujarat earthquake in India in 2001 that damaged several hundreds of
monuments, temples and palaces, many of which are beyond the resources of
the local communities or national heritage organisations to restore.” International
appeals raised funds for some of the major monuments, but many of the other
fine buildings could not be saved.

Effects on Long-term Economic Development

The social consequences of large-scale destruction can be wide ranging and
can last a long time. People are rendered homeless, jobs and services are dis-
rupted, communications fail, and many elements of day-to-day administration are
likely to be suspended. The extent of this social disruption depends both on the
scale of the earthquake damage and on the robustness and degree of prepared-
ness of the community. There are many positive examples where earthquake
destruction has acted as a spur for an affected community to respond construc-
tively, rallying round in adversity and reinvigorating the economy through its
reconstruction efforts. However, the psychological effects of living in a dev-
astated town or village can be profound, and there are examples where an
earthquake has demoralised a community that has lost families, friends, hous-
ing and jobs. Examples have been documented where the economic potential
or competitiveness of a region has been permanently shaken by severe destruc-
tion.? In an area where the economy is already marginal, the destruction caused
by an earthquake may be enough to cause an irreversible decline: the immedi-
ate loss of employment forces the young and economically active to leave the
area, damaged industry is not replaced, and the resulting stagnation is never
reversed.

The psychological dimension of living through earthquake destruction is com-
monly recognised in relief operations where organisers often provide some ele-
ment of counselling and morale support to the worst affected communities, but
the effects can be long term.

Effects on Consumer and Investor Confidence

Consumer and investor confidence can also be casualties of an earthquake. Con-
sumer purchasing can be hit, leading to loss of economic demand. The affected
community may be forced to channel its resources into replacing its losses from
the earthquake, reducing the disposal income it may have to buy other goods.
This has an impact on the sales of goods and if this happens on a large scale
it can depress whole regions and economic sectors. A period of economic strin-
gency caused by the losses in one city or region may have a wider effect on

2Booth and Vasavada (2001).
3D’Souza (1984).
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the population further afield: there have been cases where unaffected populations
elsewhere in a country affected by a serious earthquake have exhibited restraint
in purchasing during a period of national solidarity, having a marked impact on
retail trade generally.

Major earthquakes can also cause a loss of confidence in the national and
international investment community, causing the stock market to plunge. Most
analysts believe that such effects are short term and that in general, the risk
of stock market investment losses being correlated with catastrophe losses is
very small. Investor confidence in such cases has also tended to be polarised
across sectors selling insurance stock and buying into the construction sector.
However, when large catastrophe losses have coincided with other trends, such
as recession or political instability, large loss events have caused value losses
on stock exchanges,* and some analysts have described scenarios where a major
earthquake catastrophe in a financial centre like Los Angeles or Tokyo could
have widespread repercussions across the world’s financial markets.’

The reality of earthquake loss is that it is suffered individually by a large
number of different stakeholders. Each has a perspective and a different view of
their risk. This is developed further in the next sections of this chapter.

2.2 Who Pays?

2.2.1 Stakeholders in the Loss of the Kocaeli Earthquake,
Turkey 1999

In the boxes running throughout this chapter, examples are given of the losses
suffered by several different types of stakeholder in one selected earthquake,
the Kocaeli earthquake in Turkey in 1999. The examples given are all fictional,
but based on real case studies. They illustrate the way that different groups of
people are impacted financially by the earthquake loss and how those losses are
interrelated between the various ‘stakeholders’ in the loss. Circumstances vary
considerably between any individual examples of loss, and in other earthquakes
in different parts of the world situations are quantitatively quite different, but
these examples are given to illustrate a process of risk sharing that is common in
many earthquakes, from the comparatively richest nations in the world to some
of the poorest.

4 The multi-billion-dollar losses caused by the World Trade Center destruction from terrorist attack
on 11 September 2001 caused large losses on the New York Stock Exchange, where stocks lost 13%
of their value within a week. This was not directly comparable with a natural catastrophe loss, as it
was linked to fears of future terrorism and military reprisals, but shows how major shocks can cause
investor reactions.
5 Hadfield (1991).
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

1. The homeowner

Selim and Basak Birgoren, homeowners, salvaging possessions from their damaged
apartment in Yalova

Selim and Basak Birgoren lived in an apartment in a five-storey building in the
centre of Yalova. The building was badly damaged in the earthquake, judged
to be beyond structural repair and condemned. Some of the contents of the
apartment were damaged in the shaking; most were recovered. The couple
moved in to stay with relatives in another town nearby. Selim returned to his
work at the factory, which reopened after three weeks closure during which it
paid him half-time rates. The Birgorens had bought their apartment by buying
into an association with a group of 20 other apartment owners in the five-storey
building. The association of apartment owners is, however, unable to afford
the rebuilding cost of the building, as most of the owners cannot afford their
share of the reconstruction. The building was not insured. Selim is applying for
a government rehousing grant which would provide him with a secured loan at
preferential interest rates. Until they find a new apartment they are renting a room
in a friend’s house.

Estimated loss: $55000 Annual earnings: $6000 Loss/earnings: 9 years

222 A Wide Range of Loss

In an earthquake catastrophe, destructive shock waves ripple across several thou-
sand square kilometres of land, shaking and damaging hundreds of thousands
of buildings. The earthquake damages farmhouses and homes, office buildings
and factories, schools and law courts. All the owners of these buildings suffer
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

2. The small business

TAMDOXKARADEN
R
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Tunc Tunali, restaurant owner closes for business for several months

Tunc Tunali, 62, ran a restaurant business serving the travellers on the main
Izmit road. The restaurant was heavily damaged in the earthquake and had
to close. Tunc Tunali had contents insurance covering fire and theft, but not
earthquake cover, so was not eligible to recover any money from his insurer.
Fortunately his home nearby was undamaged, but the cost of the demolition,
rebuilding and re-equipping of the restaurant was considerably more than he
could afford. After considering initially whether to retire, he decided to rebuild
the restaurant, using some savings, and negotiated a bank loan, repayable over
10 years. The repayments are costly, so the income he is able to take home
from the restaurant is considerably less than before the earthquake. He expects
ultimately to sell the business as a going concern when he retires and to pay off
the outstanding loan at that time.

Estimated loss: $70000 Annual earnings: $24000 Loss/earnings: 3 years

losses and need to find the funds to repair the damage or replace the facility.
The farmer, the householder, the office block landlord, the factory owner and the
government education and legal authorities are just a few of the many different
stakeholders who have to look to their resources to overcome the loss. Some
may receive external assistance, in terms of grants or loans. Some may be able
to cover the costs of repair from their own resources. Others may have purchased
insurance to help them cover the costs of this eventuality.
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

3. The corporate business

Huseyin Ceran, Plant Manager, major textile factory examines damage to production
equipment

The factory is the main production facility of a company producing poly-
mer textiles. It operates continuously in three shifts a day, producing about
$5 million worth of output a week. In the earthquake the factory suffered light
damage, with some storage tanks ruptured and many leaks in the pipe runs.
The damage cost $12million to repair. The factory was insured for earth-
quake damage, with a total insured value of $200million, which is probably
an underestimate of what it would cost to completely rebuild the factory. The
standard earthquake insurance conditions include a 5% deductible, which on
the $200 million factory means that the owners pay the first $10 million of the
loss. The insurance claim on the $12million repair bill meant that the owners
recovered $2 million from their insurer. The factory was closed for six weeks,
from a combination of waiting for the water company to reconnect the supply,
carrying out repairs, obtaining critical replacement equipment and an exten-
sive period of recommissioning the plant after repair. The lost production cost
the company a further $30 million. The company was not insured for business
interruption for earthquake. The losses were announced to the shareholders
of the company and a rights issue made. The losses will affect the earnings
and valuation of the company and possibly make it a takeover target for a
competitor.

Estimated loss: $40 million Annual earnings: $34 million
Loss/earnings: 1.5 years
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

4. The government

Hospitals & Health Municipal Infrastructure

Schools & Education

Roads, Bridges,
Highways

Ports

Railways

Telecomms

Nationalised Oil & Gas Electricity

The breakdown of $1 billion infrastructure costs borne by the local administrations of
Izmir, Yalova, Adapazari and Istanbul and the national government of Turkey

Many different government departments were involved in responding to the
earthquake emergency and in managing the reconstruction. The emergency aid
exercise and military mobilisation cost several millions of dollars. The earthquake
damaged a lot of public infrastructure, from water supply to transport. The
overall costs across damaged infrastructure are over $1billion. The Turkish
government has long had a proactive involvement in providing rehousing for
citizens made homeless by natural disasters, under Disaster Law 7269. The
government instigated a major housing reconstruction programme, budgeted at
over $3 billion, in which some new housing will be built by government-appointed
contractors, and other assistance and subsidised loans will be made to other
sectors of the affected community. The government loss will be funded from
the national exchequer, which means that it will ultimately be paid for by the
Turkish taxpayer. In the past the government has funded previous disasters with
an additional purchase tax levied on tobacco and consumer goods. Government
revenues are about 25% of gross national product (GNP) and the earthquake will
add to the budget deficit, already running at 13% of GNP. The government raises
the funds it needs from the international financial markets by issuing treasury
bonds and other debt instruments. Part of the funds it needs is to be borrowed
from the World Bank International Bank for Reconstruction and Development,
which allows a three-year period before starting the loan repayments. The other
financial implication of the earthquake for the government is that its impact is
forecast to affect the national economy, causing slower economic growth by as
much as two to three percentage points of GNP for the next two years. Slower
economic growth will result in lower revenues to the Turkish Treasury, reducing
the budget available for public services.

Turkey 1999 GDP: $184 billion
Estimated loss: $4 billion
Annual government revenues: $47 billion Loss/earnings: 1 month
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

5. International aid

The European Community Humanitarian Office distributes relief supplies to earth-
quake-affected families

Many non-governmental organisations (NGOs), volunteer and charity organisa-
tions were involved in providing emergency assistance and aid in the aftermath
of the earthquake. Volunteers helped with emergency operations, including feed-
ing and sheltering victims in the immediate aftermath. The European Community
Humanitarian Office (ECHO) was one of many providers of international aid that
contributed to the Turkish earthquake. ECHO is the main coordinating aid agency of
the 15 countries of the European Union and is one of the major aid providers world-
wide, contributing an estimated 25-30% of global humanitarian aid. Thirteen of the
member states contributed to ECHO’s Turkey earthquake fund, the main donors
being Germany ($17 million), The Netherlands ($6 million), Sweden ($4 million) and
Greece ($4 million). These funds were disbursed in a series of tranches in the
months following the earthquake through partner organisations — NGOs that carry
out the logistics and implementation of aid. In the first two months, $2 million was
given to the Red Crescent, and another $200 000 to Médecins du Monde, to assist
with emergency medical care. Funds were also given to United Nations High Com-
missioner for Refugees and World Food Program, the United Nations hunger relief
agency, who in turn worked with local NGOs to provide tents and basic shelter for
the homeless, and to provide water and sanitation during the emergency period.
Later aid was used to set up a number of reconstruction projects, such as rebuild-
ing schools, re-equipping health centres and providing community assistance to
the families worst affected by the earthquake.

Many foreign governments sent aid in the form of medical supplies, blankets,
tents and other contributions of materiel. A number of international aid agencies
set up appeals in countries such as the United States, Japan and many other
countries, where private donors contributed important funds to the recovery effort.

Aid provided: $32 million Annual budget 1999: $870 million
Loss/budget: 2 weeks
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

6. The insurance company

Mehmet Avci, Loss Adjuster, Izmir Insurance Company, assesses an insurance claim
from a damaged property

The Izmir Insurance Company provides both homeowner and commercial
property insurance nationally across Turkey. It has a portfolio of many hun-
dreds of thousands of buildings that it insures. Following the earthquake it
received 18 000 insurance claims. The total value of the claims it paid out was
over $120 million. The Izmir Insurance Company has a reinsurance programme
where it buys catastrophe ‘excess of loss’ reinsurance from a panel of London
market reinsurers, negotiated through a reinsurance broker. Its reinsurance con-
tract provides for reimbursement of a loss in excess of a certain amount. The
programme consists of two layers: one is a layer 50 xs 50 —that is, for one
catastrophe, a group of reinsurers will cover the loss above $50 million and up to
$100 million. The second layer, 25 xs 100, is covered by another, smaller group
of reinsurers who will cover a loss above $100million and up to $125 million.
The insurer has lost $120 million so the first group of reinsurers pay a claim
for $50 million and the second group pay a claim for $20 million. The total rein-
surance recovery was $70million. The net loss to the insurance company was
$50 million. The Izmir Insurance Company funded this by selling some of the
investment holdings it has in the stock market. The capital it uses to pay its
claims cost is provided by its shareholders and it builds up its investment portfo-
lio by investing its premium income profits over several past years. Regulations
set the minimum amount of capital that the company needs to have available
to pay claims.

Estimated loss: $50 million
Annual property insurance premiums: $22 million Loss/earnings: 2.5 years
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999

7. The reinsurance company

Hamilton Syndicate at Lloyd’s of London, processes reinsurance claims from the
earthquake in Turkey

The Hamilton Syndicate is a reinsurance company providing several different
types of reinsurance and special risk cover to insurance companies in many
different countries around the world. Its portfolio includes two Turkish insurance
companies and three ‘facultative’ contracts (taking a share in the insurance of
large factories and oil refineries) that incurred loss in the Turkey earthquake.
The total losses from these contracts to the syndicate was $39 million. This was
a bad year for the syndicate who also had substantial losses from Typhoon
Bart in Japan, Hurricane Floyd in the United States and Windstorm Lothar in
France. lts total payouts this year amount to $180 million, making a loss of around
13% - about average for the catastrophe reinsurance industry in 1999. But the
reinsurance business is cyclical and the syndicate expects to increase the price
of reinsurance generally across its global business next year to recoup the losses
over several years. All insurers worldwide that buy reinsurance will ultimate fund
the cost of the losses through paying higher reinsurance premiums.

Estimated loss: $39 million Annual earnings: $160 million
Loss/earnings: 3 months

2.2.3 Stakeholders Who Share the Loss

Other stakeholders share in the loss. Insurance companies, reinsurance companies
and the capital markets investing in public companies meet some of the cost.
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The loss stakeholders in the Kocaeli Earthquake, Turkey, 1999

8. The capital markets

Kiyoshi Kanbe, Catastrophe Bond Trader, Tokyo Stock Exchange, buys and sells
financial instruments that fund catastrophe losses

There were no catastrophe bonds issued that could be affected by the Turkish
earthquake, but in other parts of the world, e.g. the United States and Japan, a
major earthquake could trigger a payment of bonds offered directly by insurance
companies to obtain capital from the capital markets around the world. The
total capital available in the capital markets around the world is very much
larger than that in the insurance industry. The capital markets trade in the
stocks of reinsurance companies, insurance companies and major corporate
companies that are affected by earthquake damage. The bond markets also
deal in treasury bonds issued by national governments to raise money for their
national borrowings. Investors in the stock exchanges around the world share in
the losses of all of the various companies and help fund the national government
debt that is used to pay for the reconstruction.

Total economic loss of Kocaeli earthquake: $20 billion
Annual daily variation on worldwide stock markets: $5 billion
Loss/earnings: 4 days

They fund the losses from the premiums they charge to their broader customer
base of insurance policyholders. Private investors and shareholders will share the
loss of the commercial operations affected. National governments provide many
of the resources to help local authorities rebuild their infrastructure and may
also provide resources for social assistance programmes for the worst-affected
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The loss stakeholders in the Kocaeli earthquake, Turkey, 1999
9. So who paid what?

Capital Markets

. Homeowners
International Insurers

National Insurers
International Aid

Small & Medium
Businesses

National Government

Corporate Business

Share of $20billion economic loss to each stakeholder

In the Kocaeli earthquake, over 500 000 households suffered some level of
material loss, with around 130000 dwellings destroyed or uninhabitable. An
estimated 150000 small businesses suffered significant damage, but less than
12% had any insurance cover. Corporate business was badly affected — more
than 5000 industrial facilities in the area were damaged, and almost three months
of production was lost from the region. The national government reported
its reconstruction costs at over $3billion, with some additional losses from
local administrations and the emergency mobilisation. Aid was received from
over 40 countries and more than 200 NGOs were active in the relief and
reconstruction effort. The insurance industry in Turkey shared parts of the
losses from homeowners, small businesses and corporate businesses — over
100000 insurance claims were paid. Almost two-thirds of the insurance loss
were recovered from international reinsurance companies in London, Germany,
the United States and other financial centres.

The proportions of losses between these different stakeholders vary in different
earthquakes and in different countries.

citizens. Governments meet these costs from their exchequers, financed from
public taxes, so ultimately the taxpayers of earthquake-prone countries are all
stakeholders in the loss. International aid may also assist when the resources
needed are more than can be raised by the national government of a disaster-
struck country, providing development banking assistance or subsidised loans.
Development banking assistance is funded by the richer countries, making the
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citizens of the developed world also minor stakeholders in the catastrophe loss
of a developing country.

2.2.4 Spreading the Risk across a Broad Network of Stakeholders

The network of stakeholders in the loss from an earthquake spreads out from
the immediately impacted owners of the damaged property to broader groups
of shareholders and investors, and to other insurance policyholders, through to
other taxpayers, and in some cases to the citizens of countries on the other side
of the world far from where the earthquake took place. Many stakeholders make
small contributions to fund parts of the loss and some losses are so large that
they can only be met by sharing the risk broadly. As commerce and finance
become increasingly global, so the number grows of the people who have an
interest in the losses caused and, perhaps more importantly, in the steps needed
to implement earthquake protection to reduce those losses. People all over the
world are now stakeholders in the earthquake risk of places they may not even
have heard of.

The next sections describe some of the main stakeholders and describe how
losses are commonly dealt with and how risks are shared and approached.

2.3 The Private Building Owner

Private building owners are the main risk stakeholders. As the dust settles after
the earthquake, the property that they own has suffered damage and is worth less
than it was previously. It will require cash expenditure to repair the damage or
to rebuild the property and to replace its contents.

2.3.1 Homeowners

The largest number of private building owners are homeowners. In modern cities
there may be three or more times as many residential buildings as buildings for
other uses. Houses are smaller and cheaper than most civic or commercial build-
ings and owned in their millions across the earthquake zones of the world. A large
earthquake near populated areas can damage tens of thousands of houses, and
there are several cases documented where hundreds of thousands of houses have
been made uninhabitable by damage.® For each of these individual households
this is a personal and financial tragedy.

6 Several earthquakes in China have had over 100000 residential units destroyed, and in the 1999
Shanxi earthquake in China 600 000 houses were reported destroyed. In the 1995 Kobe earthquake in
Japan 200000 buildings were destroyed. In the 1994 Northridge earthquake in California, officials
estimated that over 60000 residential units had damage costing over $5000 and were therefore
uninhabitable.
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Complete Loss of a Home is Rare

The house represents a key asset that is typically the majority of the assets a
household possesses. If the building has collapsed it may also have destroyed
the contents and possessions of the house. Fortunately the number of cases
where a house collapses and destroys contents is much more rare than the house
being damaged. Damage ranges from complete collapse through to minor crack-
ing and in most earthquakes many more buildings suffer minor damage than
severe damage. Some householders are faced with minor repair costs for cos-
metic damage and broken fixtures. Others need to find the resources to carry
out major repairs on structural damage. Where the building is uninhabitable,
the household needs to find alternative accommodation and this can be a sig-
nificant additional expense. A small number of affected households may have
lost the entire house and all its contents. In a major earthquake in a develop-
ing country with vulnerable buildings, this could be as high as 5 or 10% of
the affected households, but in lesser earthquakes and in more developed coun-
tries with more robust building stock, it is likely to be a very small percentage,
less than 1%, of the affected households that suffer total loss of their property.
Figure 2.2 shows some typical distributions of repair costs across the thousands
of householders affected in different earthquakes. This distribution will differ
according to the strength of the earthquake, how many people are living close
to the earthquake epicentre and the vulnerability of their homes, but it shows
some examples of the ratios between losses of different levels. The majority
of homeowners affected by an earthquake are faced with a repair cost of less
than 30% of the rebuilding cost of their house, but this can still be a major
loss to fund.
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Finding the Resources for Repair

Repairing or replacing a damaged home can consume a lot of a family’s remaining
resources.

In most of the developed and developing world the average house value repre-
sents between three and eight times the average annual income of the households
that live in them. Individual situations of course vary enormously. The recon-
struction cost of a property is usually slightly less than the market value (which
includes the land) but a typical repair bill of 30% of the rebuilding cost of
the house is likely to represent more than a year’s income for the average
household.

A wealthy household may have savings or other assets it can draw upon to
cover this cost. Individuals may have savings, investments or pension schemes
that can be used to fund sudden losses of this type. It may be possible to sell other
assets to raise funds, but if an earthquake has affected many people similarly,
then if many people are selling assets the ‘firesale’ value of assets could be a
lot lower than they are normally worth. Other households may have other family
members or friends who are prepared to help, if the earthquake has not affected
them also. However, many people find it understandably difficult to meet the
costs of repairing their house. Some analysts recommend a rule of thumb that
no more than 10% of the liquid assets (cash, savings, pension schemes and
investments) should be at risk from loss. It can be seen that in an earthquake,
many people will have losses far greater than 10% of their liquid assets. The
more prudent householders may have insurance or other financial reserves to
assist with the loss.

Homeowner Insurance

In many parts of the world, homeowners can purchase insurance against earth-
quake. The policyholder pays an insurance company a premium each year and if
an earthquake strikes, they can make a claim for part of the repair costs. Insurance
policies have many different terms, conditions and coverages. Some may include
cover for earthquake within a standard fire insurance policy, others offer it as a
separate product, for payment of an additional premium. Most insurance requires
a deductible — a portion of the cost of the claim that the householder pays. For
example, in California the usual deductible is 15% of the insured value of the
home,’ so if a home was valued at $100000, and it suffered earthquake damage
of $40000, the insurers would pay the sum above the deductible of $15 000, so
would reimburse the policyholder for $25000. Even in relatively wealthy seis-
mic countries, homeowner insurance has a relatively low penetration, with only

7 The standard deductible offered by the California Earthquake Authority (CEA) in 2002 was 15%.
Many companies offer the CEA or a similar policy in California.
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a proportion of householders (perhaps only 10 or 20%) having earthquake insur-
ance.® This is partly due to the cost, as earthquake insurance can be expensive,
and may be expensive relative to the perception of the risk of earthquake damage
held by the homeowner.

Where a house is purchased on a home loan or mortgage, the lending insti-
tution usually insists on having insurance. This ensures that if the house is
damaged, the homeowner has sufficient funds to repair, and the lender secures
its collateral — the house — on the loan.

2.3.2 Companies

Earthquake losses suffered by private companies have to be funded from the
assets of the company and ultimately by its owners or shareholders and investors.
If it cannot meet its losses, the company will become insolvent and its owners
and creditors will suffer some level of loss. Companies operating in earthquake
areas consider insurance a vital component of their strategy for managing their
business risks and larger companies have dedicated risk managers who decide
how much insurance to buy and other aspects of managing their risk.

Damage to the buildings that a company operates in may well not be the
most important element of the loss the company may suffer in an earthquake.
Equipment, plant and inventory stored in warehouses may be far more valuable
than the costs of the sheds they occupy. Interruptions to the production carried out
by the company, either production of manufactured goods or the business it does
servicing customers, may be more costly than the buildings. The compensation
payments to workers who are injured in an earthquake at the workplace, or for
liability payments to third parties, may be the largest component of all.

Earthquakes are only one of many Business Risks

The executives of large commercial operations manage a wide range of financial
risks in running their business, of which an earthquake impact is one scenario.
They may anticipate currency exchange rate fluctuations, the risk of a major
creditor defaulting, public relations scandals and other events that could damage
their revenues or profitability. They balance the capital they have in reserve with
the likely calls and costs from a multitude of potential causes. Managers look to
produce a return on their capital while being able to manage the variations of
cost. Financial risk analysis may show them how much they can afford to lose
in accidents and how often they can face a loss above a certain level. Managers

8 The numbers of people insured against earthquake vary considerably from country to country and
place to place. In California, where earthquake risk is a daily fact of life, the CEA estimates that
less than 25% of all housing is insured (and less than 17% for people who own their own homes).
In Japan, the Japan Earthquake Reinsurance Company estimates that the number of households with
residential earthquake insurance policies is around 16%.
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use financial risk modelling to decide how much to keep in reserve against
the vagaries of their operations and how much insurance to buy for the more
extreme losses. They may decide that they can afford a minor loss themselves
and only buy insurance cover for a very large loss that exceeds their capacity to
cover it.

Some companies are so large that they can diversify their risk and fund their
own losses without needing insurance — indeed many of the largest companies are
bigger than insurance companies — and some set up their own ‘captive’ insurance
company that manages the capital they need for a rainy day.

Buying Commercial Insurance Cover

Insurance brokers help companies decide how much insurance they need and the
best deals that provide them the cover they need.

A company may commonly buy one or more of the following types of insur-
ance cover for earthquake risk:

buildings insurance

contents insurance

business interruption insurance

workers compensation or personal accident insurance.

Small-business Operators

Most commercial earthquake insurance is sold on large commercial buildings.
Small commercial businesses tend to have very low take-up of earthquake insur-
ance, possibly because of the cost of the premiums, but also because of the
short time horizons of small businesses and often because the amount of assets
they have at risk is comparatively low. Disaster recovery for small businesses
is complex and important. After the 1994 Northridge earthquake, the down-
town areas of the towns of Northridge, Whittier and Santa Cruz in Los Angeles
County took a long time to recover, partly because so many people and busi-
nesses moved out of the damaged towns. The issue of speeding up economic
recovery in badly affected areas is one that continues to challenge planners and
researchers.

2.4 The Insurance Industry

2.4.1 Insurance is Profit Driven

Insurance companies take on risk in return for a premium payment — when the
policyholder suffers a loss within the terms of the insurance contract, the insurer
pays the claim of the policyholder. This is a commercial transaction and the
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insurance company makes its business and profits out of successfully selling
and managing insured risks. In addition to the costs of paying claims, insurance
companies have their operating expenses to cover and a profit margin to achieve,
to provide returns for their shareholders. The economics of the insurance busi-
ness is driven by successfully understanding the costs and designing insurance
‘products’ that customers want to buy — the sales and marketing of insurance
products are like any other product and depend on matching the content of the
product with the demand of the customers, setting the price at an attractive level
to maximise sales and ensuring that the product is promoted and sold in sufficient
numbers through appropriate distribution channels.

2.4.2 Catastrophe Perils

An insurance company calculates the costs of its products from the frequency and
severity of its claims. Most of the day-to-day cost of general lines of property
business is driven by the more routine perils of fire and accidental damage (high-
frequency, low-severity claims). Thousands of claims from these causes occur
every year and the average rate and the likely variation from one year to another
can be costed by statistical analysis. Earthquake coverage is more difficult to
cost because earthquakes occur so rarely that insurance companies do not have
a statistical dataset of recent claims. Earthquakes are one of several ‘catastrophe
perils’ that cause low-frequency, high-severity events — they occur rarely but
can cause severe damage when they do occur. Other catastrophe perils offered
by insurance companies include hurricanes, tornadoes, windstorm, hailstorm and
floods in countries where these natural hazards occur.

2.4.3 Insurance Markets

Insurance markets are largest in the richer countries. The United States is the
single largest insurance market, with over 40% of the world’s non-life insurance
premiums. Within the United States, the insurance markets are by state, with
each state having its own regulatory framework and standard practices. Here, the
biggest market for earthquake insurance is California, where earthquake insurance
premiums totalled more than $386 million in 1998 (more than half the US national
earthquake insurance total of $738 million and almost six times the business done
anywhere else). The state with the second-highest premiums was Washington with
just under $66 million, and third was Missouri at $38 million. Some earthquake
cover is sold in all 50 states.” The second-largest insurance market is Japan,
which has a long history of destructive and lethal earthquakes.

Figure 2.3 shows the world with the size of the countries drawn in proportion
to the size of their non-life insurance industry.

9 California Earthquake Authority (1998).
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Figure 2.3 How the world looks to the insurance industry: the area of each country is
shown in proportion to the size of the insurance industry (non-life insurance premiums in
1999). From data provided by Swiss Re (2000)
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2.4.4 Catastrophe Reinsurance

The insurance company may in turn make a claim from its reinsurer. Reinsurance
companies provide protection to insurance companies against sudden peaks of
claims costs — so-called ‘rapid onset’ disasters, like earthquake. In many of the
major insurance markets, catastrophe reinsurance is dominated by the risk of
earthquake or hurricanes. Different perils drive the catastrophe risk in each of
the main markets of the international insurance industry.

Risk management for earthquakes works by diversifying a portfolio of risk
across different geographical areas. As different markets for earthquake and other
catastrophe risks grow, the opportunities for risk transfer increase.

One of the most Destructive Natural Perils

When an earthquake does strike, it has the potential to be one of the most
destructive perils that an insurer covers. The insurance industry paid out more
than $1 billion after the Loma Prieta earthquake in northern California in 1989.
Five years later, the insurance industry paid out another $15 billion for the 1994
Northridge earthquake.

A large earthquake can cause strong shaking capable of causing very high
levels of destruction over a large region. In 1999, a magnitude 7.4 earthquake in
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Turkey caused shaking of at least intensity VIII over an area of some 2000 square
kilometres. The levels of damage that intensity VIII can cause are dependent on
the quality of the building stock it affects, but weaker property types can suffer
over 50% loss. This represents a massive potential loss if the earthquake strikes
in a densely insured region of weaker property.

Insurance coverage varies considerably in products from country to country
and across different lines of business. In a number of countries the level of the
deductible is relatively high — this reduces losses to insurers from the widespread
but small-scale damage likely from small events and from those on the periph-
ery of large events. But where large earthquakes cause high damage levels, the
deductible is of only marginal protection. There are also variations in how differ-
ent countries deal with fire following earthquakes (some include it as a standard
cover, others do not) and business interruption. Business interruption can be a
very major component of earthquake loss in commercial and industrial risks.

2.4.5 Catastrophe Losses

The trend of rapidly growing economic losses from earthquakes is even more
pronounced in the insurance industry. Monitoring of catastrophe losses shows
that insured losses are increasing rapidly worldwide. Industry analysts show
that natural catastrophe losses in the 1990s grew to 15 times as large as those
in the 1960s.'°

The frequency and severity of insurance losses from natural hazards are increas-
ing. Records are constantly being broken in each country of the world for the
cost of a natural disaster. This recognition has had wide-ranging implications for
the reinsurance industry and has brought to prominence new techniques of risk
management, successive waves of new capital being brought into the insurance
industry, and a growing role for the capital markets in the transfer of catastro-
phe risk.

Earthquakes account for about 20% of insured catastrophe losses (and over
a third of all economic losses from natural hazards).'! Figure 2.4 shows the
increasing insured losses from catastrophe insurance and how earthquake losses
contribute to the growth. The statistics are difficult to generalise from because
the losses are dominated by a small number of individual catastrophes, such as
Hurricane Andrew in 1992 and the Northridge earthquake in 1994, and yet the
trend is clear that these individual extreme events are occurring more frequently.

In general, there have not been any more hurricanes or earthquakes during the
past quarter of a century than have happened during other 25-year periods in
history. The evidence suggests that the main driver for the increased cost is that
the natural hazards that occur are causing more losses than they did previously.

10 Munich Re (1999).

I'Munich Re (1999) estimates earthquake losses accounted for 18% of insured losses and 35% of
economic losses from 1950 to 1999.
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Figure 2.4 The growth of insured losses from catastrophe in the last four decades of
the twentieth century (from Munich Re 1999, Swiss Re 2000 and authors’ earthquake
database)

The number and value of insured property in the paths of the events that occur
are very much larger today than was the case a generation ago. The values at
risk are increasing. The population of the planet has doubled in a generation.
Increasing numbers of people have their assets or industries insured. The pattern
of insured assets is changing across the areas where hazards occur. The severity,
locations and types of losses suffered in the past are no longer a very good guide
to the losses that will occur in the future.

Those who live in the countries where insurance is a way of life are becoming
wealthier and expect to have their increasing assets covered, largely within exist-
ing insurance arrangements. Although there is little growth in premium income
from property insurance in the OECD countries (averaging less than 2% growth
during the price-competitive 1990s) there is little doubt that the insured values
at risk are increasing rapidly. Economists show that more wealth was created
in the United States in the last 10 years of the twentieth century than in the
first 60. Large amounts of this wealth turn into property and find their way
into the insurance industry’s portfolio. The average householder is far better off
than their parents’ generation and today owns houses and contents of far greater
value. Commercial operations have more (and different) property, liabilities and
dependencies than ever before.

The demographics of risk have also changed — population movement has meant
that the population of the state of California and the earthquake-prone regions of
the United States have grown by 50% since the 1970s.
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Increasing numbers of developing countries are developing an insurance indus-
try. Insurance premium growth in the newly emerging economies is averaging
10% a year. India and China, representing a third of the world’s population,
ended the 1990s more than twice as rich as they started it. As countries become
more prosperous, they buy insurance to protect that wealth. The types of property
in these regions are more vulnerable to the prevailing hazards, being built to less
demanding construction standards, so relative to the developed world they suffer
higher proportional losses when disaster does strike.

The Roaring 90s

The early 1990s saw a sequence of catastrophe events that put unprecedented
pressure on the reinsurance industry. Even though the second half of the decade
proved less eventful and catastrophe reinsurance pricing slumped to low levels
afterwards, the sequence of sizeable losses in the first half of the 90s had sig-
nificant consequences for catastrophe reinsurance as an industry. Of the worst
20 catastrophe events in history, ranked by insured loss, 15 occurred in the
early 1990s. These included Hurricane Andrew in Florida, 1992 ($16.5 billion),
the Northridge earthquake in California, 1994 ($15 billion); Typhoon Mireille in
Japan, 1991 ($5.2 billion) and Storm 90A in Northern Europe, 1990 ($3.2 billion).

Super-cats

The major events of the 1990s put unprepared insurance companies and reinsurers
out of business. Catastrophe capital was depleted and people began to recognise
that a potential existed for even larger loss events. If Hurricane Andrew had
tracked across Miami, they realised, the total losses could have been far higher.
If a major earthquake occurred closer to San Francisco, there could be even
larger losses. A major earthquake in Tokyo would have a severe impact on the
global reinsurance industry. Such events became termed ‘super-catastrophes’ or
super-cats. During the 1990s analysts talked about a shortage of capital in the
reinsurance industry. The analysis of potential catastrophes became important
in understanding the needs for capital. The management of portfolios became
an issue — how to spread the risk and balance the capital allocated to business
in different regions. Insurance companies learned how to measure and model
catastrophe risk. The use of catastrophe models, simulating the effects of an
earthquake on an insured city, became a standard part of risk management.

Alternative Risk Transfer

The risk of a super-catastrophe causing capital shortages in the insurance indus-
try has caused people to look for other sources of capital. New insurance and
reinsurance companies were set up to provide new capital — many of them in
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Bermuda to take advantage of the favourable tax regime — creating the Bermuda
insurance market. The whole insurance industry, although large, is much smaller
than the capital markets. Daily variation in the value of stock markets exceeds the
losses from a major insurance catastrophe. A number of ways have been devised
to access the capital markets with financial instruments based on catastrophe
risk. These are alternatives to traditional reinsurance treaties, grouped under the
term alternative risk transfer or non-traditional reinsurance. The securitisation of
catastrophe risk has grown in significance each time the reinsurance price cycle
hardens and costs of risk transfer rise. A typical catastrophe bond is issued by
an insurance company (or sometimes even a large corporation, bypassing the
insurance market) offering to pay a certain rate of return. Investors who purchase
the bond receive the rate of return, but if a catastrophe occurs and the insurance
company suffers a certain level of loss, the investors may lose some or all of
their investment. The value of this arrangement is that the bond is a tradable
commodity.

2.5 The Public Sector

2.5.1 Government Costs
Damage to Publicly Owned Infrastructure

The physical destruction from an earthquake hits the infrastructure and the pub-
lic services organisations as much — and sometimes more than — it affects the
individuals and businesses in the stricken region. Community facilities such as
schools, hospitals and leisure may be destroyed. The centres of administration
and public buildings are likely to suffer. The equipment, personnel and buildings
that make up the police service, the fire service and even the military facilities
in the earthquake area can suffer loss. Transport networks suffer from ground
deformations, ground shaking and landslides that cut roads, damage railways,
destroy bridges and close tunnels. Public utilities are publicly owned in many
countries and these can be badly damaged, cutting supplies of power and water
to large proportions of the population. Electricity generators and substations are
vulnerable to earthquake forces and power lines are easily cut. Water and gas
supplies, sewers and sanitation are difficult and expensive to repair when under-
ground pipe networks are damaged by ground deformation. In some countries the
telecommunications networks are in public ownership, and damage to telephone
lines and switching stations needs to be paid for from the public purse.

Funding the Emergency Operations

In addition to the costs of the damage, the emergency operations involved in man-
aging an earthquake disaster are largely paid for from government budgets. Major
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mobilisations of the emergency services, including police, fire services, hospitals
and the military, can cost millions of dollars in salaries and equipment costs.

Assistance to Citizens

Governments are also likely to provide assistance to the worst-affected individu-
als, particularly in housing the homeless. Governments may set up social housing
programmes or loans or credit schemes for those who otherwise would be unable
to find the resources to house themselves. Similarly, there may be government-
backed loan schemes or subsidies for small businesses to revitalise the economy
in worst-affected areas. Social programmes, welfare and unemployment bene-
fit schemes may all increase as a result of the earthquake causing increased
deprivation and job losses.

2.5.2 Impact of the Losses

The impact of such economic losses can be severe and have national and interna-
tional repercussions. Government assets do not tend to be insured — governments
usually bear their own risks. Costs of building national infrastructure are met
through the government treasury, ultimately funding capital investment from tax
revenues. Governments raise money through borrowing to fund major capital
projects. Management of the national debt is an important function of the trea-
sury. Most earthquake losses are funded in the short term by increasing the
national debt. Borrowing is made from the capital markets, through instruments
such as treasury bonds. Developing countries may be eligible to obtain loans
from international development banks, such as the World Bank, providing loans
at commercial rates of interest but with initial repayment periods of grace. Some
losses may be offset by reconstruction aid provided by wealthier countries to the
developing countries, through bilateral or multi-lateral aid arrangements.'?

2.5.3 Revenue Losses

In addition to the direct costs of replacing damaged infrastructure, an earthquake
that has a major impact in reducing the economic productivity of a region also
reduces the revenues to the government through reduced taxes on the production.
The example of the Kocaeli earthquake shows that if the impact of the earthquake
reduces the economic growth of the country by two percentage points, the net
difference to the treasury the following year would be around a billion dollars, a
quarter of the government’s direct cost of the earthquake. And a loss of economic

12 The difficulties of financing catastrophe loss for developing countries and new ways currently
being explored for financing are described in Freeman (2000).
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growth in one year can cause shortfalls in government budgeted revenues for
several years.

2.5.4 Effects of Earthquake Economic Impact

The cost of reconstruction after a major earthquake can greatly increase a coun-
try’s national debt, set back economic development and cripple local and national
economies. In severe cases, the severity of the economic problems caused by an
earthquake can cause long-term reductions in the growth of a nation’s economy,
trigger inflation and unemployment rises. For example, economists observed a
number of effects on the national economy of the Philippines after the Luzon
earthquake of 1990. They identified that the earthquake caused a reduction in
GNP growth of nearly a third from the pre-earthquake forecast, inflation increased
several percentage points and there was a major decline in the balance of pay-
ments, directly due to earthquake effects.!> In extreme cases, the economic
impact of a sudden downturn may even contribute to the destabilisation of a
country’s administration. The decline of the Nicaraguan economy under the San-
danista government during the 1970s and 1980s can be traced back to the initial
national debt created by the 1972 Managua earthquake, according to economic
analysts.'4

A comparison of earthquake losses with GNP of various countries (Table 2.2)
shows how serious such losses can be for the national economy. GNP is an indi-
cator of the country’s own potential for recovery and in many cases earthquake
losses constitute a significant proportion of GNP. The poorer nations, with lower
GNP, tend to be more vulnerable to the economic impact of a costly earthquake,
even though in absolute terms, the cost of the damage may not be as high as
elsewhere. This gives an indication of the greater relative vulnerability of the
smaller or poorer nations to an earthquake disaster.

The high costs of national reconstruction may have international repercussions
with economic assistance being provided by international finance and multi-
national aid. In severe cases of earthquake destruction, reconstruction and full
recovery can take decades. In addition to the costs of damage replacement and
lost production, economists also recognise that costs include ‘opportunity costs’,
the other things that the money could have been used for if it had not been
needed to recover from an earthquake. For a nation, the opportunity costs of
earthquake losses are the investments that would otherwise have been made
improving the quality of life and the economic conditions of its citizens. Money
spent on rebuilding damaged hospitals is money that could have been used to
build roads to attract new industry, create jobs and promote more economic
growth.

13 NEDA (1990).
14 Brooking Institute, Washington, DC, reported in The Independent, London, 28 February 1990.
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Table 2.2 Economic losses from earthquakes in the late twentieth century, as a propor-
tion of GNP.

Country Earthquake Year Loss GNP that year Loss

($bn) ($bn) (% GNP)
Nicaragua Managua 1972 2.0 5.0 40.0
El Salvador San Salvador 1986 1.5 4.8 31.0
Guatemala Guatemala City 1976 1.1 6.1 18.0
Greece Athens 1999 14.1 110.0 12.8
Yugoslavia Montenegro 1979 22 22.0 10.0
Iran Manyjil 1990 7.2 100.0 7.2
Italy Campania 1980 45.0 661.8 6.8
Romania Bucharest 1977 0.8 26.7 3.0
Mexico Mexico City 1985 5.0 166.7 3.0
USSR Armenia 1988 17.0 566.7 3.0
Japan Kobe 1995 82.4 2900.0 2.8
Philippines Luzon 1990 1.5 55.1 2.7
Greece Kalamata 1986 0.8 40.0 2.0
China Tangshan 1976 6.0 400.0 1.5
Quindio Colombia 1999 1.5 245.0 0.6
USA Los Angeles 1994 30.0 7866.0 0.3
USA Loma Prieta 1989 8.0 4705.8 0.2
Turkey Kocaeli, Izmit 1999 20.0 184.0 0.1
Taiwan Chichi 1999 0.8 N/A

2.6 Interrelated Risk

This chapter has shown how many different stakeholders are involved in the
losses from an earthquake. This was illustrated with a case study of the losses
from the Kocaeli earthquake in an industrial region of Turkey in 1999. In this
case study, the entire ‘food chain’ of earthquake risk is shown to be shared
between individual houseowners, corporate businesses, government, insurers and
global financiers, and ultimately the citizens and insurance premium-payers in
many different countries around the world.

Other Earthquakes are Different

The Kocaeli earthquake in Turkey was only one of several earthquakes that
occurred in 1999. An earthquake in Greece near Athens, an earthquake in Taiwan
and an earthquake in Colombia also caused many deaths and major economic
losses that year. Each earthquake was quite different in the type of region it
affected — an urban area, a rural agricultural and tourist region. The levels of
losses and the distribution of the losses between the various players affected
are different in every earthquake. How the loss is shared between the differ-
ent stakeholders depends on the number and value of homes and industry, the
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level of infrastructure and the relative levels of wealth in each of the sectors.
In other earthquakes in different parts of the world, there are different ratios
of wealth and loss, different levels of take-up of insurance, different participa-
tions by government in social loss and different international involvement by
financiers.

No Winners, Only Losers

However, the overall picture has some similarities wherever it occurs. There are
no winners when an earthquake occurs, only losers. When earthquakes occur,
the damage they cause is a financial cost to the householders, companies and
governments affected. Financial losses damage economies and hinder develop-
ment. In this way, the losses of the different stakeholders are all linked.

There are a number of interactions between the various stakeholders and their
losses. The losses of corporate businesses are linked to the losses of the general
population and homeowners — when the workforce is made homeless the man-
ufacturers have to stop production, and when the workplace is destroyed, the
employees lose their jobs. When the population is destitute, restaurant owners
lose their customers. The government shares in the losses of its citizens. Insurance
companies take on large losses on behalf of their policyholders. And ultimately,
an increasing global financial structure spreads losses among many shareholders,
investors, insurance premium-payers and taxpayers around the world.

Risk Transfer

One important interrelationship between stakeholders is risk transfer — when one
party buys an insurance policy from another they are transferring risk from the
policyholder to the insurance company who spread the risk across many other
similar policy holders. Increasingly this is becoming an important method of
providing protection, and other methods of risk transfer, and aggregating risk to
share it, swap it, or spread it across other people who have risk, both implicitly
and explicitly, are increasingly being explored.

Co-interest in Risk

Where people share in a single loss, e.g. when a homeowner loses their house
and it falls to the government to provide a new house or housing loan, both the
government and the homeowner suffer a loss as a result. Both parties have an
interest in reducing that loss.

Regulatory Environments

Sometimes when the risks are shared, or are more societal, legislative or regu-
latory measures are adopted to ensure that socially responsible actions are taken
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to protect against unacceptable losses. Regulatory frameworks ensure that insur-
ance companies meet capital adequacy tests, so that they can meet their claim
obligations in the event of a major catastrophe.

2.6.1 A Shared Interest in Earthquake Protection

There are major differences between the levels of risk faced by the individual
stakeholders in the earthquake. The potential loss to an individual homeowner
may represent decades of income, and as a proportion of their total assets it can
be overwhelming. However, the probability of it occurring to any one individual
is very small. By comparison, the losses to an insurance company are a much
lower proportion of their total assets. However, because insurance companies
spread their risk and insure many people in different parts of the company, and
perhaps in different parts of the world, the probability of them experiencing a
loss is much larger — they experience more frequent losses.

Increasingly the losses from earthquakes are being scrutinised and researched.
Economic loss and the hardship that results is a major penalty resulting from
earthquake activity. Risk can be spread from those who can least afford it to the
larger community capable of shouldering a smaller share of loss. The reduction
of losses is a major priority for all concerned and an area of mutual interest
between stakeholders in the loss. Throughout the rest of this book, strategies and
measures to provide earthquake protection are explored.
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3 Preparedness
for Earthquakes

3.1 Earthquake Prediction

One of the obvious methods to reduce the loss of life and injury that occur in
major earthquakes would be to predict the earthquake and evacuate the occupants
of buildings before it arrives. Short-term prediction is unlikely to reduce the
damage to property which is the main economic loss in an earthquake, but the
benefits in reducing human injury and some of the secondary hazard effects of
earthquakes (fires, industrial accidents and others) mean that some degree of
warning would be immensely valuable.

Efforts to predict earthquakes successfully have been made since the 1950s
when seismology provided a new theoretical framework for the process of earth-
quake occurrence. Rapid developments in the science in the early 1960s led to an
optimism that prediction would be routine within a few years. Since then it has
been realised that the development of the conditions giving rise to an earthquake
and the process by which an earthquake is triggered are far more complex than
was at first thought. Routine, short term prediction remains elusive, although a
number of individual events have in the past been predicted with varying degrees
of success.

There are a number of methods for earthquake prediction that are continually
being researched and further developed which may in the future offer increased
reliability and usefulness for the earthquake protection planner.

3.2 Long-term Prediction (Years)

Earthquakes are large-scale phenomena occurring on a geological timescale and
in three-dimensional space within the earth’s brittle crust. Trying to determine

Earthquake Protection, Second Edition. Andrew Coburn and Robin Spence
Copyright © 2002 John Wiley & Sons, Ltd. ISBN: 0-471-49614-6
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their exact time and position in relation to our tiny towns and settlements is like
trying to predict the crack patterns on a slowly melting sheet of ice.

However, there are patterns in earthquake activity and reasons for their occur-
rence that can give us clues to future earthquakes. By studying how, why and
where they occur the chances of successfully predicting future events is greatly
increased.

3.2.1 Integrated Earthquake Hazard Studies

Identifying possible locations for future earthquakes depends on gaining a thor-
ough understanding of the processes that cause them. This means understanding
the detailed local deformations and geological processes going on in a region
as well as the overall global tectonic evolutions that drive them. For this, geol-
ogists, seismologists and historians need to put together what is known about
the geological structure of a region or country, its current seismic activity and
deformation processes and a detailed history of earthquakes from as far back as
written records exist.

Seismologists need earthquake catalogues of instrumentally recorded earth-
quakes over a significant length of time. Large-magnitude earthquakes can be
recorded a long distance away at international seismic monitoring stations, but
the smaller magnitude earthquakes and the micro-tremors that build up the full
picture of seismic activity in a region can only be recorded by sensitive monitor-
ing networks in and around the area of study. An effective seismic monitoring
network, adequately staffed and resourced over a long period, is of course a
primary prerequisite for earthquake protection planning in any region.

Geologists need a series of sources of information including aerial survey,
field surveys, borehole data, profiling of geological strata and mapping of the
surface geology. From these a skilled geologist can interpret the geomorpho-
logical processes that have formed the region and that are still continuing. The
geologist may be able to identify the location and extent of some individual active
fault along which the shaping processes are taking place. Unfortunately most of
the main structural faults lie deep below the surface geology and are likely to
be undetectable without very detailed and expensive studies' but the geological
investigations may well suggest probable locations for them. Slow, geological
deformations occurring across the region can be monitored with a geodetic survey,
accurate, triangulated measurements across the countryside. From these, repeated
every few years, ideas of the deformation rates and directions can be obtained,
giving important information on the geological processes occurring and identify-
ing potential areas for earthquake occurrence. Satellite surveying techniques can
also be used for geodesy using global positioning systems (gps).

1'Such as seismic profiling, i.e. setting off explosive charges and monitoring shock-wave reflections
from geological strata.
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The geological timescale being investigated and the long return period of earth-
quake catalogues mean that the long-term timescale of earthquake occurrence is
of great importance in understanding the earthquake hazard. Where faults are
known to exist, paleoseismology can provide information on prehistoric earth-
quakes from detailed examination of the faults, by digging trenches and dating
the offsets in the strata that ruptures have produced. Historians can help build up
a picture of past earthquake patterns over a number of centuries if the region is
one that has had any length of literate tradition. Historical studies require years
of painstaking study, locating, reading and indexing documents from the past.
Newspapers, official logs, diaries, books, letters to friends and travellers’ tales
are all likely to contain references to any earthquakes that have occurred within
the region. Earthquakes are remarkable events, and few writers who have expe-
rienced one do not record it. By a systematic logging and cross-referencing of
earthquake reports, a seismic history can be built up. This shows the frequency,
size and location of past earthquakes and is invaluable in locating fault systems,
estimating return periods and identifying possible seismic gap that may be the
location of the next damaging earthquake (see below).

3.2.2 Probabilistic Seismic Hazard Assessment (PSHA)

One of the most important patterns in earthquake occurrence is the recurrence
of earthquakes at the same approximate locations over a long enough period of
time. This gives an idea of activity rates and when, approximately, it might be
reasonable to expect another one. The average return period for an earthquake
in any region can be estimated from past records. To have an estimate that is at
all reliable, it is necessary to have a long and accurate historical record. Unfortu-
nately, return periods are the average of widely differing time intervals between
the recurrence of earthquakes at any particular place. An average return period
of, say, 100 years, means that we could expect approximately five earthquakes
within 500 years, but one might occur only 20 years after its predecessor and
another perhaps 250 years later. Except where there is accurate knowledge of
the past behaviour of known faults, the seismic source area over which it is sen-
sible to discuss the return period of earthquakes is large, so the use of PSHA is
useful only for earthquake prediction in the longest time frame and for regional
preparedness planning. Measurement of average return periods and their variation
is further discussed in Chapter 7.

3.2.3 Characteristic Earthquakes

Statistical return periods are often associated with a general level of energy
released over an area in which earthquakes occur, rather than on individual
faults. The energy released can take place through small or large earthquakes
or as a seismic movement and occurs on geological faults extending some kilo-
metres below the ground which may not be visible at all on the earth’s surface.
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Sometimes earthquakes connected with a single fault or fault system recur on
different parts of the same fault or hundreds of kilometres away on a related part
of the fault system. But some well-known, surface-identified faults have been
found to be associated with more regular, and possibly more predictable, char-
acteristic earthquakes. Reports indicate that these faults release their energy in
relatively regular, similar-sized bursts of energy. It may be that with intensive
study of earthquakes areas, seismologists may be able to identify many more
individual faults that can be associated with characteristic earthquakes, making
the task of predicting earthquakes on these faults far more straightforward.

3.24 Seismic Gaps

Over a long enough time period, the relative motion of tectonic plates gives fairly
constant energy release all along a certain seismic belt. Plotting past earthquakes
along a geographical zone of slippage shows that earthquakes occur in between
each other and eventually add up to a continuous rupture along the zone. Gaps
between recorded earthquakes may indicate the positions of future earthquakes.
Seismic gaps represent one of the best methods of intermediate-term prediction
because it can identify candidate locations for future earthquakes within a seismic
zone with known return period or energy release characteristics. Seismologists
are then able to concentrate their monitoring equipment in a small area to await
shorter term precursory phenomena. Where there is sufficient information on
slip rates and past earthquakes, hazard analysis uses time-dependant fault rupture
models to assess how overdue an earthquake may be on a particular fault.

3.2.5 Creep Freeze

Similarly, in areas of aseismic deformation between two tectonic plates, the rel-
ative deformation or fault creep can be measured by accurate land surveying. If
movement is not occurring in one area between other areas of deformation then
that area may be locked, and the accumulating stresses within it may be suddenly
released in the form of an earthquake. This creep freeze may indicate the position
of a future earthquake for more intensive fault monitoring.

3.3 Short-term Prediction (Days/Hours)

3.3.1 Precursory Phenomena

Many reports of past earthquakes include descriptions of unusual events noticed
in the days or hours beforehand that may have been due to the imminence of the
earthquake. Reports include dropping water levels in wells, strange glows in the
sky, peculiar behaviour by animals and unusual sounds. Some of these reports
may be fanciful — part of the mythology surrounding earthquakes — but a number
of precursory phenomena have been authenticated for individual earthquakes and
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if reliably detected in future events could form the basis of short-term earthquake
prediction. Not all of the recorded precursory phenomena have a good scientific
explanation, but it is plausible to think that the geological conditions of the crustal
material just before a major rupture could cause effects on the surface above.
One of the major features of pre-rupture crustal material is the build-up of stress
in the rocks at depth. This high stress level, it is argued, could have a number
of characteristic features which could be detected beforehand and acted upon.
Very high stresses in rocks produce heat, cause deformation and expansion of
rocks, release gases from within the rocks, align crack formations within the rock
crystals, and may have other geomagnetic effects. These in turn may cause some
phenomena at or near the surface. Over the last 30 years many research projects
have been devoted to investigating different precursory phenomena in the hope
of finding a reliable short-term predictor of a destructive earthquake.

3.3.2 Foreshock Activity

One of the most likely indicators of a big earthquake is the occurrence of a number
of small earthquakes beforehand, building up to a big event. As stresses build
up, smaller fractures are likely to occur before the main rupture. Unfortunately
less than half of big earthquakes are preceded by a significant foreshock. And
the vast majority of small earthquakes that could be interpreted as foreshocks are
not followed by a big earthquake. If, statistically from past earthquake records, 2
out of the 100 earthquakes of magnitude 4.0 recorded in a region were followed
by an earthquake of magnitude greater than 6.0, then if a seismologist records
another magnitude 4.0 earthquake, there is a 2% probability of a magnitude 6.0
or greater occurring soon. The seismologist can qualify it further by saying a
magnitude 6.0 within two days, and its epicentre less than 10km away from the
foreshock, and so on, according to past patterns.

From a single small earthquake, the probability that it will be followed by a
larger event is generally very low. A sequence of small earthquakes, however,
in an area that is usually quiet, or has been identified as a seismic gap, does
significantly increase the probability that it could be followed by a damaging
earthquake. If the ratio of the numbers of small and large earthquakes in a region
changes significantly over a short time period — that is, if there are suddenly
more smaller earthquakes than there used to be — this marks a sudden stress drop
which may well indicate that a larger event is about to be triggered. Complex
patterns of multiple small earthquakes occurring may well not have been recorded
in this particular area before (earthquakes have only been instrumentally recorded
during the past 100 years), so the numerical probability of it indicating a future
large-magnitude event may not be able to be derived from a statistical study
of past earthquake records. In this case seismologists may make a probabilistic
estimate based on their judgement and case studies elsewhere. An administrator or
politician, who will have to take the responsibility for the decision whether to call
a full-scale evacuation or not, should be aware of the process and uncertainties in
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the predictions presented by the seismologists. The use of probabilistic estimates
for public safety is discussed below, in Section 3.5.

3.3.3 Ground Deformation

It has been observed that the rupture of a fault does not occur completely as a
brittle fracture, instead it yields a bit before it breaks. The yielding of ground is
only microscopic — deformations of a few millimetres over a few days — and it only
happens close to the fault, but if it can be detected it could serve as a warning of
an impending fault rupture. This could be useful in the case of a well-known fault
suspected of being ripe for rupture where permanent instruments can be installed
to detect small deformations. These instruments are expensive; for example, tilt-
meters used to detect small rotations in the ground have to be carefully fitted into
precisely drilled, deep boreholes, and exact geodetic survey measuring points have
to be mounted across the suspect area. This limits the possible survey area to per-
haps a few tens of square kilometres (depending on the resources available). The
instruments do not require constant attention as they can transmit steady readings
to a centralised control point and sound an alarm if significant deformations begin.

3.3.4 Anisotropy

When rock is under stress, close to its breaking point, the pressures cause a
number of changes to occur in the characteristics of the rock. One characteristic
is that the pressure causes the micro-crack formations within the rock to become
aligned parallel to the stressing forces. The rock becomes anisotropic. These crack
patterns cause any shock waves travelling through the stressed rock to become
polarised, a characteristic that can be detected by sophisticated seismographic
instruments. It may be possible to locate areas of highly stressed rock within
crustal material by detailed monitoring of the background ‘noise’ of small shock
waves from deep micro-tremors, and detecting polarisation in certain directions.
Studies of anisotropy are continuing? but it is not yet clear how much information
would be derived or the level of instrumentation (and therefore cost) required to
pinpoint the possible sources of future earthquakes this way.

3.3.5 Radon, Chemical and Water Table Monitoring

The micro-crack patterns that develop in highly stressed rocks also appear to soak
up ground water. In severe cases this can lead to a localised drop in the level
of the water table nearby. Monitoring of water tables, by measuring the depth
of wells, has shown that lowering of water tables has occurred in the vicinity
of major earthquakes shortly beforehand. Unfortunately water tables vary from
day to day for many reasons and a drop in the water table cannot on its own

2 Crampin and Zatsepin (1997).
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be used as a predictor. Water that permeates into the stressed rock also appears
to absorb certain chemicals from the rock, possibly released owing to the stress.
Monitoring the chemical content of the water table in deep wells shows that
concentrations of radon and other chemicals have increased shortly before major
earthquakes. Chemical and water-level monitoring could become part of an inte-
grated prediction programme in areas already identified by other means as likely
locations for a future earthquake, and despite being rather labour intensive, could
add information to other prediction studies.

3.3.6 Abnormal Animal Behaviour

For centuries, there have been reports of strange behaviour of animals, fish and
birds shortly before a large earthquake. Tales include horses bolting, rats climb-
ing telegraph wires, birds flocking and fish jumping. The catfish became the
symbol for earthquake in ancient Japan because, it is reported, they would leap
from the water in the hours before an earthquake. There is no scientific explana-
tion for these reports, although rationalisations have included possible changes
in geomagnetic forces or gaseous chemical releases. The aggregation of reports
of animal abnormalities has become a standard part of Chinese civil protection
planning for an earthquake and, it is claimed, contributed to the successful pre-
diction of the Haicheng—Yingkou earthquake in 1975 (discussed below). It is
quite possible that reports of strange animal behaviour are illusory, and are part
of the mythology of the terrifying event after it has taken place. Studies of ani-
mal behaviour have been carried out inconclusively and no doubt further studies
will continue. There is, however a danger that if animal behaviour is not a gen-
uine predictor of an earthquake and it is included in the signs considered by a
decision-maker, it could lead to a false alarm, or worse, that if in the absence of
animal anomalies an earthquake prediction could be mistakenly discounted.

3.3.7 Short-term Earthquake Prediction - an Illlusory Goal

Despite half a century of work on short-term earthquake prediction, the prevailing
mood among scientists is rather pessimistic. To date no reliable and widely accepted
precursors have been found. In 1991 TIASPEI (The International Association for
Seismology and Physics of the Earth’s Interior) set out a set of guidelines with
regard to the data accuracy and validation of suggested precursory phenomena; of
the 31 precursory phenomena proposed none satisfied all the guidelines. Of the
many short-term predictions of earthquakes that have been made, none (except
possibly that in Haicheng in 1975) have been both precise enough to lead to public
action and subsequently proved correct. Claims for success tend to rest on the
prediction of events expressed in a rather imprecise way.? Two particular predicted

3 The VAN group in Greece claim to be able to anticipate forthcoming earthquakes based on geo-
electric currents. However, their predictions have mainly been imprecise or incorrect in relation to
magnitude, location or time window (Geller 1997).
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earthquakes, the anticipated Tokai earthquake in Japan and the anticipated Parkfield
earthquake in California, based on the idea of a characteristic earthquake, have both
failed to materialise within their anticipated time period. And there is a growing
belief among seismologists that the nature of the earthquake triggering process is
inherently unpredictable. Nevertheless, there are scientists and groups who still
have confidence in their ability ultimately to provide useful predictions, given
sufficient instrumentation to generate the data needed.

3.4 Instantaneous Warning (Seconds)

One sure way to predict an earthquake is after it has happened. In a number
of specialised cases, the danger from earthquakes comes from the shock waves
arriving from an earthquake with its epicentre some distance away. This is the
case for many of the deep earthquakes off the coast of Japan, the coastal earth-
quakes of Central and Latin America and elsewhere, affecting the towns and
regions some distance inland. These earthquakes occur some 20 or 30 seconds
before their shock waves hit the towns inland. Japanese Railways have pioneered
an alarm to register the occurrence of a large coastal earthquake and signal an
automatic braking system for the high-speed Shinkansen bullet trains operating
in the vicinity inland. The 20 seconds or so gained from advanced instantaneous
warning means that the trains can be slowed to a much safer speed by the time
the ground starts to shake.

Similar warning systems have been tested in other areas* and may be useful
in locations a long distance from likely earthquake epicentres for many factories,
power stations and other mechanical operations that would be safer if shut down
by the time the ground starts to shake. Unfortunately, they are probably of limited
use in evacuating people, as the warning period is much shorter than the time
needed to recognise the warning, react and evacuate buildings — evacuation times
and mobilisation requirements are discussed in Section 3.5 below. Indeed it may
only add to the danger of panic, stampede and injury. However, in conjunction
with a well-considered earthquake drill, such a warning might be thought worth-
while to let people carry out rapid preparation measures and brace themselves in
a safe position.

3.5 Practicalities of Prediction and Evacuation
In spite of the more pessimistic attitude to short-term prediction which currently

prevails, groups who have confidence in their predictive methods will continue
to anticipate earthquakes (although often in terms which are rather imprecise

4 For example, a warning system for Mexico City, described in Rosenblueth (1991).
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about location and timing), and those responsible for earthquake protection in
the region affected will have to decide how to respond in these situations.

Given the uncertainty of any prediction or anticipation the scientist who pro-
vides the prediction information should not have to determine what decisions
are made on the basis of the uncertain information. The hard decisions remain
the responsibility of an elected politician or an appointed administrator who is
ultimately answerable to the people affected. The penalties for getting a predic-
tion wrong are heavy. The evacuation of a city or region and putting emergency
countermeasures into operation are highly disruptive, costly and likely to be
unpopular. Economic production is lost, factories closed down, wages missed
and all aspects of life are disrupted. A false alarm not only causes economic
losses comparable to the effects of a (smaller) earthquake, but also destroys the
confidence of the public in prediction for a future event. The insurance situation
of being able to claim for business interruption caused by false prediction has
not yet been tested. Legally there may be grounds for companies to recover their
losses from the government through lawsuits.

The politician or administrator is faced with an unenviable decision: that of
ordering a highly disruptive and costly exercise on the basis of probabilistic
advice. There are no rules to determine how probable an event has to look
before it should be acted upon. There will not be time to take a cool look at the
costs and benefits of a possible false alarm against the possible life saving that
could result.

In places where monitoring equipment is in place, such as Japan and the
United States, an exhaustive procedure has been proposed for reviewing the
data, consulting teams of specialists, agreeing on a prognostication and passing
their advice to a government committee. The final authority for declaration of
emergency countermeasures is the responsibility of the Prime Minister (in Japan)
and the President (in the United States). The period envisaged for full consulta-
tions and checks is several hours or even days.” To prevent public panic, news
that the earthquake warning committee is meeting is generally not made public.
Predictions of greater urgency than the hours or days required may not be able
to be authenticated quickly enough to act on, so the prediction science needs to
be geared to give accurate time and place forecasts with at least several days’
warning.

3.5.1 Notification

In addition to the problems of making predictions and deciding whether to act
on them, there are the logistics of how to notify, convince and motivate large
numbers of people to leave their buildings at short notice. After the precursory
signs are first recorded, analysed, a scientific committee has authenticated them

SNLA (1987).
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and passed its advice on to the government and the government has declared a
state of emergency, the time left before the occurrence of the earthquake may be
very short. The success of prediction relies on a wide-scale and effective warning
system reaching the entire population within the likely affected area.

Communication systems needed for successful evacuation must be in place
well before any prediction can be acted on. It has to be possible to get a warning
to many thousands of people within a few minutes, and this cannot be impro-
vised. It requires considerable investment in warning systems, perhaps for sirens
in every neighbourhood, mobile public address systems and radio and television
newsflashes. But it also requires the public themselves to be prepared for the
emergency, to know what the warning means and what to do, and most impor-
tantly to participate as part of the warning system. They have to check that their
neighbours have heard the warning, they have to look after sick, elderly or deaf
people, and they must take the actions to make the warnings effective. This
requires considerable education of the public by the government well before any
prediction and the creation of a climate of public awareness. Public education
for earthquake safety is discussed later.

The time taken to carry out an evacuation very much depends on the readiness
and alertness of the general public. A very significant factor is the time taken
for alarm. A distant siren is much less easy to recognise as an alarm than the
interruption of a TV program — but at any particular time only a very small
proportion of the population are watching TV or listening to the radio. Studies
of fire drills and evacuation show that regular fire drills and person-to-person
warning greatly speed up alarm recognition — without them, alarms can ring
loudly for hours without building occupants taking notice.

3.5.2 Evacuation

After the alarm has been recognised, and people believe it is authentic, they then
have to get to safety. The time taken to get out of a building depends on its
size, the number of storeys, the complexity of the plan layout, and the number of
people trying to get out at the same time. This is well known in building planning
for fire regulations. Figure 3.1 shows the evacuation time for plan layout size and
number of storeys of different height.

Note that if the evacuation starts only when the earthquake begins, there is
insufficient time for most people to get out of buildings before a major earthquake
has finished (and the building will have collapsed if it is going to) — even if it is
still possible to walk downstairs while the shaking is going on.

3.5.3 The Population Outdoors

Once outside, the population must be able to find sufficient open space for
everyone to stand safely away from the possibility of falling glass or collapsing
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Figure 3.1 Evacuation times from multi-storey buildings (after Georgescu 1988)

buildings. It is necessary to designate congregation points and refuge areas close
to each person’s home or workplace where facilities, organisation and informa-
tion can be provided. These refuge areas should be well publicised and provide
rallying points for post-earthquake roll-calls and community emergency mobili-
sation. In dense areas of tall buildings this may not always be easy. There are
not many downtown areas in large cities that have sufficient open space to give
a square metre to every person who works there.

Refuge areas need to be equipped for people to remain out of doors for many
hours. It may be difficult to prevent people returning to their homes or workplaces
after some time — particularly in cold weather. Facilities will have to be provided
outside the buildings for any extended evacuation period, including rain shelters,
public toilets, food and possibly tents and blankets for sleep. After a day or so,
people will want to return to their homes for fresh clothing, washing facilities and
other needs, unless these are also provided. It is probably impossible to prevent
people returning to their buildings if they finally lose confidence in the prediction
and are suffering discomfort. People will have to believe strongly in the prediction
to maintain their evacuation — something which can be reinforced by keeping
everyone well informed of developments with regular news announcements and
well-established communication systems to the congregation points.

3.5.4 Past Examples - Successes and Failures

There have been a few occasions on which a major damaging earthquake has
been successfully predicted and an evacuation effected before it struck. The
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most celebrated of these is the prediction of the Haicheng— Yingkou earthquake
of 4 February 1975 in China.’ Predictions from June 1974 onwards led to a
slow build-up of preparation work for the earthquake and in December many
inhabitants were moved into temporary shelters. The evacuation of three large
cities was officially ordered two days beforehand and a quake warning issued
in the morning of 4 February. The magnitude 7.3 earthquake occurred in the
afternoon damaging 22 million square metres of property. It killed 1328 and
injured 16980 people, claimed as the lowest mortality rate in China (0.02% of
the population within intensity greater than VII) in recent decades.

There are also occasional reports of individual actions before an earthquake
saving lives, such as the personal decision by the Mayor of Perahora in Greece to
evacuate his town after a major foreshock.” The subsequent earthquake, the 1981
Corinth earthquake, caused 157 buildings to collapse in the town but resulted in
the death of only three people.

There have also been a number of occasions when predictions have not worked.
A review of earthquake prediction has identified and described nine further unsuc-
cessful, publicly announced predictions between 1974 and 1995.8 One example
is in Tuscany, Italy, when a large-scale evacuation was ordered after a small
tremor. 56 000 people living in the towns of Lucca and Modena were evacuated.
The police and fire brigades were mobilised, 13 000 hospital beds were freed and
railway carriages brought in to house evacuees. The alert caused wide-scale traf-
fic jams and petrol shortages as people tried to drive out of the area, and closure
of shops and businesses for two days. When the alert was called off, recrimina-
tions from angry businesses and townspeople brought the eventual resignation of
Lucca’s mayor and administration.’

3.5.5 Pros and Cons of Evacuation

The organisation and pre-planning needs for a successful evacuation should not
be underestimated. The scientific investment necessary to make earthquake pre-
diction a practicality will be pointless unless there is complementary investment
in warning systems, and organisation to make a prediction usable.

If an earthquake is correctly predicted and a warning issued then it is likely
to save the lives of many of the people who would otherwise have been inside
buildings when they collapsed. A warning also gives time to shut down vital
industries, prevent fire outbreak, stabilise furniture and building contents, stop

6 Zhang (1987).

7 Ambraseys and Jackson (1981).
8 Geller (1997).

9 Alexander (1984).
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trains, assemble and prepare emergency services and many other useful prepa-
rations to help alleviate the impact of the earthquake. But physical damage
to buildings cannot be prevented, infrastructure cannot be protected, the main
cause of economic loss in earthquakes is not removed and not all people reach
safety.

Even with a successful evacuation, the complete elimination of casualties may
not be achieved. Despite eight months’ preparation and a full-scale official evac-
uation, the Haicheng—Yingkou earthquake in 1975, described above, still killed
over 1300 people. The problems of successfully isolating the 6.5 million peo-
ple in the region away from the possibility of earthquake-induced hazards were
obviously immense.

Even in very successful evacuations, some people will remain unwarned, per-
haps in isolated communities or out of communication, and some are unable or
unwilling to be moved. Often the most vulnerable members of the community,
the old or the critically ill, may be the most difficult to move and there are others
for whom rapid evacuation may pose particular problems, like miners, workers
in vital services, prisoners, etc.

The difficulties of prediction mean that most damaging earthquakes will con-
tinue to occur unannounced for the foreseeable future. Earthquakes will continue
to occur outside those areas where they are expected to be imminent, so actions
to reduce the possible impact of earthquakes must also be carried out outside
those targeted for short-term prediction. The fact that short-term prediction can-
not reduce the heavy economic impact of destruction to property means that
even within the areas targeted for prediction, proper protection for the commu-
nity must range wider than a few days’ warning, towards full damage mitigation
policies.

3.5.6 Invest in Mitigation Rather than Prediction

In the light of these difficulties, the value of large-scale investment in short-
term prediction and evacuation organisation should be carefully considered. If
resources are scarce, then investment may be better justified in the essential
long-term prediction studies necessary (building up a better seismic monitoring
network rather than installing prediction tiltmeters, for example) and investment
in long-term mitigation actions to reduce building damage rather than spending
money to prepare for evacuation. An alternative policy to life saving by evacua-
tion is life saving by preventing building collapse. This has the added justification
that money spent on improving building strength will save damage cost as well
as reducing the chances of human injury. These policies are dealt with in the
following chapters.
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What does an earthquake feel like?

Most earthquakes are small and, if felt at all, consist of a rattling vibration and the
sound of a low rumble. Window panes may rattle and crockery chinks because
they are more sensitive to high-frequency vibration that people do not feel. Some
very distant earthquakes feel like the gentle swaying on board a ship. Small
earthquakes do not last very long — only a few seconds.

Large earthquakes that occur some distance away may also begin like a
small earthquake, but quickly build up to strong, violent shaking. One of the
most frightening things about an earthquake is its noise. The noise of the
ground vibrating — the energy travelling through the earth — is deep and loud. The
earthquake also sets in motion hundreds of items around you that also clatter
and groan. Sometimes the sound of the earthquake can be heard approaching,
rolling over you and finally disappearing away into the distance. The motion
of the ground can build up to a violent shaking, preventing you from standing
or walking, and throwing items off tables, books off shelves and overturning
furniture. The motion itself is likely to be disorientating and the violent motion
may make you feel dizzy and sick. The more severe the shaking and the longer
the earthquake lasts, the more likely the building is to be damaged. The larger
the earthquake is the longer it lasts. Duration of shaking mainly depends on
how long the fault is and the length of time taken for the rupture motion to
travel along it. An earthquake of around magnitude 6 might cause strong shaking
lasting 30 seconds or more. An earthquake of magnitude 7 or more may last
minutes. The earthquake may also last longer on soft ground as this continues
to vibrate after the earthquake has stopped. At levels of shaking where buildings
are being damaged, it is difficult to walk, so running out of a building after
it starts to develop damage is difficult. It is best to find protection within the
building.

If you are close to the source of a large earthquake, the shaking does not build
up in strength at all, but begins immediately with a loud clap of thunder-like noise
and strong violent shaking. This may feel like a giant punch upwards into the air,
or sideways, followed by powerful waves of shaking. Few people have time to
understand what is happening. Fortunately, the chances of being caught right in
the centre of a powerful earthquake are much less than the possibility of being in
the surrounding area. The chances are that if you are aware of the fact that you
are in an earthquake, you are some way away from the epicentre.

3.6 Getting the General Public Prepared

If everyone knows what to do in an earthquake, some of the injuries will be
avoided and the aftermath will be more organised. Moderate earthquakes will be
less disruptive if people take simple precautions. People can be encouraged to
protect themselves. If the general public understand about earthquakes, then they
will understand and support efforts made on their behalf to protect them.
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What to do in an earthquake

If you are:

Near an exit

Or can get to it easily, leave the building as soon as possible. Do not stay to
collect belongings or valuables. As you go outdoors, put your arms over your
head to protect yourself against possible objects falling from above and move
as far away from nearby buildings as possible. Do not look up until you are well
clear of the buildings, in case objects hit you in the face. Do not rush straight out
into the middle of the road: watch out for traffic.

Upstairs

If you cannot get to the exit quickly, look for protection within the building. Stay
away from balconies, parapets, low windows and balustrades in case a sudden
jolt throws you off balance or the rail gives way. Keep away from bookshelves,
wardrobes or tall furniture that could topple over on you. Find a strong piece
of furniture (like a table or a steel-framed bed) and sit or lie down beside it or
underneath it. If you are in bed, roll out of bed and lie next to or underneath the
bed. Brace yourself against the furniture and hold or cover your head to reduce
the disorientation produced by vibration. Pull a cloth, sheet or piece of clothing
over your head to protect yourself from breathing the thick dust that may be
thrown up if the building suffers any damage. When the shaking has stopped, go
straight outdoors.

In a high-rise building

Sit or lie down on the floor, next to or underneath a strong piece of furniture
(like a strong table or filing cabinet). When the shaking has finished, get up and
evacuate the building. Do not use the elevators.

In a car

Slow down and stop the car when safe to do so. Keep the car away from roadside
structures, bill-boards, tall buildings or any other structures that could fall onto
the car. Stay inside the car until the shaking has finished.

Cooking, working with machinery, or near a fire or naked flame

Shut down the machinery, switch off your cooker and extinguish any flames. If
you cannot do so quickly, stay away from the machinery or flame and shut it
down as soon as the shaking has stopped.

Some types of advice may be useful for the general public and volunteer
groups. The following pages include examples of the types of public information
and advice that might be useful (see boxes).



86 EARTHQUAKE PROTECTION

After an earthquake

o If your building has been damaged do not re-enter it. Another earthquake can
come at any time. Even if your building has not been damaged, stay outdoors
for an hour or so.

e Do not use the telephone unless somebody has been injured, or a building
is damaged or burning. The emergency services may need all the lines they
can use.

e Try to see that all heaters, boilers, cookers and naked flames are extinguished.
If you can turn off gas or fuel supplies from outside a building, do so. Do not
re-enter the building.

e If a fire breaks out, you may have to organise a civilian group to fight it; it is
possible the fire department may be overloaded with emergency calls.

e Have a look at the other buildings nearby: some buildings may have suffered
collapse or heavy damage in the middle of an undamaged neighbourhood.
Their occupants may need your help.

If a building nearby has collapsed

e Get somebody to notify the authorities, either the fire department or the police.
If it is not possible to contact the emergency services by telephone, get a
volunteer to run to the nearest station. Give the exact address, estimated
number of people inside and type of building.

e At the same time, try to help the occupants of the collapsed building out of the
ruins. This requires organising a team of people to lift and move heavy pieces
of rubble or beams off trapped people.

e Do not use lifting machinery, bulldozers or mechanical diggers, even if they are
available, without the direction of skilled rescue advisors. Machinery is more
likely to Kill trapped victims than help them. Use manual labour to excavate
rubble.

o Get some idea where the people are inside the rubble before you start digging.
Stop the digging and other noises, form rescuers into a circle around the
rubble, and call out. Listen for somebody inside the rubble replying or making
a noise. Get everyone to point at where they think the noise is coming from.
Place a flag or marker at places where it appears noises are coming from
and continue digging. Repeat after some time to confirm the direction of
digging.

e Do not expose yourself or your team to unnecessary risks. A collapsed build-
ing is highly unstable and dangerous. Do not crawl into confined spaces
or stand underneath damaged walls without putting in proper shoring, and
preferably only under the direction of a skilled rescue advisor. Take a few
moments to prop a beam against damaged walls in the vicinity of res-
cue efforts, and dig rubble from the top of a slope before excavating at
the base.

Public awareness can be raised in a number of ways, from short-term, high-
profile campaigns using broadcasts, literature and posters, to more long-term,
low-profile campaigns that are carried out through general education.
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3.6.1 Awareness of Earthquakes: Familiarisation and
De-sensationalising

Everybody who lives in a seismic area should know about earthquakes — they
are a fact of life. If people know and understand about the threat of earthquakes
they can take actions to protect themselves. Their understanding should include
being aware of what to do in the event and being conscious, even at a low level,
that their choice of house, the placing of that bookcase or stove, and the quality
of construction of the garden wall around their children’s play area all affect
their own safety.

If public education is handled well, there should eventually develop a climate of
everyday practicality to earthquake safety — a safety culture — where people take
conscious, automatic precautions through being conscious of, but not terrified of,
the possibility of an earthquake. People are unfamiliar with earthquakes because
they happen very rarely — even in the most seismic areas few places are damaged
more than once or twice in a lifetime. So earthquake risk is not like traffic risk
or fire risk in the home that can be learned through experience. Earthquake risk
has to be taught through abstract images and concepts.

The first part of creating a safety culture is familiarisation with earthquakes.
Regular reporting of earthquakes in other parts of the world on TV and in the
media is a help, together with occasional mentions of them (in less disastrous
forms) in everyday contexts, such as stories, TV soap operas, novels, press news-
papers and other common media.

Information about earthquake hazard should be part of the standard curriculum
of all children at school, all professional training and part of the briefing of
officials and administrations.

The second part is to de-sensationalise the effects of earthquakes. Only one
perceptible earthquake in a thousand causes a disaster. Reporting only the catas-
trophic earthquakes causes fear and fatalism: ‘If an earthquake lays waste a town,
what difference does it make where I put my bookcase?’ Fear is a well-known
barrier to learning. If somebody is afraid of something their mind shuts out the
valuable information. If a child is shown a film of a garden wall falling on a
woman, the child will not learn that garden walls are dangerous, it will simply fear
for the life of its mother. The treatment of fictional earthquakes in the common
media should be aimed at showing how a household copes or otherwise with a
disruptive tremor, not the annihilation of the soap opera family through cataclysm.

Formal programmes of posters, lectures and public information films will be
a useful addition to a public that have already developed a sense of earthquake
public awareness. If a climate of earthquake safety awareness has not been cre-
ated, then public programmes are meaningless and may appear ridiculous — out
of context a warning against earthquakes may seem as relevant as one against
alien invaders. There have been a number of examples in different countries of
‘public education programmes’ consisting of colourful bill-boards in the streets
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or public information broadcasts, but alone, without a coordinated strategy for
raising awareness, these efforts have often been wasted.

Awareness of risk locally is aided by reminders of past events: the preserved
ruins of a building damaged in a past earthquake can be a useful reminder of earth-
quake hazard as well as a memorial or symbol of reconstruction. Involvement
of the community in earthquake protection plans may involve public meetings
and consultations, public inquiries and full discussion of decisions in the normal
political forum.

Further awareness is developed through drills, practice emergencies and
anniversary remembrances. In hospital, schools and large buildings it is often
common to have evacuation practices to rehearse what the occupants should do
in the event of fire, earthquake or other hazard. In schools children may practise
earthquake drills by getting under desks. This reinforces public awareness and
develops behavioural responses.

In some countries, the anniversary of a major disaster is remembered as Dis-
aster Awareness Day — 1 September in Japan, 20 September in Mexico, and the
month of April in California (Figure 3.2). On these occassions drills are per-
formed, ceremonies and activities held to promote disaster mitigation.

3.6.2 Selling Safety

Earthquake protection will only come about when there is a consensus that it is
desirable. In many places, the individual hazards that threaten are not realised,
the steps that people can take to protect themselves are not known and the
mandate of the community to have itself protected is not forthcoming. Earthquake
preparedness planning should aim to develop the ‘safety culture’ in which the

California Earthquake Preparedness Month

Figure 3.2 The California public awareness programme involves an ‘Earthquake Pre-
paredness Month’. Images used in publicising the 1992 event
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general public are fully aware of the hazards they face, protect themselves as
fully as they can and fully support efforts made on their behalf to protect them.

The concept of earthquake safety has to be advertised and sold to the general
public in the same way as any other marketable product: by educating the market
to understand that the product is more desirable or has a higher priority than rival
claims to their resources. Somebody building or buying a house has a choice over
whether to invest their money in a stronger structure or more expensive finishes;
it is important for their own safety that they choose the stronger structure. A good
protection promotion campaign should make people consider safety features on
a building as an asset, in the same way they might be sold on a car.

Community groups can help by educating their members, promoting public
awareness and giving out information about earthquake protection. One of the
greatest pressures that shape attitudes towards safety is the opinion of colleagues
and friends. If it is generally accepted by the community, particularly by commu-
nity leaders and opinion-formers, that it is sensible and beneficial to be protected
(‘safe is smart’) then many people will conform.

In the end, only the communities and individuals affected can turn preparedness
for a future earthquake into a force for safety.

Further Reading

EERI, 1984. The Anticipated Tokai Earthquake: Japanese Prediction and Preparedness
Activities, Publication No. 84-05 (ed. C. Scawthorn), Earthquake Engineering
Research Institute, 2620 Telegraph Avenue, Berkeley, California 94704, USA.

FEMA publications (from www.fema.org).

Geller, R.J., 1997. ‘Earthquake prediction: a critical review’, Geophysical Journal Inter-
national , 131, 425-450.

NLA, 1987. Earthquake Disaster Countermeasures in Japan, National Land Agency,
Prime Minister’s Office, Government of Japan, Tokyo.

Publications on earthquake preparedness prepared by Bay Area Regional Preparedness
Project (BAREPP), Metrocenter, 101 8th Street, Suite 152, Oakland, California 94607,
USA, include:

A Guide to Marketing Earthquake Preparedness: Community Campaigns That Get
Results

Local Incentive Programs: Case Studies (Examples of community programmes for
earthquake preparedness in Southern California)

Resources for School Earthquake Safety Planning (Teaching and curriculum materials,
videos, instruction books and guidelines)

Earthquake Media to Public: Guidelines for Department Managers (The role of the
media in earthquake preparedness).



4 The Earthquake
Emergency

4.1 Emergency Management

A well-coordinated response to an earthquake is likely to save many lives, greatly
reduce the disruption to the population, and prevent earthquake-triggered hazards
escalating the magnitude of the disaster. Poor emergency response or a follow-on
disaster can double, treble or multiply 10-fold! the death toll of an earthquake.

In the immediate aftermath of a major earthquake, the situation can rapidly
become chaotic, with many uncoordinated activities, poor communications bet-
ween groups and a general ignorance by the population of what to do. Time is
essential: most people trapped in collapsed buildings who are not rescued within a
few hours will die. They have to be found, retrieved and given adequate medical
attention. People are out on the streets without shelter. Society has been dis-
rupted, communications are knocked out, aftershocks are frequent, and normality
is suspended.

There may be no overall authority in charge and ad hoc groups of people,
organisations and local administration are likely to be dealing with the emer-
gency in a number of different localities. Each of these groups may have to rely
on their own resources and ingenuity for several hours or days. Containment
of the emergency is the first priority, preventing any possibility of the disaster
escalating, followed by establishment of order and a gradual return to normality.
This requires an urgent and efficient organisation of labour and resources, priori-
tisation of actions with time, and an understanding of the likely consequences of
the disaster. In most cases this has to be carried out with imperfect information,
perhaps even in the absence of any idea of the extent of the catastrophe.

! Failure to suppress major fires that can follow earthquakes in Japan has been shown to multiply
death tolls by a factor of 10 (Coburn et al. 1987).

Earthquake Protection, Second Edition. Andrew Coburn and Robin Spence
Copyright © 2002 John Wiley & Sons, Ltd. ISBN: 0-471-49614-6
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Pre-earthquake emergency planning is one of the best ways to ensure that the
earthquake can be handled effectively. If, before the event, there has been an
emergency plan drawn up, public information has been given out and people
have been trained in what to do, the emergency can be handled effectively and
the effects of the earthquake will be reduced. However, if no emergency plan
exists, or for some reason the plan fails to be appropriate, a good understanding
of the issues and priorities can enable an effective emergency response to be
improvised.

This chapter deals with the issues involved in dealing with an earthquake
emergency, both to help in the preparation of an emergency plan in preparation
for some future event and to structure an improvised emergency response should
it ever prove necessary.

4.1.1 Reinforcement of Volunteer Groups

It can be assumed that, in a large, recognisable disaster like a major earthquake,
participation of the general public, the normal emergency services and volunteer
groups will occur spontaneously. If buildings have collapsed or have caught fire in
a neighbourhood, people nearby will be attempting to help. If people are injured,
they will be attended to by other people on the scene.”? They do not wait for
instructions from higher authorities before starting to help. It is often incorrectly
assumed that the best model for emergency management by central authorities is
a military ‘command and control’ response, because disaster impact has certain
similarities with a war situation. The difference with a disaster is that response
activities are spontaneously underway without a command from a centralised
control. However, the very definition of a disaster is that the emergency exceeds
the capability of normal, local resources to deal with it. Disaster management
by central authorities in the first instance is the procurement and distribution
of additional resources to reinforce the local response where it is most needed.
Emergency services must be geared to operate independently without centralised
control or coordination.

4.1.2 Agency Coordination

In the emergency response a very large number of agencies, organisations and
individuals may become involved. Many of them are likely to be autonomous or
not under the direct control of any single central agency. Examples of agencies
involved in emergency response are given in Figure 4.1.

It can be seen from Figure 4.1 that many of the agencies likely to be involved
in the response to a large-scale emergency are not under the direct control of

2 After the Kobe earthquake, for example, 630000 volunteers worked in the area during the first
month (IFRC 1996).
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any single, central agency but are independent or answerable to other authorities
outside central government. During the emergency period these groups may well
agree to be directed by a central disaster committee, but each will effectively be
working towards their own perceived objectives and with different criteria.
Effective disaster management requires the coordination of these disparate
groups. It requires integrating a large number of parallel agencies towards a com-
mon goal. A primary requirement is information — both to and from the organ-
isations. True coordination between different groups, however, goes far beyond
the exchange of information to include standard operational policies, response
doctrines, standards of practice and compatible specifications of equipment.
Ultimately, of course, the final decisions on declarations of emergency, scale
of response, request for international assistance and strategic decisions on recov-
ery and reconstruction rest with the national government and the presidential or
cabinet administration. Most structures of disaster management are topped by a
premier (Prime Minister/President) or a presidential or cabinet committee. The
hierarchy of how this committee relates to the large number of agencies involved
in the response is a matter for the disaster plan of the individual country.
Structures of disaster management administration in government have been cat-
egorised’ into presidential, (a coordinating office within the office of the prime
minister, cabinet or presidential administration), ministerial (a specific ministry
for disaster issues), multi-ministerial units (disaster units within a number of min-
istries) and voluntary council (a disaster coordinating council formed of many
different bodies within and outside government). The presidential model of dis-
aster management administration is thought by many to be most effective as it
outranks other ministries and centralises power for obtaining resources.

4.1.3 The Disaster Plan

The pre-earthquake preparedness plan establishes the relationships between the
various groups, how they will cooperate and the demarcation of activity areas.
Perhaps most importantly, the preparedness plan identifies information needs,
information flows and methods of rapid information exchange between agencies.

No disaster plan is likely to predict the exact circumstances to be dealt with —
the location, severity and characteristics of future emergencies may be quite
different from what is expected — but the methods of working, the areas of
responsibility and decision-making, and the flows of information necessary to
deal with a disaster can all be planned beforehand.

In practice few disaster plans are ever implemented in the form they are drawn
up, but they have a considerable value in focusing the activities of the participants
on disaster issues before the event.

3 Davis and Wilches-Chaux (1989).
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4.1.4 Testing the Disaster Plan

The disaster plan needs careful design and testing. The design of the plan should
involve all the expected participants. Each agency can be asked to submit its own
proposed participation within a master plan drawn up by the central coordinating
agency. Testing the plan involves simulation exercises, which can be carried out in
limited gaming exercises or full-scale dry-run practices (Figure 4.2). In these tests
a scenario for a fictional earthquake occurring at a specified location is normally
played out, with incoming incident reports (damage and casualty reports), cross-
communication of activity reports (statements of what each agency is involved
in and its anticipated needs) and outgoing sit-reps (situation reports on resources
and needs). Computer simulation can be an effective way of visualising these
scenario exercises. What is tested in the simulation exercises is the information
flows, responsibilities and coordination of the agencies involved. If possible a
number of widely different scenarios should be used to make sure the disaster
plan is adaptable.

4.1.5 Multi-hazard Preparedness Plans

In most countries an earthquake is only one hazard of many that might have to
be planned for in a disaster preparedness plan. Earthquakes differ from floods,
hurricanes, industrial disasters and other hazards in a number of ways, in the
level and type of destruction caused, the geographical extent and distribution
of damage, and the degree of warning that can be expected. But the methods
of response, the agencies involved, the information flows and other parts of the

Figure 4.2 Disaster plans need testing through simulation exercises and public partic-
ipation. Simulation exercise in Hospital Balbuena, Mexico City, of an evacuation in an
earthquake, while continuing to treat patients and receive incoming casualties
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emergency response will have distinct similarities. It is generally accepted that
generic emergency response plans are more useful than specific plans to deal with
an earthquake or any other individual hazard. An emergency response capability
to provide civil protection and containment of any low-probability, high-impact
event is more useful than one dedicated to a single scenario. Earthquake prepared-
ness plans should be one specific example of a general emergency preparedness
capability for the country or region as a whole.

4.1.6 Communication Systems

Rapid interchange of large volumes of information is essential for the coordina-
tion of activities of the very many agencies involved in the emergency response.
A general way of providing all the participating agencies with information is
through the public media, particularly through radio, which is an instantaneous
medium. Increasing use is being made of the internet, posting information on web
sites for access by the broad community who still have communications. Radio
receivers are common and portable and likely to be used by those affected by
the earthquake. The media should be included in emergency planning and play
a central role in broadcasting information as soon as it is available. Care should
be taken to ensure that reports used by them are accurate and representative.
Public media can often be misleading and unreliable — the selective and often
exaggerated reporting of the more newsworthy disaster items can often give the
impression to outsiders that the earthquake is more severe than it actually is, or
focused in a particular geographical locality, omitting other important areas.
Public confidence is boosted by frank and complete media coverage and can
act as a communicating medium for the many organisations involved in the emer-
gency response. There is rarely any information which can justifiably be censored
or deliberately withheld from the public domain. It is sometimes argued that
warnings of follow-on secondary disasters (tsunami etc.) may cause widespread
panic or that ongoing rescue reports attract unwelcome sightseers, but there are
few reported cases of public misbehaviour and the benefits outweigh dangers.
Communication systems are critical for effective disaster response and a special
communication system may need to be established as part of the preparedness
measures taken against a major earthquake. In a large-scale earthquake, line-based
telecommunications within the affected area are likely to be damaged and may
be unusable. Such telephone lines as remain operational are likely to be swamped
by the general public, either reporting damage or trying to contact friends and
family. Satellite cellular phone networks are today the favoured communications
systems,* but radio networks are also used by emergency teams. Radio-based

4 Slow response of the government agencies after the 2001 Gujarat, India earthquake was attributed
to failure to maintain the cellular phone network installed for such emergency use (India Today, 12
February 2001).



THE EARTHQUAKE EMERGENCY 97

systems require the setting aside of specific broadcasting frequency bands for
emergency use. Several bands may be needed in addition to those normally used
by the police, fire and ambulance services.

Officials whose responsibilities include emergency decision-making are nor-
mally issued with portable radio transceivers so that they can be contacted within
seconds if a disaster occurs. A major bottleneck on emergency communication
systems during a major crisis is likely to be the volume of incoming incident
reports. Telephone switchboards jam and airwaves may become inaccessible as
the radio operators at headquarters receive more radio reports than they are
capable of processing at the time. Peak traffic loads in communications and partic-
ularly in incident reports are important to estimate and if possible simulate before
setting up the emergency management communication system. Emergency man-
agers can help by reporting succinctly and may be trained in coded or abbreviated
reporting techniques to minimise air-time.

Information about the emergency faced can also be obtained by pre-instrumen-
tation of key sensors. The most important of these for earthquake emergencies are
seismometers. A rapid determination of the magnitude and approximate location
of the epicentre of the earthquake is essential information in estimating the scale
of the emergency being faced. Remotely monitored seismometer networks are
routinely used by seismologists to provide location, depth and magnitude of an
event within minutes of it occurring. Good communications are needed between
seismological observatories and emergency management centres. Other remote
sensors may relay important civil protection information from key industry, dams
or other facilities whose failure could cause a major threat to public safety.

4.1.7 Information Management

Much of the information that has to be coordinated in an emergency is spa-
tial: the location of incidents, building collapses and transportation routes. A
map-room is central to most incident control centres or disaster management
headquarters. Computer mapping is increasingly used for emergency manage-
ment (Figure 4.3), with geographical information systems (GIS) being used to
link maps with databases and other information sources. It can be used to esti-
mate earthquake damage in urban areas. The damage estimation methodology
implemented in such systems requires a detailed classification of the geology
and building stock. Earthquake response spectra are calculated by earthquake
parameters and attenuation functions.® To estimate the building damage these

5 An example is EQSIM developed at the University of Karlsruhe in conjunction with INCERC in
Bucharest, Romania. EQSIM is a software tool based on the popular geoinformation system ArcView
(Baur et al. 2001).

6 The United States Geological Survey has developed TRINET, a system for rapidly mapping spectral
values of peak ground motion immediately after an earthquake has occurred.
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Figure 4.3 GIS can be used to combine maps, databases and calculation methods. The
figure shows a damage scenario for an urban area calculated by the earthquake damage
estimation tool EQSIM (Reproduced by permission of Michael Marcus from Baur et al.
2001)

response spectra are combined with capacity and fragility curves for the differ-
ent building types. The resulting damage states of the buildings are stored in a
database and can be visualised in thematic maps via a GIS interface.

Databases that become useful in emergency situations include resource lists
(inventories of stockpiles and government-owned supplies), supply source cen-
tres (availability of emergency medical supplies, rescue equipment, tents, etc.),
personnel and contacts lists and so on.

Keeping track of the deployment of resources, reserves, requests for assistance
and responses to requests is administratively complex, but essential for effective
management.

4.1.8 Regional Reconnaissance

In addition to receiving incoming incident reports, it is vital to instigate rapid
searches to discover the extent and severity of the impact. It is possible that
the worst-hit areas may be unable to report their own damage and reliance on
incident reports alone may mean that some worst-hit areas are not reported for
some time — the most common cause of high death tolls.
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Areas affected by a large-magnitude earthquake may cover thousands of square
kilometres. In order to plan an effective emergency response, it is essential to
carry out a rapid survey of the extent of earthquake impact. This can be divided
into two operations:

(1) regional reconnaissance across the whole affected area;
(2) urban reconnaissance in any large town affected.

The best method for carrying out regional reconnaissance over a large area is
by air. Aerial surveys have the additional advantage of being able to cover any
mountainous areas in which many of the less accessible villages and towns may
be located. Aerial surveys can also report roads blocked by landslides, rivers
dammed or other geographical effects of the earthquake. Helicopters are useful
and can fly low enough and slowly enough to ascertain damage levels, but are
slow and have a short range (Figure 4.4). Light aircraft may be best suited for
rapid and wide-scale aerial survey reconnaissance.

If aircraft are not available, a systematic reconnaissance by road will take
longer but should be undertaken by as many vehicles as possible, to minimise
the time taken.

The regional reconnaissance should be as systematic as possible) with the
following aims:

1. To determine the severity of earthquake impact.
2. To determine the geographical extent and spatial distribution of impact.
3. To identify the towns and villages most in need of aid.

" E1 0547
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Figure 4.4 Aerial reconnaissance can rapidly establish the extent of damage over a
region. Helicopter operating from a temporary base in the epicentre of the 1980 Campania
earthquake, Italy
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Towns and villages should be categorised by their degree of damage, e.g.
approximate percentage of collapsed buildings.

It is also important that the reconnaissance is seen as a vitally important opera-
tion in the life-saving coordination of the whole region. The reconnaissance pilot
has to resist requests to land to help individual stricken communities, before
covering the entire region of potential damage.

Damage patterns in earthquakes are not uniform or predictable. In a very
general way damage is most severe at the epicentre and attenuates with distance,
but from place to place the degree of damage is extremely variable. One village
may be almost undamaged while the next, perhaps only a few kilometres away, is
destroyed. Towns a long way away from the epicentre can be badly damaged in
the middle of an area of generally low disturbance. Regional reconnaissance has
to take this into account and be as exhaustive as possible, checking settlements
individually rather than making assumptions about the damage attenuation.

4.1.9 Urban Reconnaissance

Urban reconnaissance may be significantly different. In severe cases, large areas
of a town may have been devastated, particularly areas of weaker buildings and
on poor ground conditions. These areas are likely to need massive emergency
resources, and fortunately are likely to be very obvious where they have occurred,
so that response can be quickly mobilised.

In some cases of urban disaster over the past few decades, damage has occurred
to a small number of buildings across the town, but with a few severe collapses
occurring amongst thousands of buildings. These buildings may, however, be
much larger structures, containing hundreds of occupants, and have resulted in
disastrous death tolls. It is possible for the scale of such a disaster to be unrecog-
nised for quite some time — if, for example, 50 or 100 highly occupied buildings
have collapsed, but the remaining 10 000 buildings in the city remain standing. In
these cases, the critical need is to identify very rapidly the scale of the rescue oper-
ation needed, and find all the collapsed structures amongst the neighbourhoods
of perhaps only lightly damaged structures.

An aerial survey of a large town may be able to identify very rapidly which
quarters have been most badly damaged, and can spot large fires or blocked
streets, but it is not always possible to identify each individual collapsed build-
ing from the air. Instead urban reconnaissance relies much more on reports from
the public. Many different groups are likely to be helping with the earthquake
emergency. It is important that each group carry out a full damage reconnais-
sance in their own locality. Urban reconnaissance tries to ensure that all cases
of building collapse and other incidences of serious damage are reported back to
a central authority even if they are already being attended by volunteer groups.
Patrols on foot or in well-marked cars, in radio communication with a central
control room, take major roads and then minor streets in a systematic pattern.
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Again the job of these patrols is to report incidents so that help can be coordi-
nated, rather than to become involved in the management of any one incident,
until the reconnaissance is complete.

In areas where there is an array of strong ground motion sensors, computers can
be programmed to provide instant maps of probable damage, which can be used
to direct the reconnaissance for rescue teams and other emergency management
operations.

4.2 Search and Rescue

Rapid rescue of people from collapsed buildings after the impact of a destruc-
tive earthquake can save considerable numbers of lives. The principal factors
determining the number of people killed and seriously injured after a building
collapses are the proportion of people who are unable to escape from the collapse
(those trapped by collapse), their injuries and the length of time they are able
to survive with those injuries, and how quickly they are able to be rescued and
receive medical attention.

4.2.1 Number of People Trapped

When buildings collapse, not all the occupants of that structure are trapped inside.
Many are likely to escape just before collapse and some are able to free them-
selves shortly afterwards. The number of people trapped in a collapsed building
depends on the size and type of building, the extensiveness of collapse, how
long it took to collapse and how easy it was to escape from the building. In a
high-rise building, escape from upper floors is unlikely before collapse, and if
it collapses completely, perhaps 70% of the building’s occupants are likely to
be trapped inside (Figure 4.5). In a low-rise building that takes perhaps 20 or
30seconds to collapse, more than three-quarters of the building occupants may
be able to escape before collapse. Rescuers are therefore looking for a proportion
of the occupants in each building. Some knowledge of how many people were
likely to have been inside the building at the time of collapse is useful. There are
likely to be reports of missing people at the site of a collapsed building, which
can be used to try to make some assessment of the number of people trapped.

4.2.2 Survival and ‘Fade-away’ Time of Trapped Victims

How long someone can survive inside a collapsed building depends on the type
and degree of injury inflicted by the collapse. People occupying the building
when it collapses may survive if they are not crushed or suffocated. A large
number of people killed in earthquakes die of suffocation from dust thrown up by
the collapse. Others more fortunate may survive inside the voids that are created
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Figure 4.5 Search for victims buried in collapsed structures can continue for many days.
Search and rescue activities in the collapse of a reinforced concrete framed apartment
building, 1986 Kalamata earthquake, Greece. (Reproduced by permission of A. Pomonis)

within the collapsed building. How long they survive (their fade-away time) when
trapped will depend on their air supply and level of injury. Medical evidence for
fade-away times for different types of injury is compiled in Figure 4.6.

Different construction types, e.g. masonry and reinforced concrete, have dif-
ferent collapse mechanisms and cavitation characteristics. The void-to-volume
ratio of the collapsed structure and the most likely location of those voids are of
importance in locating and rescuing trapped people quickly.

Volume-to-void ratios are most favourable for reinforced concrete buildings.’
The total collapse of masonry buildings provides fewer and much smaller cavities
within the rubble than the collapse of frame structures. In the worst case, a victim
may be completely buried by building rubble.

Anyone trapped under a heavy layer of earth or dust is likely to suffocate
quickly. Estimates of numbers of people being rescued alive after being buried
under collapsed earthen building types in Italy, Turkey and China® indicate that
after six hours less than 50% of those buried are still alive.

Injuries received during the collapse of a structure may also be fatal if not
treated quickly. Open wounds and internal haemorrhaging can be fatal within
hours without treatment. The recovery of people suffering head injuries is very
dependent on rapid medical treatment; data on people suffering closed trauma

7 Krimgold (1987).
8 Zhang (1987).
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Figure 4.6 Survival rate with time for victims caught in building collapse

to the skull shows that about half die within 24 hours.” Other serious injuries
similarly need medical treatment and attention within a matter of hours if the
victim is to survive.

Longer term threats to people trapped without injury are exposure if the tem-
peratures are low, infection in wounds, dehydration (particularly if temperatures
are high), or eventual starvation. There is also the possibility that less serious
injuries may become infected or lead to serious complications (see Section 4.3.5
on medical attention at the rescue site).

The length of time that individuals can survive without treatment also depends
on their strength and physiology. Older and weaker people are less likely to
survive for the same length of time as a healthy, strong person.

Environmental conditions also contribute to fade-away times. In low tempera-
tures, or very high temperatures, survival time is significantly reduced. In warm
weather, with perhaps a little rain to provide drinking water in the rubble, a
lightly injured person may survive a number of days.

4.2.3 Speed of Rescue

The speed at which people can be rescued from collapsed buildings is largely
a question of resources and their distribution. After an emergency situation is

9 Beinin (1985).
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recognised it takes time to assemble and organise rescuers, time to locate a
trapped person and time to dig or cut them free from the collapsed building.
The most rapid help usually comes from people already at the scene of the
collapse, people occupying buildings that have not collapsed or who have escaped
being trapped themselves. It is estimated that 90% of people rescued alive are
pulled quickly from the ruins by people on the scene.!® The more people are
immediately available to help rescue trapped occupants, the more lives can be
saved.

In places where a high percentage of people are trapped, more people will die
because the number of people left to rescue them in the immediate vicinity after
the earthquake is less; the number of rescuers per trapped person is critical for
rapid rescue.

Number of rescuers alone is not the only criterion. Rescuers need to be able to
locate trapped people quickly and to free them and possibly to provide medical
aid. This requires some basic skills and tools which those immediately on the
scene may not always have. The efficacy of rescuers is an important factor;
some rescue attempts by inexperienced people may well kill the people they are
attempting to rescue. The location of people under rubble and their excavation can
be achieved with relatively simple search and rescue techniques and commonly
available tools if the expertise is available.!!

Improving the effectiveness of rescue operations involves the rapid mobili-
sation of locally available volunteer groups and coordinating them efficiently.
They need support, in terms of equipment, transport and medical personnel (see
Section 4.3). But most of all local volunteers need to be coordinated by leaders
who know what to do. Local emergency services should be capable of providing
search and rescue coordination and be trained in specialist rescue techniques.

4.2.4 International Search and Rescue Assistance

The specialist skills employed in the location and rescue of victims trapped in
collapsed reinforced concrete structures have become the province of international
search and rescue teams. The 1980s and 1990s saw a proliferation in international
search and rescue (SAR) teams sent to the scene of a major earthquake by other
governments to help with rescue efforts in a gesture of solidarity between the two
countries. Non-governmental aid organizations (NGOs) also have SAR capability
as a part of their post-disaster relief operations and there are NGOs in several
countries specialising in post-disaster SAR.

To a large extent this has reflected the increasing incidence of urban earth-
quakes causing the collapse of high-rise, high-building-occupancy, reinforced
concrete framed buildings. These collapses have evoked a new urban nightmare:

10 Krimgold (1989).
T Coburn et al. (1987).
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the horror of being entombed alive in unyielding concrete for many days on end.
International media coverage of mass-collapse disasters has focused on the res-
cue operations for individual survivors, bringing updates live on TV into homes
across the world as the extrication proceeds. To some extent this media focus
reflects the time sequence of disaster response. In the first few hours and days
many thousands of people may be rescued unreported by media concentrating
on initial reports of the scale of the destruction itself. The more difficult rescues
and those requiring specialist techniques and equipment remain as observable
on-site activities in the following days when international news crews are cover-
ing events in depth. The despatch of specialist teams with the capability to help
with such difficult rescues is an important public gesture of sympathy and aid by
a friendly country.

International SAR teams can make limited but positive contributions to these
types of disaster. They bring specialist SAR equipment such as electronic surveil-
lance equipment and experienced techniques to supplement local capability in the
more difficult types of rescue situation. The best preparation for fast and effec-
tive international assistance is bilateral agreements between nations concerning
the procedures to request and to deploy assistance, involving the provision of
fast visa procedures, transportation to operation areas, interpreters and connec-
tion to the local authorities. Standards for coordination of international rescue
teams and for training, composition and equipment are provided by the Interna-
tional Search and Rescue Advisory Group (INSARAG)'? to advance the quality
of international help.

The number of countries developing their own SAR specialist teams for rescue
from collapsed buildings is increasing.'* The coordination of many different
groups of semi-autonomous SAR teams at a disaster site is now a key role of
disaster management.

Nevertheless, the impact that international SAR teams can have on reducing
the overall casualty rates in an earthquake is very limited — the scale of the
problem and the need for very rapid assistance mean that international assistance
is only useful in occasional cases of difficult rescues of long-surviving victims.
Logistical and practical problems of mobilising across national borders mean
that international SAR teams usually cannot be in position for two or three
days. The information on survival rates shows that the number of people alive
inside a collapse after two, three and four days is extremely small, and also
that their chances of recovery, even with treatment, are slim. The job of the
SAR team by that time is extremely difficult. Their targets are victims who

12 Further information and the INSARAG guidelines are available at www.reliefweb.int/insarag/ and
from INSARAG (2001).

13 After the Italian earthquake of 1980, four other countries sent specialist SAR teams to assist with
the emergency. In the Armenia earthquake eight years later, 19 SAR teams arrived to help the Soviet
authorities. Many of these were specialist SAR teams offering their services internationally for the
first time.
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may well have been capable of calling out a day previously, are now semi-
conscious or unconscious, passive and extremely difficult to locate. They are
close to death and may not survive even after hospitalisation. The same victims
would have been easier to find and rescue would have been more viable had
the teams arrived earlier. A significant improvement in the live recovery rate of
international SAR teams could be achieved by speeding up their time of arrival
at the disaster site.'*

4.2.5 Strengthening Local SAR Capability

The most effective and realistic method of ensuring rapid arrival times of res-
cue assistance is for each disaster-prone country to have its own specialist SAR
capability. Assistance from foreign countries to help with SAR in a disaster is
needed where specialist equipment, experience and organisational techniques are
insufficient. If these were to be built up within the country, then local capability
would be preferable to foreign assistance. Local teams will always be closer to the
event, faster to arrive, conversant with local administrative procedure, customs
and language, and responsible directly to the affected community. Significant
improvements in life saving after a mass-collapse disaster can only be achieved
by strengthening the local capability to deal with it effectively.'> These mea-
sures might include public awareness of simple post-disaster actions, essential
principles of rescue from collapsed buildings for local police and fire services,
and training in the more complex techniques of location of passive victims and
extrication from modern building types for specialist national squads, as outlined
in the next section.

4.3 Search and Rescue Techniques

For rescue work after building collapse the five-phase strategy shown in Table 4.1
is used successfully by many rescue teams.'® The strategy aims to rescue the
maximum number of victims with an increasing level of effort of SAR activ-
ities and an increasing risk for rescue personnel and victims through the five
phases.

141 the Gujarat, India earthquake, the first international SAR team on site, the 50-strong Swiss
team, arrived three days after the earthquake. Over the next 48 hours, their efforts saved eight live
victims.

15 The military often have a vital role to play in SAR. In recent earthquakes in both India and
Turkey, the army played a key role in the entire emergency phase, though with better training and
specialised equipment they could have been even more effective.

16 M. Markus, personal communication.
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Table 4.1 A five-phase strategy for SAR operations®.
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Phase

Search

Rescue

1. Reconnaissance
and immediate
rescue/
evacuation

2. Search and light
rescue

3. Search areas with
expected victims,
heavy rescue

4. Search in rubble
and voids below,
heavy rescue,
specific clearing

5. Final clearing

e Assessment of the collapse area,
building type and damage
patterns

e Hazard analysis: potential
further collapses, falling debris,
gas, fire, etc.

o Interview witnesses and victims
for location of further victims

e Search slightly damaged areas

e Search accessible areas

e Extended interviews

e Objective: assessment of the
entire site, knowledge about
possible victims and their
positions

e Search all voids and accessible
areas with probable locations of
victims

e Extended use of floor plans and
other info

e Only trained personnel, canine
search and with listening devices

e Objective: search of all voids
except under rubble

e Specific search based on
information from witnesses,
observations, floor plans, etc., in
rubble and small-sized debris

e Regular stops of clearing work
for search in the debris and
recently uncovered voids

Immediate rescue

Pick up hurt and easily
accessible victims

Mark hazardous areas, No
rescue work in unsafe
areas

Rescue easily liberated
victims

Initiate observation of
indicators for building
stability: gaps, tilted
walls, etc.

Prepare for heavy rescue:
cranes, heavy tools and
equipment, shoring,
stabilisation

Penetrate and advance to
entrapped victims
Open voids with the
possibility of finding
survived victims inside
Remove obstacles but
mind the weakened
structure

Stabilisation

Only trained rescue
personnel in hazardous
areas

Penetrate/advance to voids
with expected victims in
rubble and unstable
debris, tunnelling

Mind danger to victims by
rearrangement of debris
(crush) and fine material
trickling (asphyxiation)

Carefully clearing
Help of cranes and
excavators directed by
rescue personnel
Avoidance of debris
destabilisation

4From M. Marcus, personal communication.
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4.3.1 Likely Locations for Survivors

Most victims who can be rescued tend to be located within voids in the collapsed
building. Victims within voids are more likely to survive because not only are
they saved from the pressure of building material above, they also have some
degree of air supply. In masonry buildings (Figure 4.7), voids and cavitation tend
to occur in partial collapse of structural supports; the voids are created underneath
fallen floor joists or floor slabs. Protruding joists from rubble may indicate that
voids have been created below, which may contain survivors, and standing walls
may also have voids at their base.

Doors, tables and other larger pieces of furniture may also have created voids
and air pockets for survivors. Staircases, particularly timber staircases, can also
create voids in their collapse, and occupants trying to flee from a collapsing
building may well be found close to the staircase. Exits (e.g. trying to open doors),
escape routes and circulation areas are common locations for buried victims.
Other zones of domestic buildings which have strong furniture and may similarly
be promising places to search for survivors include the kitchen and utility areas
of a house, where refrigerators, washing machines and other steel appliances may
provide some protection and where occupants spend a lot of their time.

In reinforced concrete buildings (Figure 4.8), the pattern of collapse of slabs
may create cavitation characteristics that could contain survivors. Partially col-
lapsed structures will generally have more survival space inside, and be more
accessible than totally collapsed structures. Buildings with some slightly stronger
structural elements, like structural cores, may provide some vertical support that
will create cavities in the rest of the collapsed structure. Some types of structure,
such as deep-beam design, provide greater cavitation potential on collapse than
others. From the point of view of locating survivors, the worst type of collapse
encountered in reinforced concrete buildings is the pancake collapse of all floor
slabs, tightly packed one on top of another. Cavitation potential is limited and
extremely localised, routes for sound out of the building are minimal and rapid
penetration by rescuers into the collapse is impossible. The complete dismantling

Masonry Collapse

Protruding or slanted floor joists may Standing walls may indicate the possibility
indicate voids that could contain survivors of a void at their base

Figure 4.7 Likely locations for survivors in collapsed masonry buildings
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Figure 4.8 Likely locations for survivors in collapsed reinforced concrete buildings

of a reinforced concrete building in the search for victims can take many weeks.
Concrete is a very hard material to break up and steel reinforcement takes time
to cut through. To get people out alive, it is important to locate where they are
as accurately as possible to minimise the amount of concrete that has to be cut
through.

4.3.2 Finding Survivors

SAR teams need the capability to conduct three primary types of search opera-
tions: physical, canine and electronic.!” Finding people who have been buried by
building collapse is heavily reliant on the victims’ ability to attract attention to
themselves. It becomes increasingly difficult with time to find unconscious vic-
tims. It can prove surprisingly difficult to locate even people who are shouting
inside a collapsed building. The acoustics of hearing somebody through rubble
is illustrated in Figure 4.9. Rescuers are unlikely to hear someone shouting the

17 Guidelines for SAR teams have been prepared by the International Search and Rescue Advisory
Group (INSARAG 2001).
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Figure 4.9 Acoustics of victim audibility in rescue from a collapsed building

other side of a reinforced concrete floor slab (floor slabs are designed to provide
acoustic privacy between apartments). The best chance of hearing survivors is
by means of indirect sound paths reflecting through gaps in the rubble, and a
building collapse where the structural elements have broken up gives a better
chance of hearing survivors than floor slabs fallen intact. In a pancake collapse
of concrete floor slabs, the only sound path is sideways in between the slabs
and rescuers should concentrate on listening at the sides and work inwards lat-
erally underneath the slabs. Indirect sound paths do mean, however, that the
source of the sound is much more difficult to locate and a person heard calling
may be metres away in a different direction from the apparent source of the
sound.

Rescuers have to follow the source of the sound in their excavation, and to
follow the changes in direction. The victim has to continue to call out during
the rescue. Communication back to the victim, through megaphones or other
amplified noise sources, is important to keep the victim responding for as long
as possible. Someone knocking on a metallic pipe or other piece of reverberant
structure is also more likely to be heard because it may give a more direct sound
path between source and listeners, losing less energy in transmission.
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Of great importance to the acoustics of hearing survivors is the background
noise level. A noisy rescue site, with excavation machinery and large numbers
of people and maybe helicopters overhead, may make any sounds from survivors
inaudible. Some rescue teams demand regular periods of silence during the dig-
ging to listen for survivors. These periods may have to be quite extended to catch
somebody’s occasional cry, and have the disadvantage of slowing up progress
on excavation work, but if people are located in this way, the excavation work
can be better directed.

Other methods of reducing background noise include working at night, remov-
ing any unnecessary sources of noise (keep generators and compressors as far
away as possible and behind sound mufflers if they have to be used), and keep-
ing the number of vehicles and people attending close to the site to an absolute
minimum. Command and treatment centres should therefore be established well
away from the site.

Directional microphones and amplified listening equipment may also contribute
to picking up sounds otherwise inaudible. Ultrasonic listening equipment is able
to pick up very high-frequency ranges beyond the human ear, less masked by
background noise, but only a small portion of sound emitted by a survivor is
likely to be in these very high-frequency ranges.

Other methods of locating survivors include canine search, thermal imaging
cameras, visual probes and radar. Specially trained dogs can identify human scent
and have been used in building collapses to locate unconscious victims. Canine
search can be a reliable search method if the dog and its handler are trained for
work in the disaster environment. There are, however, some potential problems in
using dogs, particularly their handling, transportation and (if sent internationally)
quarantine restrictions and possible cultural acceptance problems.

Thermal and other imaging cameras can identify temperature differences in
surfaces, and in the case of dust-covered survivors lying exposed but unrecog-
nised, thermal cameras may identify them, but buried survivors rarely give off
sufficient heat to be detected through the rubble against background tempera-
ture levels. Visual probes consist of thin optical fibres or remotely controlled
micro video cameras that can be inserted into the rubble and through small holes
to inspect the interior. They have been used to locate victims in a number of
building collapses and their wider use may contribute significantly to victim
location in future building collapses. The field of view obtained by micro cam-
eras within confined spaces is limited and the interpretation of relayed images
requires considerable experience. Radar systems can detect motion from breath-
ing or heartbeat in the range of an antenna even under metres of debris. But
many possibilities for incorrect results, e.g. rescue personnel in the range of the
antenna, moving curtains or parts of the collapsed structure, rainfall, etc., have to
be taken into account when relying on this technology. To date they have been
used by only a small number of search teams.
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A very basic but effective tool for information exchange to avoid repeated
operations at the same buildings by different teams is the marking of buildings
where SAR activities took place. The marking contains information about the
rescue team, the period of the activities, hazards detected, number and location
of victims and of already extricated victims.

4.3.3 Excavation

The knowledge that someone lies injured below a mass of rubble gives an urgency
to the rescue. The time available to dig through the layers that trap them may be
limited. The safest procedure is to dismantle the building taking away the material
from the top down until the lower levels are uncovered. Unfortunately this is
also the slowest procedure. Rapid rescue generally requires localised excavation,
sinking a shaft into the rubble or cutting holes through material to reach a best-
guess position. Localised excavation may require shoring up of dangerous or
overhanging structure, building retaining walls for rubble or building structural
supports for tunnels.

Wherever possible these structures should be constructed under the direction
of an experienced structural engineer. The danger that the rescue team expose
themselves to in these situations may be considerable, and risks taken may result
in additional and unnecessary casualties. It is vital to plan any excavation in
such a way as to minimise the risk of triggering a further collapse, which might
be fatal to either the trapped victim or the rescuers. The danger of a strong
aftershock occurring in the days immediately after a large-magnitude earthquake
is considerable.

In Mexico City after the 1985 earthquake, more than 100 rescuers were killed
by further collapses while they were working.!® To decrease the risks, specially
trained rescue team members responsible for the safety during rescue work can
interpret damage to the building structure, identify dangerous areas and sug-
gest methods to reach the trapped victims, and to enhance safety by shoring up
and observation of critical structural members (see e.g. Figure 4.10). Structural
engineers are best suited for this task.!?

4.3.4 Tools and Equipment

Removing masonry rubble and other broken-up building material can mainly be
carried out by hand. If a large pool of volunteer labour is available, rubble clear-
ance can be carried out relatively quickly, forming human chains. If available,

18 Tiedemann (1989).

19 The US organisations Federal Emergency Management Agency (FEMA), Washington, DC, the US
Army Corps of Engineers (USACE), San Francisco (USACE 1999), and the Applied Technology
Council (ATC), Redwood City (ATC 20-1 1989, Gallagher et al. 1999), provide guidelines to evaluate
the structural condition of building structures to be entered.
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Figure 4.10 Methods of excavation to reach trapped victims in building rubble (after
Michael Markus, redrawn with permission.)

lorries may be needed to take this rubble away, to keep the site as clear as pos-
sible. Workers need gloves and may need to improvise masks against inhaling
the dust on the site. For work to continue into the night, illumination is needed,
preferably from construction floodlighting powered by generators, but could be
improvised from car headlamps if enough vehicles are available.

For shoring, large numbers of strong timber beams are required, with hammers,
large nails and saws to fix in position. Scaffolding poles and extensible props are
also useful.

For larger pieces of structure, crowbars and levers may be needed for a num-
ber of rescuers to be able to manoeuvre them out of position. Car jacks and
lorry jacks may be used to prise blocks of a few tonnes by tens of centimetres.
Specialist equipment has also been designed for jacking moderate-sized struc-
tured elements apart using air bags that are placed in position and then inflated.
Spread over a large surface area, these can move elements of many tonnes. For
larger blocks, more specialised and powerful equipment is needed. Construction
and excavation machinery may be used to provide the power to move the more
massive structural elements. If required, these machines need to be used spar-
ingly. Although powerful, they are imprecise in their control, and may cause
unexpected movements of rubble that can kill the trapped victim. If possible, it
is preferable to use hand tools to break up larger elements and to reserve the
heavy plant machines for dragging away material that is well away from known
victims.

Breaking up excavation requires cutters, power tools or pneumatic drills. Cut-
ting through steel reinforcing bars is the slowest part of concrete demolition
requiring elaborate steel saws or flame cutters. For this reason, some considera-
tion should be given to where the cut is made through the concrete element to
meet minimum reinforcement. In a concrete floor slab, holes should be cut in
the centres of areas likely to have been only lightly reinforced, e.g. mid-span
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and away from edge beams or local stress points that may have additional rein-
forcement. Where possible alternative routes to cutting through concrete should
be considered. For example, instead of cutting down through the roof slabs, it
may be possible to dig down underneath the building and to come up inside the
structure, or to find existing holes and stairwells and to use these to pass between
collapsed slabs.

Very large-scale lifting and jacking equipment, like cranes and winches, can be
valuable in rescue operations if very carefully controlled. They may take some
time to transport and erect on site. Their use is more suited to the later stages of
excavation of a major collapse, where the emphasis has passed from immediate
freeing of known survivors to the systematic dismantling of the building remains
to retrieve bodies and to check the small possibility of someone remaining alive.

4.3.5 Medical Attention at the Rescue Site

At least one member of the rescue team should be an emergency physician,
to advise rescue personnel on medical aspects of retrieving victims, to provide
immediate medical attention to victims when located and to act as triage officer,
prioritising victims for transportation to hospital (see Section 4.4.2). Some med-
ical treatment can be provided as soon as buried victims are accessible. It may
sometimes need a considerable amount of time to free a victim from a collapsed
building. Victims may require rehydration, drug treatment and intravenous trans-
fusions in situ. In severe cases, amputations may need to be performed. One of
the most critical medical complications for trapped victims is crush syndrome.
A person trapped for more than a few hours with prolonged pressure on a limb
or other part of the body builds up toxins in the muscle tissue with reduced
blood supply. When the person is finally released, the blood returns to the tis-
sue and the toxins enter the blood supply, which can be rapidly fatal. There are
many recorded cases of trapped patients with only light injuries being freed, and
appearing initially well, only to die an hour or two later from sudden cardiac
arrest. Where crush syndrome is suspected, it is best to treat the patient in situ,
before releasing the confined limb. Treatment includes intravenous infusions to
stabilise the patient long enough to receive dialysis treatment. This involves res-
cuers clearing sufficient access to the victim before releasing the victim to allow
the physician to insert intravenous lines, and may involve the physician operating
in a severely confined space.

Extraction of a severely injured victim is a delicate operation, and manoeuvring
without causing further injury may be difficult. Stretchers to carry the injured
are needed, and it may be necessary to strap patients to them if the rescue
route is steep. Where stretchers are not available they may be improvised from
planks, doors taken off their hinges or other firm supports. Some SAR teams have
specially designed stretcher sledges — aluminium bucket-like scoops for dragging
patients over rubble and through tunnels for example.
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4.3.6 Transportation of the Injured

One of the greatest needs that rescue and medical treatment teams have is for
ways of transporting injured victims to hospital or treatment centres. This need
is immediate, and greatest in the first few hours after the earthquake. With good
medical care, seriously injured victims can be stabilised at the rescue site, but
without early hospitalisation and surgical medical treatment in a suitably equipped
operating theatre, their chances of survival are remote. In many large-scale disas-
ters, a shortage of means of transport for the injured has been a critical bottleneck
in the victim care process. This is especially true for disasters in rural areas.’ In
some cases of earthquake occurrence in remote regions, only patients capable of
walking or being carried by friends make it to hospital. Swift establishment of
field hospitals in remote regions may help, but they need to be highly publicised
on the radio and placed alongside the main road en route to the major town, for
instance, for local people to find them. In remote regions, the transportation of
seriously injured over poor roads may also allow their condition to deteriorate. In
such a situation, the military and civilians may be mobilised to ferry the injured,
or special ambulance convoys could be sent by the authorities into the worst
affected areas.

4.3.7 Ending the Search

The decision to stop searching for survivors is always a very difficult one. People
have been rescued alive five,”! ten?? and even fourteen® days after an earthquake
(see Figure 4.6). These are often the result of exceptional circumstances; for
example, someone with very light injuries and trapped in a void deep in the
rubble, perhaps with a water supply or food. The probability of finding live
victims diminishes very rapidly with time but there may continue to be a very
small chance for many days.

In areas where low-rise masonry buildings have collapsed, all the potentially
life-saving voids can be investigated relatively rapidly and a decision made in
a few days about the probability of making further live recoveries. But in the
collapse of high-rise, reinforced concrete structures, all the voids that may contain
live victims cannot easily be explored, and the search operation could continue
for many days without any degree of certainty that everyone alive has been
located.

Another consideration is the survivability of people who are rescued. Many
victims who are dug out alive after many days being trapped are too weak and

20 In urban disasters, by contrast, the limited capacity of local hospitals is likely to be of much more
significance for survival rates than the speed of transportation (Fawcett and Oliveira 2000).

21 Girl found alive under a table in collapsed masonry building, Turkey 1984.

22 Newly born babies discovered alive in collapsed multi-storey, concrete-framed maternity hospital,
Mexico 1985.
23 Couple found trapped in a cellar underneath collapsed masonry building, Italy 1980.
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sick to respond to treatment. Despite even high-quality medical treatment, many
lengthily buried patients die in the few days after their rescue. Patients who are
unconscious or too weak to attract rescuers’ attention may already be too far gone
to save. Injury statistics show that a patient without a vocalisation response has
less than 25% chance of responding to medical treatment.?* In situations where
resources are limited it is more effective to search widely for all victims capable
of making a noise than to make concentrated searches for unconscious people.

There may be no need to declare a formal end to the search for survivors.
It is often assumed that at some stage the search should be called off, medical
units withdrawn, and public attention shifted towards recovery and reconstruction.
This can often seem harsh to those who have not yet given up hope, however
unrealistic that may be. Instead the transition can be made gradually, with an
increasing emphasis on body retrieval and systematic dismantling of collapsed
structures so that should anyone remain alive they will be located. A balance
needs to be struck between the benefits of using heavy lifting equipment to
dismantle large collapses and the threat these pose to anyone who might remain
alive in the rubble.

4.3.8 Dealing with the Dead

It is also important to retrieve as many dead bodies as possible. Relatives need to
grieve and to be certain of the fate of those that are unaccounted for. Identifying
the dead can be a harrowing and logistically difficult procedure, but a very
necessary one for the society affected by the earthquake. In a mass-casualty
disaster, the number of bodies greatly exceeds the capacity of mortuaries and
conventional funeral facilities. Bodies need to be stored and preserved until they
can be identified, documented and buried or cremated. Makeshift mortuaries
and identification centres have been set up in sports stadiums, large warehouses
and other cool, large, well-ventilated storehouses. In hot weather, decomposition
poses a problem and in some cases in the past, authorities unable to provide
chilling facilities or chemical preservation have opted to photograph the bodies
for identification later, and to dispose of the dead relatively rapidly.

In mass-collapse disasters, many people may remain missing after the SAR.
A certain proportion of corpses will be left unidentified and a larger proportion
will be unidentifiable. In the wreckage of a building collapse, bodies are not
always recognisable or complete. There have been many cases where the num-
ber of retrieved bodies is less than the number of people missing. Demolition
and wreckage clearance may occur without recognising body parts unless it is
carried out very carefully. In some cases rapid demolition may be desirable, but
where possible the dismantling of buildings and some degree of rubble sifting is
preferable to a blind bulldozing of a disaster site.

24 Noji (1989).
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A common fear by the authorities in charge, sometimes argued in favour of
bulldozing sites rapidly, is that human and animal corpses remaining in the rubble
will become a source of epidemic contagious diseases for the general population
or will pollute the water supply. The evidence suggests that this is extremely
unlikely.

4.4 Medical Aspects of Earthquake Disaster

A wide range of types and severity of injury are caused by earthquakes. A
significant percentage of injuries are not directly caused by building collapse and
may be the result of many different earthquake-induced accidents. Some injuries
are caused by non-structural building damage, such as broken glass or the fall of
ornaments or collapse of parapet walls. But the majority of injuries in a major
earthquake are caused by building damage.

Different types of buildings inflict injuries in different ways and to different
degrees of severity when they are damaged.?> Huge amounts of dust are generated
when a building is damaged or collapses and asphyxia from dust lining and
obstructing the air passages of the lungs is a primary cause of death in many
building collapse victims.?® In earthquakes affecting weak masonry buildings,
the earth used as walling or roof material buries and suffocates the victim when
collapse occurs.?” There is also evidence that suffocation can occur from extreme
pressures of materials on the chest preventing breathing (traumatic asphyxia).
Many victims trapped inside a collapsed structure also suffer traumatic injuries
from the impact of building materials or other hard objects, and of these the most
common appear to be skull or thorax injuries.”

In some earthquakes, head injuries are by far the most common cause of death?
but may constitute only a small proportion of the injuries requiring treatment in
the survivors. Multiple fractures of the spinal column are commonly reported in
many victims of some types of collapsed structures, who were either standing or
lying down when the collapse occurred.’® Extensive spinal injuries of this sort
appear to be less common in buildings with timber floors and associated more
with ‘harder’ building types with more rigid floors and roof slabs.

25 Beinin (1985).

26 See reports of dust adhering to lungs in autopsies from Mexico earthquake 1985, and causes of
death in Veterans Medical Administration Building, 1971 San Fernando earthquake, California, in
Krimgold (1987).

27 Data from Dhamar Dutch Hospital, after the 1982 Yemen Arab Republic earthquake, and interviews
with Army Medical Corps in Erzurum earthquake, Eastern Turkey, 1984.

28 Data from Ashkhabad earthquake, USSR, 1948, reported in Beinin (1985), and data from Italian
earthquake 1980, in Alexander (1984).

2 Analysis of casualties in Papayan earthquake 1983, Colombia, in Gueri and Alzate (1984).

30 Beinin (1985).
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Another condition reported mainly in the collapse of large, concrete frame build-
ings is severe crushing of the thorax and abdomen or the amputation of limbs by
extreme pressure.’! Extreme pressures such as these come from large masses bear-
ing down or structural members still connected to the large masses. But the most
common types of injury caused in an earthquake are traumas and contusions caused
by falling elements like pieces of masonry, roof tiles and timber beams.

More people tend to be injured in an earthquake than are killed. A ratio of
three people requiring medical treatment attention to every one person killed
is an accepted ratio in mainly rural disasters,3> but this can vary very signif-
icantly with different types of construction affected and with the size of the
earthquake.®® Similarly light injuries requiring outpatient-level treatment tend to
be much more common than severe injuries requiring hospitalisation — typically
there may be between 10 and 30 people requiring outpatient treatment for every
person hospitalised.**

The breakdown of types of injury needing treatment may typically be that
shown in Table 4.2.

Up to two-thirds of the patients are likely to have more than one type of injury.
Most of the injuries are likely to be minor cuts and bruises, with a smaller group
suffering simple fractures and a few people with serious multiple fractures or
internal injuries requiring surgery and other intensive treatment.®

Most demand for medical services occurs within the first 24 hours (Figure 4.11),
which is typically before international medical teams will be able to arrive.

4.4.1 Calculation of Medical Resource Needs

In a severe case, e.g. a great earthquake striking a region of predominantly
weak masonry buildings, 90% of buildings could be destroyed. If the earthquake

Table 4.2 Types of injury requiring treatment
after an earthquake (after Alexander 1984).

Soft-tissue injuries

(wounds and contusions) 30-70%
Limb fractures 10-50%
Head injuries 3-10%
Others 5%

31 Mexico City News, 21 September 1986.

32 ville de Goyet (1976), Alexander (1984).

33 In recent urban disasters, the numbers of seriously injured have been many fewer than the numbers
killed. Recent data was reported at the 12th World Congress on Disaster Medicine, Lyons, May 2001
(http://pdm.medicine.wisc.edu).

34 Alexander (1985).

35 PAHO (1981).
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Figure 4.11 Demand for medical services after an earthquake (after PAHO 1981)

occurred at night, catching most people asleep in their homes, the mortality
rate — the percentage of the population killed — in the towns and villages of the
epicentral area could be as high as 30%. The morbidity rate — the percentage of
the population injured and requiring some level of medical treatment — could be
60—80%. A possible range of severity levels and treatment needed across the pop-
ulation of the epicentral area is shown in Table 4.3, but the limited data available
suggests wide variations between different earthquakes and different countries.

Epicentral areas of large-magnitude earthquakes may extend over hundreds of
square kilometres and many envelop a number of towns and tens if not hundreds
of villages, depending on the population density and settlement patterns of the
area. A population of hundreds of thousands or even millions could easily be
caught within the zone most strongly affected, leading to a death toll as high
as 20000, somewhere in the region of 50000 injuries requiring outpatient treat-
ment, 5000 or more people requiring hospital beds and 1000 or more needing
major surgery within 24 hours. These medical loads may well be compounded
by significant damage inflicted by the earthquake on medical facilities, hospitals,
clinics and supply stores, within the affected area.*®

Table 4.3 Breakdown of typical injury ratios for a popula-
tion affected by a severe-case earthquake scenario.

Fatalities 20-30%
Injuries requiring first aid/outpatient treatment 50-70%
Injuries requiring hospitalisation 5-10%
Injuries requiring major surgery 1-2%

36 In the worst urban disaster of the 1990s, the 1995 Great Hanshin (Kobe) earthquake, statistics
collected by WHO from 107 major hospitals in the Hyogo Prefecture showed that 717 seriously
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A disaster on such a scale would be rare (Table 1.2 shows that only 15 or so
earthquakes this century have had death tolls as high as this), but by no means
a worst-case scenario. Where the epicentral area enveloped a major city death
tolls and numbers of people requiring treatment could be far higher. A secondary
follow-on disaster, such as major landslides, dam collapse or urban fire, could
push death tolls and medical loads an order of magnitude higher.

The majority of destructive earthquakes, however, will cause lower levels of
injury rates, but will still put severe loads on medical treatment facilities. Medical
preparedness plans can be built around similar scenario studies and calculations
based on the building types likely to be affected, the population densities and
settlement patterns, the size and characteristic of earthquakes expected in the
region and the medical facilities available in any study area. Guidelines for risk
analysis and scenario calculations for human casualty assessment are given in
Chapter 9.

4.4.2 Triage

The swamping of medical facilities by such large-scale casualties means that nor-
mal standards of medical care cannot be maintained. In a mass-casualty situation,
with finite medical resources, medical care provision switches to triage: the pri-
oritisation of medical care to those most likely to benefit from medical treatment.
The incoming injured are assigned degrees of urgency to decide the order of their
treatment. Those with light injuries who are likely to recover whether they are
treated or not are assigned a low priority. They may be given initial first aid
and given medical attention later when the more serious injuries have been dealt
with. Those with severe injuries whose chances of recovery even with treatment
are judged to be minimal are also assigned a low priority. Medical resources
are concentrated on those with life-threatening injuries who are likely to recover
with treatment but who would die without it.?’

In regions where mass-casualty earthquakes are a possibility, even remotely,
the medical personnel should at least be acquainted with triage procedure, if not
fully trained in emergency techniques. Non-medical or volunteer paramedical
personnel can also contribute greatly to emergency medical care. If they are
trained in first aid, particularly management of tissue injury and fractures, they can

injured, 2658 moderately injured and 47 280 slightly injured patients were admitted in the first seven
days after the event (Tanake and Baxter 2001).

37 A disaster response model proposed for the United States (Schultz er al. 1996) identifies three
phases of the emergency period: a first phase (first hour) during which individual physicians skilled
in emergency medicine and equipped with medical backpacks would attend victims nearby; a second
phase (1—12hours) during which patients would be moved to better equipped disaster medical aid
centres rapidly established across the affected region; and a third phase (12—72 hours) during which
victims requiring further treatment would be moved to collection points for triage, treatment and
transportation by ambulance or helicopter to newly established field hospitals or still functioning
hospitals elsewhere.
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relieve the pressure on the professional staff by initial management of the large
volume of moderate injuries. Community volunteer groups can help in earthquake
preparedness by maintaining an active membership of volunteers trained in first
aid to help in any mass-casualty event. Ideally these volunteers should be trained
by and keep a relationship with a local hospital. Simulation exercises can be
carried out jointly between hospitals and volunteer groups (Figure 4.2).

Triage classification and referral of more complex injuries require skilled med-
ical judgement. Injury reception areas are usually established at the entrance to
or outside of hospitals closest to the damaged area. In the worst-case scenario, a
hospital building may itself be damaged by the earthquake and the hospital staff
may have to continue emergency treatment without using the buildings. Or staff
may be injured or unable to get to work immediately. Hospital emergency plans
in earthquake areas have to provide for the contingency of evacuating numbers of
patients from wards and critical apparatus from operating theatres, X-ray depart-
ments, etc., re-establishing facilities in the hospital grounds at the same time as
receiving a massive influx of patients from the earthquake. Hospital emergency
plans should include areas set aside for injury reception, first aid and tents to
house emergency operating rooms.

4.4.3 Hospital Capacities, Medical Supplies and Resources

Pre-earthquake planning in hospitals and regional health administrations involves
studying normal and peak hospital occupancy rates, estimation of spare capacity
and likely numbers of beds that could be made available in the event of a disas-
ter. Regional health administrations have a day-to-day responsibility to provide
efficient health services, which favours reducing spare, unused capacity of hos-
pitals to a minimum. Possible future mass-casualty occurrences are an argument
for maintaining certain levels of spare capacity in medical facilities above the
normal operational minimum and studies of likely scenarios will help structure
the medical needs of a region.

An emergency plan for the region®® assesses for each hospital a treatment
capacity, defined operationally as the number of casualties that can be treated
to normal medical standards in one hour. Treatment capacity depends on several
factors including the total number of physicians, nurses, operating rooms, etc. In
the United States an average, empirical estimation of hospital treatment capacity
is taken as 3% of the total number of beds.* Military experience also gives
empirical estimates of a hospital’s surgical capacity, the number of seriously
injured that can be operated on within a 12-hour period. In the United States again,

38 See for example guidelines for United States Joint Commission on the Accreditation of Healthcare
Organizations.
3 As suggested by the United States Joint Commission on the Accreditation of Healthcare
Organizations.
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this is approximately equal to 1.75 of the total number of operating theatres.*0
This rate of treatment cannot be maintained over a long period; staff exhaustion,
instrument supplies and most critically limitations on medical supplies are likely
to reduce treatment rates within 24 to 36 hours of sustained activity.

Medical supplies that are most in demand after a mass-casualty earthquake
are wound dressings, fracture settings, intravenous fluids and surgical supplies.
Hospital stores can maintain certain levels of supplies, and preparedness plans
can help ascertain appropriate stock levels to cope with possible sudden demands
for the length of time it is likely to take for emergency supplies to be delivered.
Preparedness plans generally rely on delivery of emergency medical supplies into
an afflicted region within hours. It is impossible for hospitals to maintain sup-
plies sufficient for a possible disaster, owing to the perishable nature of medical
supplies. Most perishable of all are blood banks, and stocks are rarely kept at
a high level. Rapid mobilisation of blood supplies and other medical stores into
the affected area is a priority.

Blood transfusion centres to obtain donations from the public may have to
be set up both in the affected areas and in other regions to replenish depleted
supplies and replace blood bank stocks nationally. Fortunately volunteers willing
to give blood after a disaster are generally abundant.

4.4.4 Other Aspects of Medical Plans

Other aspects of mass-casualty preparedness plans include changes of organ-
isational structures in hospitals. (Command team and more military styles of
organisation may need to be adopted.) Simplification of actual medical tech-
niques may be advocated (e.g. the use of splints instead of circular casts for
fractures), administrative simplifications (such as tagging patients with standard-
ised triage tags) and rapid redistribution of patients to other hospitals outside the
affected area. Plans may even consider scenarios where the medical capability of
a very large region or the entire country is exceeded. These plans may envisage
the rapid expansion of permanent facilities and staff in the region or the use of
mobile emergency hospitals from the military, Red Cross or private sources, or
even as a last resort, packaged disaster hospitals from other countries (taking in
preference offers from neighbouring countries with the same language, culture
and technological level).*!

4.4.5 Public Health after Major Earthquakes

The loss of sanitation, water supplies, housing and the disruption of normal public
health services for a large number of people in an earthquake, coupled with the

40 United States Joint Commission on the Accreditation of Healthcare Organizations.
41 PAHO (1981).
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presence of numbers of dead bodies in the ruins, often lead to fears that there
could be an outbreak of epidemic contagious diseases. The evidence from past
events suggests that this is unlikely. The establishment of temporary relief camps
may contribute to the potential and the risk of epidemic may be diminished by
ensuring the following measures:*?

e Establish a number of smaller relief camps rather than one large one to restrict
concentrations and minimise contagion (sanitation services are better provided
in smaller camps).

e Restrict the density of relief camps, spread each camp out if possible (closer
human contact increases potential spread of airborne diseases).

e Avoid moving or encouraging large-scale migrations into another region which
may lead to the introduction of communicable diseases from one population
to another.

e Re-establish public utilities as rapidly as possible, particularly water supply
and sewage disposal — insufficient water for washing hands and bathing also
promotes spread of contact diseases.

e Re-establish basic public health care services as soon as possible.*?

It may also be appropriate to set up a disease surveillance system to monitor
communicable diseases.

Mass vaccination programmes are generally considered unnecessary and coun-
terproductive by relief agencies. There may nevertheless be considerable pressure
to implement vaccination by public and politicians fearful of outbreak rumours.
Vaccine may be offered from abroad, and there may be pressure on authori-
ties to be seen to be acting. Vaccination programmes have their own inherent
risks, including reuse of inadequately sterilised needles, quality of mass vac-
cines, lack of cold storage and careful handling, and the generation of relaxed
attitudes to health risks by the vaccinated population.** Vaccination policy should
only be decided at a national level, and preferably as part of a pre-disaster plan.
Voluntary agencies should not instigate vaccination programmes on their own
initiative.

4.5 Follow-on Disasters

Past experience has shown that death tolls after earthquakes can be multiplied
as the result of follow-on disasters, or secondary disasters triggered by the

42 PAHO (1982).

43 Ville de Goyet (2000) argues that the prompt resumption of routine epidemic prevention and
control measures in use locally before the earthquake is the most effective means of reducing the
risk of epidemics.

44 Mass vaccines sent by an American NGO to help victims of the Kobe earthquake could not be
used because they were labelled in English, not Japanese, which contravened local drug distribution
regulations.
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earthquake and escalating into a catastrophe in their own right. The most impor-
tant of these are fires, landslides, tsunamis and industrial failures. If they can be
foreseen, actions taken during the emergency period may be able to stop them
developing into a serious situation.

4.5.1 Fire Following Earthquakes

One of the most severe follow-on or secondary disasters that can follow earth-
quakes is fire. Severe shaking causes overturning of stoves, heating appliances,
lights and other items that can ignite materials. In addition, strong vibration may
sever fuel lines or gas connection points causing spills of volatile or explosive
mixtures. Large numbers of ignitions of small fires severely tax firefighters. If
there is sufficient combustible material in the vicinity of the ignition point, a
small fire can grow into a self-sustaining blaze that may trap any occupants still
in the building, overcome them with smoke and deadly fumes and finally con-
sume the entire building. Fire is a particular threat in timber-framed buildings and
modern apartment buildings, but may also be a significant hazard for masonry
with modern furnishings and in temporary or shanty construction.

Where buildings are closely grouped, fire can spread from one building to the
next. Multiple ignition points, densely packed combustible housing, prevailing
winds and insufficient fire suppression may give rise to the worst urban night-
mare — conflagration. Dense urban districts of timber frame housing in Japanese
cities and less dense but equally combustible timber frame suburbs of Califor-
nian cities are notorious for their conflagration potential in the past. In the Great
Kanto earthquake of 1923, thousands of simultaneous fires were ignited, which
quickly caught hold, spreading from building to building until whole districts
were ablaze. Escape routes for the population were blocked and tens of thou-
sands of people with nowhere to run were consumed in the flames. The city
burned uncontrollably for many days, reaching temperatures capable of melt-
ing steel, until it finally burnt itself out. In 1906, large parts of San Francisco
were burnt in a conflagration that followed a major earthquake. The earthquake
was less lethal than the Tokyo event, but caused massive financial losses to the
townspeople and the city authorities.

Protection of urban areas against potential conflagrations has been a primary
focus of Japanese and Californian earthquake protection policy ever since these
events. Most well-planned cities now have regulations governing spread of fire,
including building materials of construction and proximity of buildings. Longer
term protection methods to reduce fire risk include building code requirements
for fireproof construction and urban planning measures to change densities and
street layout and ensure frequent hose connection points.*)

45 Fires were a significant cause of follow-on damage in the 1989 Loma Prieta earthquake in Cali-
fornia, and the 1995 Kobe earthquake, but in each case effective firefighting contained the blaze.
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There are older quarters of cities, however, that do remain vulnerable, and
large numbers of cities where planning controls are ineffectual. Perhaps the most
vulnerable of all are informal housing sectors on the periphery of many rapidly
growing cities which might provide the potential for conflagration following an
earthquake. An emergency plan for how to tackle such an eventuality, includ-
ing access routes for fire tenders and evacuation of the population, may save
thousands of lives.

Immediately after an earthquake, steps can be taken to minimise fire outbreak
and contain the potential escalation of established fires. The professional fire-
fighting forces are the front line of defence. Their staffing levels, equipment
quality and resources are critical at this time. Pre-built infrastructure, the water
hydrant distribution network and emergency systems may be tested to capacity.
The earthquake itself may well have caused damage to the firefighting force’s
capability — water supply pipes may well have fractured, pumping stations been
damaged and in past earthquakes even the buildings of fire stations have collapsed
destroying fire tenders and equipment. It is possible that fire brigade personnel
are among those injured by the earthquake.*® The fire brigade’s duties may well
also include the first-arrival rescue operations in the case of building collapse. If
there are a number of building collapses in addition to multiple fire outbreaks,
then it is clear that normal fire brigade capabilities will quickly be exceeded.
Emergency plans should include mobilisation of reserves and part-time firefight-
ers, call-up networks and reinforcement patterns to bring in fire brigades from
outside the affected region, reinforcement from the military or other sources, and
incorporation of volunteers and community groups in the firefighting process.

The actions of the general public can be instrumental in minimising fire out-
break if they are suitably prepared. Actions include shutting down all potential
ignition sources immediately after an earthquake, carrying out systematic checks
of rooms as they evacuate a building, checking neighbouring buildings, extin-
guishing small fires at source and notifying the fire brigade early of any estab-
lished fire. Community groups can help by practising fire drills, assembling and
checking equipment like extinguishers, buckets and fire shovels, and establishing
organisational and warning procedures. These groups should be established in
collaboration with local fire brigades and may be part of a more general commu-
nity or action group incorporating medical volunteers and those concerned with
longer term earthquake protection and awareness issues.

If all these measures fail and conflagration takes hold, the scale of the threat
to the community is on a scale unlikely to be encountered in normal firefighting
operations. Large-scale measures may be needed, such as rapid evacuation of

46 In the 1906 San Francisco earthquake, Fire Chief Dennis Sullivan was critically injured in a build-
ing collapse; this loss is reported to have been one of the critical factors reducing the effectiveness
of the fire brigade in combating the blaze which followed (Bronson 1986).
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populations, demolishing areas of housing to create fire-breaks and fighting the
fire from the air.

4.5.2 Industrial Hazards

Earthquakes damage machinery, structures and industrial processing plants. There
are many industries in seismic areas, some located relatively close to population
centres and employment catchment areas, whose failure could pose additional
hazards to the population. These include processes using or refining hazardous
chemicals, or involving bulk fuel storage or combustible or explosive materials.
Some processes involve fuels or materials which are not themselves dangerous,
but which would give off noxious fumes in the event of a major industrial fire.
Industrial facilities are generally designed to much higher engineering standards
than most other structures, but earthquakes are extreme events and test such
engineering to its limits.*’ Any unseen weakness in a system is likely to fail
and even small failures can cause catastrophic results. Major industrial accidents
occur even without earthquakes, and disasters such as the poisonous chemical
gas release at Bhopal in India in 1984 have shown that such hazards can affect
a large number of people.

Dams may also fail, threatening communities downstream. A standard proce-
dure after any sizeable earthquake should be an immediate damage inspection
of all dams in the vicinity, and the rapid reduction of water levels in reservoirs
behind any dam suspected of having suffered structural damage.

The worst scenario for an emergency planner is damage to a nuclear power
station in an earthquake. The Chernobyl disaster in 1986 was not caused by
an earthquake, but demonstrated the catastrophic impact of failure in a nuclear
facility, with the enormous resources required to stabilise the situation, and the
public hazard of release of radioactive gases into the atmosphere. Facilities such
as nuclear power stations are generally designed to very high standards of earth-
quake resistance and the chances of their failing are very small, but earthquakes
are extreme and unpredictable events and failure can never be ruled out. These
low-probability, high-consequence scenarios have to be considered in emergency
plans.

4.5.3 Landslides Triggered by Earthquakes

Landslides, debris flows and rockfalls triggered by earthquakes are also a major
cause of risk to the population. In the earthquake in 1970 in Ancash, Peru, a
giant debris flow was triggered in the mountains that washed down into the

47 The Izmit Refinery of TUPRAS, one of Turkey’s four major refineries, was severely damaged in
the 1999 Kocaeli earthquake, the blaze lasting many days and causing a serious hazard to victims
and rescuers (EEFIT 2002b).
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valleys below, burying two towns and their 40 000 inhabitants under 20 metres
of mud and boulders. Most of the dead in Guatemala City in the 1976 Guatemala
earthquake, and again in San Salvador in the 2000 El Salvador earthquake, were
the inhabitants of houses sited on the steep slopes on the outskirts of the cities
when large-scale slope failures took the ground from beneath them. There are
many recorded instances of mountainsides disintegrating in earthquakes, sending
cascades of boulders down into the towns at their base.

These hazards may not easily be preventable in the emergency phase of dealing
with the earthquake; prevention is mainly a matter of identifying potential slope
instabilities preventing development near them (see Chapters 6 and 7) or possibly
carrying out geotechnical engineering to stabilise threats if appropriate.

In the emergency phase, awareness of this possibility may help populations
maintain a vigilance and possibly evacuate areas if minor rockfalls, slope failures
or debris flows suggest that a more severe failure is imminent. In some cases the
major land failure is triggered by an aftershock, having been primed by the main
shock. Some major debris flows start slowly with a minor trickle and then are
triggered in waves. In these cases there may be sufficient warning for action by
a population that is aware of the possibility.

Other consequences of major rockfalls and debris flows include damming of
rivers and blocking roads. Debris flows damming rivers cause land upstream to
flood and may suddenly breach, sending waves of water downstream; both of
these consequences may pose additional hazards to human settlements. In areas
where roads needed for relief activity cut through mountainous regions or run
along steep slopes, the emergency plan should include rapid deployment of road
clearance and repair gangs to ensure that rescue teams and emergency supplies
can get through.

4.5.4 Tsunamis

A tsunami or sea wave may also follow an earthquake and cause damage to
coastal installations and settlements. A large-magnitude, shallow-depth earth-
quake with its epicentre in the ocean causes vibration waves on the surface
of the water above. These waves are markedly different from the usual, wind-
driven waves in having a very long wavelength, an extremely rapid speed of
travel and a low attenuation. Their amplitude at the source of the earthquake is
small — a few tens of centimetres — and the ripples spread outwards with speeds
around 1000 km/h depending on the depth of the sea over the epicentre. These
waves can travel thousands of kilometres, from one side of the ocean to another,
weakening only very gradually as they travel. As they reach the coastal shelf
approaching land, the diminishing depth of water slows up the speed of the wave
causing it to increase in amplitude. The wave becomes slower and builds up in
height. The wave can become metres high and breaks onto the shore violently,
washing inland and damaging coastal installations. Tsunamis are also exacerbated
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by bays and inlets along the coast that constrict the wave as it travels inland,
forcing it even higher: the Japanese word tsunami means literally ‘bay wave’,
as this is where the smaller tsunamis are most commonly observed. Tsunamis
tens of metres high have been recorded and there are historical reports of massive
walls of water crashing inland higher than the tallest trees, washing away houses,
pounding docks and carrying ships far inland.

Large-magnitude earthquakes in deep water just beyond the continental shelf
have been recorded close enough to land to damage structures and then to inun-
date them with their tsunami shortly afterwards. This is, however, comparatively
rare and most tsunamis are caused by earthquakes in deep water a considerable
distance away from the coast — earthquakes which may be too far away for the
coastal communities to feel.

Some protection from tsunamis can be achieved through the construction of sea
walls, beach defences, shoreline tree plantations and other physical planning and
protection measures. These need designing carefully, perhaps also as a defence
against cyclone-driven sea surges, and are part of the range of long-term measures
that need to be carried out well before the occurrence of any event.

The only civil protection measure against a large tsunami is to evacuate the
population close to the coast further inland and to high ground. To do so requires
considerable preparation and logistical resources. Tsunami warning stations are
now located at many points in the Pacific Ocean and can detect the sea wave
when it is first created. They can predict the scale of impact of a tsunami at
various coastal locations possibly several hours before it arrives.

Good detection, communication and rapid warnings are useless if there is not
a full social infrastructure, ready to act on the warning, already in place. Evac-
uation measures are discussed in Section 3.5. Evacuations cannot be improvised
successfully, and require the population to recognise the alarm, know what to do
and to undertake it without panic. Resources, such as transport and facilities for
the population at their refuge areas points, need to be pre-planned and possibly
rehearsed beforehand.

4.6 Shelter, Food and Essential Services

In the day or so immediately following the earthquake the priorities are undoubt-
edly medical and rescue needs. Saving the lives of those injured or trapped far
outweighs most other needs. However, the other needs of the population sud-
denly deprived of homes, contents and possessions, urban services and other
essentials cannot be ignored and will assume greater significance as soon as the
life-threatening situation stabilises.

There is an urgent need for shelter for the population made homeless by build-
ing damage, possibly also needing food if large areas of buildings are destroyed
along with their contents. There will be needs for drinking water, clothing,
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sanitation and basic comfort provision. Most of all there will be a need to restore
public confidence, and to impose demonstrably some sort of order on the chaos.

The first few days of the earthquake emergency, and how it is dealt with, will
also pave the way for the earthquake recovery, described in the next chapter.
Decisions made about immediate shelter provision or short-term expediencies to
overcome other needs have significant implications on the longer term recon-
struction.

The provision of basic shelter and living needs for the dispossessed in the
immediate first few days of the earthquake emergency will depend a great deal
on the scale of the earthquake impact, the wealth and surviving spare capacity
in the community not destroyed by the earthquake and the weather conditions,
resilience and expectations of the affected society.

Decisions on whether to build temporary houses, or to stay in tents or to build
core houses, or go for accelerated reconstruction all influence the timescale and
strategy of reconstruction. Decisions on where to locate temporary camps will
affect the spatial planning on new settlements and long-term reconstruction. In
Chapter 5, the issues of housing, the decisions on providing shelter during recon-
struction operations and the pros and cons of temporary housing are discussed.
In the earthquake emergency, shelter for the homeless is one of the urgent needs
for which some solution is needed in the first few days.

4.6.1 Improvising Shelter for the First Day or Two

To a large extent the solution of immediate shelter and material needs has to be
met by improvisation locally. If the weather is not too bad, people may sleep
outdoors for the first one or two nights — particularly with aftershocks threatening
to cause further damage (see Section 4.7.3). In bad weather immediate shelter
needs can be improvised in undamaged buildings, particularly public buildings
like schools, town halls or other undamaged community buildings that might be
pressed into service, or people can sleep in cars. As far as possible, other families
in the local community whose houses are not damaged should be encouraged to
take in the homeless for a day or two until longer term arrangements can be
made. Experience shows that this is likely to happen without official encourage-
ment. Many of the homeless are likely to find temporary accommodation with
nearby family and friends, if their houses have not been as badly damaged. This
is commonly seen in rural communities, where kinship ties are stronger and geo-
graphically closer than the more dispersed social communities found in towns.
But some official appeals and encouragement (like promising a guest allowance)
may be helpful to unaffected households taking in strangers.

4.6.2 Problems with Temporary Evacuation

In some earthquakes in the past, faced with fairly severe levels of destruction,
fears of epidemics, apparent shortages of spare accommodation and imminent
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bad weather, the decision has been taken by the disaster authorities to evacuate
the entire population from the worst damaged areas. Although apparently logical
in the face of all the difficulties, this has almost always been detrimental to the
recovery of the region and bad for the affected families.

The effective abandonment of the badly damaged region for a number of
weeks or months causes deterioration of the buildings, property, livestock and
cultivation, and the economic recovery of the community. It severs the population
from its usual environment and makes it difficult to return to begin the process
of physical and economic reconstruction. Members of an evacuated family are
psychologically separated from their place of work, familiar surroundings, their
possessions, animals, gardens and fields, and the effort required after weeks away
to return to a damaged and deteriorated home to start rebuilding is far more
demanding than if they had stayed. Many families may never return and may
choose to make a new life elsewhere. Evacuated shop owners and traders may be
unable to reopen a successful shop in their temporary refuge and may be unable
to continue trading when they return. The impact on the agricultural, commercial
and economic activities of a region caused by even a short-term evacuation of
the population may be severe.

Worst of all have been decisions to evacuate the women and children, leaving
the men to participate in the reconstruction. This causes emotional stress in
breaking up family units at the time when family coherence and mutual support
are most needed to survive the personal and economic disasters that they have
each suffered.

For these reasons it is usually better not to evacuate a population unless there is
a real and imminent danger of a secondary hazard. Logistical resources needed to
evacuate a population and to service its needs in another area can be better used
in bringing those needs to a population remaining in position. Even the temporary
hardships of a winter in minimal shelter are preferable to the long-term hardships
of economic and social collapse of the area. The population remaining in posi-
tion will direct its energies towards clearing up the damage and re-establishing
some semblance of normality and order out of the chaos in ways that would be
impossible if it had been evacuated.

4.6.3 Tents

The most useful form of immediate shelter for very large numbers of homeless
people is undoubtedly tents. Tents are relatively easily stockpiled and transported,
rapidly erected and can provide adequate climatic protection against quite extreme
conditions. They are also safe against aftershocks or another strong earthquake.
Tents are difficult to erect in hard urban landscapes, or on steep gradients or in
strong winds, but in most other situations can be pitched close to the damaged
house (important to householders wanting to protect possessions or tend the
gardens) or on adjacent public open space.
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Tents are stockpiled by humanitarian organisations, such as the United Nations
High Commissioner for Refugees (UNHCR) and the Red Cross, but stocks are
limited as warehousing is expensive and tents degrade. Lead-times for manufac-
turing and delivering large numbers of tents are months, rather than weeks. Major
crises usually, therefore, result in the use of a number of different types of tents
from a variety of sources. Problems often occur in identifying how each type
should be erected and used. The distribution of plastic sheeting is also a useful
temporary shelter options, where sufficient structural materials can be found to
support it, and where the climate is not too severe (Figure 4.12).

Tents have to act as surrogate houses for families for a number of days or
weeks. They have to provide climatic comfort, protection from rain and ground
water, visual privacy and storage space. Families will tend to protect valuable pos-
sessions and electronic goods (radios, TVs) inside their tents (Figure 4.13). Tent
specifications vary widely, but larger units with space to stand, made from durable
waterproof fabrics and with an integral ground sheet, are minimal needs. The tent
needs to be relatively easy to erect and supplied with erection instructions in the
language of the affected population. Tents used as standard equipment by human-
itarian agencies should be used, or the agencies referred to for specifications, and
great care should be taken not to purchase inappropriate tents.

The plan should include stockpiles of suitable tents and plans for their trans-
portation and distribution. It ought to be possible to provide each homeless family
with a tent within a couple of days after the earthquake has occurred. Where no
tents are available shelter can be improvised using a combination of locally
available materials and plastic sheeting.*®

Figure 4.12 Plastic sheeting supported on a timber framework provides a sufficient
temporary shelter to re-establish primary school classes in the immediate aftermath of an
earthquake: the scene in Sukhpur village, Gujarat, India in February 2001

48 Davis and Lambert (1995).
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Figure 4.13 Tents have to act as surrogate houses for families for a number of weeks,
keeping valuables and salvaged house contents out of the rain. Temporary camp in Murat-
bagi village, 1983 Erzurum earthquake, Turkey

In cold weather, great care is needed in assembling a ‘package’ of shel-
ter, bedding, clothing, calorific intake and heating appropriate to climate and
culture. “Winterised’ or ‘arctic’ tents are usually extremely expensive, having
been developed initially for cold-weather expeditions, and require the intensive
use of space heating. Low-cost insulated liners have been developed for win-
terising the standard tents of humanitarian agencies. It is important to consider
both a suitable insulated flooring and fire protection measures. Tents can be
heated with diesel oil, gas or even solid-fuel space heaters, provided that they
are sealed stove-type heaters and that each heater comes with chimney pipes to
allow the combustion gases to be vented outside the tent. Flues must be iso-
lated from the tent using a manifold, to prevent the tent catching fire, and must
allow for the movement of the tent in windy conditions without either leaking or
overturning the heater. Again, tent heaters were often developed for military or
specialist expedition use, and are often expensive. However, suitable and safe tent
heaters have been developed and provide adequate heating if they are available.
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Attention needs to be given to the cost and logistical implications of maintaining
a fuel supply, as salvaged building timber is an expensive fuel source in the
longer term.

4.6.4 Food and Water

Food and drinking water are also unlikely to be immediately available to the dis-
possessed in the first day or so following the earthquake. In mass collapses food
stores are likely to be buried (although some may be salvageable later), gas
supply, electrical power supply and other fuels may be disrupted and cooking
facilities could be out of action. Piped water supplies are likely to be lost with
underground pipe ruptures, damage to pumping stations and possible destruc-
tion of water tanks and wells. The influx into the disaster area of many rescue
workers, emergency personnel and volunteers may also increase the need for
food provision.

Improvised mass-cooking facilities and any undamaged school, factory and pri-
vate canteens can be pressed into service. Mobile kitchens from the military and
many charitable organisations such as the Red Cross/Red Crescent can usually be
deployed within a few hours. Water bowsers, special tankers and as many tanks,
buckets and water containers as possible need to be employed for distribution
and storage.

Food and water provision centres may need to be established in each badly
damaged locality. In addition to establishing the facilities for mass catering,
including food and water storage, cooking facilities, eating utensils, washing-up
facilities and so on, there also needs to be a regular distribution system established
to deliver food and water to each centre.

For water, WHO guidelines suggest the minimum needs for drinking, cooking
and basic cleanliness in temporary camps are 15-20litres per person per day.
Water needs are slightly higher in mass feeding centres: 20—30 litres per person
per day; and highest in field hospitals and first aid stations: 40—60 litres per
person per day.*’

In urban areas, emergency water systems can be rapidly established using
plastic water pipes rolled out along the side of roads to standpipes or communal
water distribution centres supplied from water tanks, filled by tanker or from a
surface or ground water source. Such supplies require treatment such as sedimen-
tation using alum sulphate, and batch chlorination, or in longer term situations,
slow sand filtration. Repair to the water supply system is an obvious priority for
emergency recovery. In re-establishing a water system damaged after an earth-
quake it is recommended to raise the water pressure and increase the chlorine
concentration to protect against any polluted water that may seep in through
damaged pipes.

49 Assar (1971).
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4.6.5 Sanitation and Field Camps

Loss of water supply also means that washing facilities may be lost and the
sanitation drainage system inoperable. It is also likely that underground sewerage
systems will be damaged even if water pipes are not (large-diameter, concrete-
cased or masonry-lined main sewers are more vulnerable to earthquake ground
motion than smaller bore, water supply pipes). There may be a need to establish
temporary public sanitation systems, such as field latrines and communal washing
and bathing facilities. The establishment of such facilities, particularly if they are
part of large field camps, needs care and experience.

Field camps should be avoided, unless they can be sited safely near the homes
of those affected. Camps need siting to avoid becoming waterlogged, being
exposed to extreme weather or other hazards. Guidelines on the size of camp (e.g.
10000 people), their density (8 m between tents) and layout of facilities (100 m
maximum walking distance to water supply points, for example) are important
and fairly well established in temporary camp guidelines.’®>! Such guidelines
are not manuals but offer best practice to inform decision-making in particu-
lar circumstances. Facilities such as latrines, ablution blocks, canteens, laundry
facilities, garbage collection and disposal points all need experienced design.
Organisations such as the UNHCR and some humanitarian organisations have
experience in setting up field camps and the establishment of such emergency
facilities should primarily be their responsibility, wherever possible.

4.7 Re-establishing Public Confidence

There will be an urgent need to restore public confidence after the earthquake.
Earthquake damage is chaotic and ugly. The sight of shattered buildings is pitiful
and demoralising. The evidence of the disaster is all around and inescapable.
There is a need for all the groups involved in the emergency, the voluntary
NGOs, the government officials and the affected communities themselves, to
restore a sense of control and to impose some sort of order on the chaos.

4.7.1 Rubble Clearance

An immediate operation to clear up, make streets safe, and stabilise damaged
buildings raises confidence, boosts morale and demonstrates a collective will to
fight back from the disaster. The authorities need to take the initiative in this by
having a strong immediate presence in the areas of damage, with police or other
officials on the streets, putting up barricading, establishing signs, taping off areas

SO INTERTECT (1971).
ST UNHCR (1999).
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of continued risk to the general public and other visual evidence of establishing
control. Affected populations are often concerned about leaving their homes,
as they might be looted of possessions and building materials. The removal of
human and animal corpses is a high priority, for morale as much as public health.

The general public, community groups and NGOs can greatly assist by insti-
gating a clean-up campaign to clear rubble, remove broken glass and bringing
areas of moderate damage back to normality. The labour supply is generally
available and although the equipment may be limited, the operation should be
initiated immediately. Some administrations have chosen to seal off areas of dam-
age and to prohibit people from entering, because of the fear of further injury
from the damaged buildings. This may be justified in the case of badly damaged
and unstable structures, and obviously in cases of doubt it is essential to err on
the side of safety, but demarcation of stay-away areas should be limited as far
as possible to individual buildings and sensible rubble fall-out zones. The aban-
donment of entire areas of towns to earthquake damage should be a measure of
last resort.

4.7.2 Making the Streets Safe

Damaged buildings that still pose a threat to passers-by have to be made safe. This
should be carried out under the supervision of experienced engineers and the dis-
aster management authorities should deploy emergency public safety engineering
gangs to make streets safe. Priorities for attention are buildings on main thor-
oughways where damage has caused partial wall failures (Figure 4.14), building

Figure 4.14 Use of timber to prop unstable masonry. Aftershocks may continue for
several weeks, and propping of the facades of damaged masonry buildings is essential
to maintain safety for the public. Propping in Bagnoli Irpino, after the 1980 Irpinia
earthquake in southern Italy
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elements poised in precarious positions or where there are other visual clues to
instabilities, such as bulging masonry. Not all cracked walls are unstable but
detailed examination is needed to determine the stability, for which there is not
enough time in the emergency period. Where there is doubt, it is best to prop the
suspect element to restrict future movement.

Where possible, threatening elements, such as overhanging slabs of masonry,
dislodged roof tiles or damaged architectural ornamentation, should be disman-
tled. Smaller elements can be picked off by hand from a hydraulic maintenance
platform.

Large overhanging or tilting slabs of masonry or walls about to fall should
be demolished if they threaten public space. This requires heavy machinery,
particularly to pull or knock down dangerous elements from a distance without
personnel having to get too close.

There may be legal limitations to carrying out extensive demolition of pri-
vate property by disaster authorities without the owner’s permission; however,
most public authorities have powers to take emergency action for public safety,
and a judgement will have to be made in each situation. The emergency public
safety engineers should be briefed on their legal powers before setting out on
their assignments and may be advised to make photographic records of damaged
buildings where they make interventions.

Where demolition is not an option, buildings can be stabilised by propping,
tying or providing temporary shoring, as indicated in Figure 4.15. The best mate-
rial for shoring is large-section timber beams, and large quantities will be needed
for stabilising any sizeable area of damage.

Propping to Stabilize Damaged Buildings

Lateral buttresses may be needed to Cross-buttressing obtains stability from
stabilize a damaged corner nearby buildings

Figure 4.15 Making damaged buildings safe is important in areas of public access
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Scaffolding and extensible steel props can also be used, and may be preferable
in cases of providing lateral supports for large fagades.

Design of propping is a skilled operation, and should be undertaken under
the direction of a qualified engineer. Propping is designed to provide restrain-
ing forces in the event of any further movement by the damaged element.
The timber beams or propping member will provide compressional support if
both ends are securely anchored. The support to damaged elements, and to
masonry in particular, should be provided by a spreader-plate — a timber beam
or beams held flat against the wall to distribute the point load over an area of
masonry.

Another important part of making safe and stabilising damaged buildings,
particularly buildings of special importance, is making them weatherproof. Rain
and water penetration into damaged structures, particularly masonry buildings,
and into cracks in the masonry will not only ruin building contents, but also
weaken the structure and is likely to cause further collapse. Weatherproofing can
be carried out using tarpaulins or plastic sheeting or by building more durable
protection, such as temporary corrugated steel sheeting, iron roofing or even
temporary concrete block walls to replace lost masonry. Cracks and dislodged
masonry elements can be grouted with a mortar filler to stop water penetration,
which can be removed later when the crack is repaired.

4.7.3 Aftershocks

After any major earthquake there are likely to be a series of smaller shocks as
the crust realigns itself around the major fault movement. These will occur most
frequently in the first few days after the event, becoming gradually fewer and
fewer in time, but some shocks may be felt months and even years after the main
shock.

The magnitudes of the shocks will be related to the size of the main shock.
There is great variation in the number and sizes of aftershocks that follow dif-
ferent earthquakes, and some seismic regions are more prone to aftershocks than
others, but as a rough guide, at least one earthquake of one degree of magni-
tude smaller than the main shock can be expected, around 10 aftershocks of two
degrees of magnitude smaller and a large number of smaller events three or more
degrees of magnitude smaller. Thus for a magnitude 7.0 event, it is very proba-
ble that an aftershock of around 6.0 will occur during the emergency phase, and
perhaps 10 of 5.0.

These aftershocks will cause further damage, particularly to damaged structures
and buildings weakened by the main event, but it is rare that an aftershock causes
severe damage or has an impact on the same scale as the primary shock. It
does, however, pose a distinct threat to any of the emergency personnel working
near damaged buildings. SAR teams, firefighters, damage surveyors and others
working in the damaged zone should be aware of this possibility at all times. Entry
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into damaged buildings should be minimised and one member of the team should
always remain outside. The main danger is probably falling roof tiles, pieces of
brick and smaller building elements. The emergency teams have to keep one eye
always on the building skyline above them (and the other on rubble, holes and
emergency water pipes in their path on the ground), should wear hard hats and
other protective clothing.

The main effect of a strong aftershock is, however, largely psychological. The
population that has recently been through the horror of a major quake feels the
start of it again. This can cause panic and is severely demoralising. People who
may have moved indoors may move out again and spend longer camped outdoors;
some of the population may give up and decide to move away from the area at this
point. The emergency administration and voluntary groups will have to combat
this loss of public morale in the way they work. The best way to minimise
loss of morale after aftershocks is to publicise their likelihood well in advance.
Immediately after the earthquake, information disseminated to the general public
should include warnings that strong aftershocks are probable. When aftershocks
do occur they should be well publicised and attention drawn to the diminishing
rate of aftershock occurrence as time goes by.

With a moderate-magnitude earthquake there is also a small possibility
that it could be followed by a similar-sized or even larger magnitude event.>?
This should be borne in mind by the emergency management authorities, but
the chances are low-less than one major earthquake (M > 6.0) in 1000 is a
double event or followed by a larger magnitude earthquake. Taking specific steps
or issuing public warnings against this eventuality is likely to freeze the entire
emergency and recovery operation. If sensible precautions are taken against a
large aftershock this will also give protection should a larger earthquake occur.
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5 Recovering
from Earthquakes

5.1 Opportunities and Challenges

The physical destruction wrought by an earthquake has to be repaired. Recon-
struction can be a daunting prospect. The scale of destruction can be extensive
and it is often difficult to know where to start. The reconstruction also provides
opportunities: the opportunity for a new start and to make improvements on the
situation that existed before the earthquake.

There is, however, more to the reconstruction than replacing the physical fabric
of the buildings and structures damaged by the earthquake. In a destructive earth-
quake, the factories, shops and commercial buildings that house the economic
activities of the region may be incapacitated. Without the economic engines to
drive it, the recovery of the region cannot really progress.

The recovery process can be broadly classified into:'

e The immediate relief period, generally lasting a few days.

e The rehabilitation period, from the end of the relief period for a number of
months.

e The reconstruction period, which may last a number of years, even tens of
years in some cases.

The previous chapter was concerned with the immediate relief period and
the activities needed to deal with the earthquake emergency. Inevitably even
during the first days after the earthquake, some consideration will be given to
the reconstruction task that lies ahead and preparations have to be made for
the long-term recovery. Many of the decisions made in the first few days have
a significant influence on the long-term recovery and future prosperity of the

I'UNDRO (1982).

Earthquake Protection, Second Edition. Andrew Coburn and Robin Spence
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earthquake-affected region. This chapter is concerned with planning a successful
recovery during the rehabilitation and reconstruction periods.

5.2 Sectoral Recovery Plan

Damage from an earthquake is likely to be suffered by all types of physical fabric,
and to have an impact on many sectors. Reconstruction is commonly planned
sectorally. The programme for reconstructing schools buildings, for example,
will be planned and costed separately from that for repairing damaged roads and
rebuilding bridges.

A sectoral approach is useful because groups of facilities are the responsibilities
of different agencies and require different skills to understand the reconstruction
needs. A typical breakdown of sectors for a region is given in Table 5.1. The
sectors considered important are likely to vary slightly from one region to another.

5.2.1 Coordination of Sectoral Plans

There is also a need to coordinate and integrate the reconstruction plans of the
various sectors and to balance budgetary requirements between different sectors.
There will also be logistical and practical coordination to be reconciled: a finite
resource of building materials and construction equipment may need to be allo-
cated between competing sectors, and priorities assigned. There are also obvious
overlaps and benefits from combining some operations, such as for example
building schools and housing in the same construction operation or using sim-
ilar administrative procedures to disburse reconstruction grants to a number of
sectors.

All sectors are to some degree interdependent: food processing factories need
rebuilding at the same time as agricultural production is revitalised; commerce,
industry and the service sector need to be helped to recover at the same time as
rebuilding housing. This interdependency of sectors is discussed in more detail
below. The reconstruction operation is essentially the recovery of a community
from multiple losses and is much broader than the physical rebuilding of damaged
buildings and cracked pipes. It is the revitalisation of economic production, of
regenerating jobs and income, re-establishing lifestyles and repairing the social
linkages of a community.

5.2.2 Loss Estimation

An important prerequisite for planning the recovery is accurate information on the
losses of each sector. Assessment of losses should be initiated as soon as possible
using a structure such as that of Table 5.1. Detailed loss inventories may take
weeks to compile, however, and there will be a need for an approximate estimate
of damage in the first few days after the earthquake.
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Table 5.1 Earthquake damage surveyed by sector.

Sector Loss inventory

Housing Number of dwellings unrepairable. Number of dwellings in need of
repair. Number of people homeless

Health Damage inventory of hospitals, clinics, primary health care centres.
Loss of beds and operating units. Inventory of lost or damaged
equipment including vehicles, machinery, operating supplies

Education Damage to schools, universities, kindergartens. Numbers of lost

Urban services

Communications
Transportation

Special facilities

Government and
local services

Manufacturing
industry

Retail and service
industry

Commerce,
financial and
professional
services

Agriculture
Tourism and

leisure
Other sectors

classroom places. Loss of school equipment

Electricity: damage to power stations, transformers, transmission
lines, substations

Water: damage to pump stations, pipeline networks, water tanks,
water towers, wells, reservoirs, water processing plants, pollution
into water supply

Gas: damage to gas pumping stations, pipeline networks, leaks, gas
storage

Sewage: damage to sewage treatment plants, sewer pipes and
underground chambers, surface water drainage networks, flood
drainage networks

Telephones; cellular networks and land line systems

Roads

Bridges

Railways

Ports, airports

Rail terminals

Dams

Admin offices, fire, police stations, town hall, village hall, prisons;
loss of administrative records

Damage to factories; damage to manufacturing machinery; loss of
stored products; disruption to supply of fuel, raw materials,
electricity, water, waste disposal; workforce laid off, earnings
lost, downtime in production

Shops, business premises, warehouses, fuel stations, food
distribution, transport and supplies, destruction of stock, lay off
of employees

Loss of premises; commercial offices; small businesses;
professionals (doctors, lawyers, dentists, etc.); clinics; studios;
disruption of communications; disconnection with established
public/client base; extent of needs to re-establish phone, mail,
business communications, internet systems and servers

Damage to agricultural building stock; loss of livestock; damage to
equipment, vehicles; market gardening, greenhouses; damage to
food processing plants, food and produce storage

Damage to hotels, guest houses; tourist facilities; restaurants;
negative publicity dissuading tourists

Cultural: museums, monuments, statues; townscape

Leisure, sports, clubs

Community/theatres/cinemas

Religious: churches, mosques, temples
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The surveying of damage item by item takes considerable time and labour
resources, and estimation of building repair costs is notoriously difficult (see
Chapter 2). One method of gathering loss assessments is to arrange for the
associations of each industry, the professional societies representing different
commercial sectors, the trade unions and other bodies to report on their own
sectors. Information in the aftermath of a disaster is likely to be confused and
perhaps partisan, so where possible information could be requested from more
than one source as a cross-check.

Evaluation should include:

Loss estimates (in value) and numbers of units.

. The same as a proportion of the total existing.

3. An estimate of the proportion of the losses likely to be covered by insurance
and the total shortfall of losses to be borne by the owners themselves.

4. The effect of the losses on the economic production of the sector (the per-
centage of productive capacity lost, and estimated downtime).

5. The replacement resources needed to resume pre-disaster production levels
particularly identifying time-dependent resources, such as person-days needed
to resume pre-disaster production levels, and likely bottlenecks.

6. The effects of lost production on employees. Numbers affected by the lost
production, particularly any on reduced pay, suspended or laid off as a result
of lost production. The extent of lost production on any casual labour normally
involved.

7. The implications of damage occurring in other economic sectors (e.g. supply-

ing raw materials) and the effects of damage in this sector on other economic

sectors (e.g. retail outlets).

D=

5.3 Repairing Economic Damage

An earthquake can have a major impact on the economy of a region. Damage may
have been inflicted on industry, damaging factories and destroying machinery. In
addition to the replacement cost of factory buildings and contents, the production
of the factory may be halted, and the manufacture of its products stopped, causing
the workforce to be unemployed. Downstream activities, like shops selling their
products or other factories using the products in their own manufacturing, are
likely to suffer as a result of the factory’s lost production. In a competitive market,
a factory or company temporarily prevented from trading by an earthquake is
likely to have its business taken by competitors. Even if the damaged business is
not in open competition or is protected in some way while it recovers, a prolonged
suspension of activity will harm its economic viability. If the factory is closed
for a long time, the businesses it supplies will suffer. If the factory is not trading,
it will find it difficult to pay its workforce and, without assistance, it may have
to lay off its employees and the local retail economy will suffer as a result. If
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the housing that the employees live in is also damaged, employees with reduced
incomes will find it harder to recover from earthquake losses themselves, and to
repair their houses.

The economic recovery of a region will depend very critically on the nature
of the different economic sectors that were active in the earthquake-affected
area, on the damage that has been caused to each and on the interdependency
between them.

Not all earthquakes are harmful experiences to the long-term economy of
a region. Some regions have used an earthquake reconstruction to accelerate
economic growth and the earthquake can be seen in retrospect to have had a
beneficial effect on the economic development of the area. On other occasions,
the occurrence of an earthquake has been a terminal blow for the economy of a
region, leaving it crippled, depopulated and in decline. It has been argued that
earthquake impacts accelerate the economic trends that were already in progress
before the earthquake occurred.> An area of growth and strong economic develop-
ment is better placed and more likely to use reconstruction resources for positive
expansion whereas an area already suffering from population migration and eco-
nomic decline is liable to find emigration accelerated by the earthquake and
outside investors less willing to put capital into reconstruction. A good eco-
nomic basis for the reconstruction plan is essential to underpin the physical
rebuilding.

Unless there is a coordinated revitalisation programme that ensures that the
economic production of the area is re-established and jobs are restored, families
may find that they have assistance in rebuilding their house but no means of
restoring their income. A good earthquake reconstruction programme recognises
the economic structure underlying the region and assists the economic recovery
in parallel with the physical rebuilding. Some of the issues to be considered in
planning the economic recovery of agricultural, industrial and service economies
are discussed below.

5.3.1 Recovery of Agriculture

Agricultural and particularly horticultural economies are, on the whole, not as
vulnerable to earthquakes as industrial economies, but even moderate losses may
have wide repercussions in food supply for a region and be difficult to bear for
farming communities with a low income.

Fields and growing crops sustain little earthquake damage, but other facilities,
e.g. irrigation systems, barns and outbuildings and agricultural equipment, may
suffer. Damage to irrigation systems, dams and water supply pipelines can cause
serious damage to growing crops. Collapsing animal sheds may kill livestock
and additional losses may be suffered by animals being destroyed during the

2D’Souza (1984).
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emergency period — in cases where strong earthquakes have hit animal-rearing
communities in the colder months, losses of over 50% of the livestock they
depended on have been recorded.® Collapsing sheds and barns can destroy stored
crops, animal feed, tools and farming machinery. Market gardening harvests have
been destroyed by earthquake damage to glasshouses during frost.

The sudden distraction of the population by an earthquake during harvest activ-
ities could lead to the loss of a crop, but damage to other sectors is likely to
contribute more to the economic impact on the agricultural sector. Difficulties
of transportation to get food to market during the emergency or reconstruction
period, and damage to food processing factories, may make it difficult for farm-
ers to sell their produce. And there have been a number of recorded occasions
where farms undamaged by the earthquake have suffered because nearby towns
were badly damaged and inundated with food aid sent from outside the region,
and no longer bought produce from them.*

Recovery of agriculture can be assisted, for example, by:

e Helping subsistence farmers to rebuild their reserves and re-establish their
household economy.

e Targeting assistance selectively on the poorest and most economically vulnera-
ble, with support for livestock replacement and repair of damaged infrastructure
such as water storage facilities, farm roads and bridges.

e Taking the opportunity to upgrade inefficient pre-earthquake farming practices.

5.3.2 Recovery of Industry

Industrial sectors tend to be complex with many interdependencies, a variety
of ownership types and a major role in the prosperity of a regional economy.
Earthquake damage in a region with many factories and processing plants is likely
to have consequences for the economy well beyond the earthquake-affected area,
possibly affecting the national economy and international export markets. Losses
to industry are likely to be heavier from the lost production while the facilities
are closed for repair than from the damage itself.

The interdependency of many factories and industrial facilities on each other
and on the transportation system and physical infrastructure means that earth-
quake damage to any link in the chain can have consequences for many undam-
aged facilities: damage to a quarry producing raw materials or damage to a
factory making parts for assembly in other plants may mean that production
is halted in all the places they supply which may, in turn, affect other facto-
ries dependent on them. This interdependency means that economic production

3 Aysan (1983).
4 Farmers claimed that the food aid ruined their market after the Kalamata earthquake in Greece,
1986.
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in industrialised areas is highly vulnerable to earthquake disruption. Damage to
roads and rail communications, ports and freight-handling facilities means that
factories cannot be supplied or distribute their output. Loss of electrical power
supply, gas supply or water supply will halt production in factories and sudden
disruptions of utilities may damage cooling systems, kilns and boilers. Industrial
economies also tend to provide mass employment concentrated in a small number
of facilities: damage to a single factory can have an impact on the whole local
economy.

Many larger companies with a portfolio of investments, owning other factories
in other regions unaffected by the earthquake and fully covered by insurance, may
have the resources to re-establish their earthquake-damaged operations. They may
on the other hand also take the opportunity of the earthquake not to rebuild or
reopen a factory that was unprofitable or whose repair cost appears uneconomic
against low profit margins. If a number of companies simultaneously take similar
decisions on a number of marginal plants, the earthquake can result in high
unemployment in the area and a depressed local economy.

Similarly, many smaller private companies, owning only one or two factories,
with few assets and possibly underinsured, may find themselves simply unable
to raise the full funding needed for repairs even if the factory is profitable.
The true extent of this exposure to economic collapse of small and medium-
sized industrial operations is often underestimated and only realised after the
earthquake has happened.

Measures which can be taken to support the recovery of industry include:

e Converting earthquake-damaged areas into new special economic development
zones (EDZs) with special privileges in import/export tariffs, and removal of
some planning restrictions.

e Ensuring that insurance claims are settled as soon as possible.

e Providing other economic incentives for investment in new plant and equip-
ment.

e Ensuring that the resources and infrastructure needed to support the recovery
of industry are given a high priority in the emergency and reconstruction
operations.

e Supporting damaged industrial enterprises to maintain their workforce during
reconstruction.

e Encouraging improvisation to return to some degree of production at the ear-
liest possible opportunity.

5.3.3 Recovery of Small Business and Retail Sector

In every type of economy, agricultural or industrial or commercial, there is an
infrastructure of shops, small businesses and trades that supply the population
with its day-to-day needs and supply industry and other commercial compa-
nies with goods and services. These range from food stores, high-street shops,
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supermarkets, department stores and other retail outlets to hairdressers, dentists,
banks, and other professionals providing services. Service industries may make
up a large proportion of an urban economy and typically provide incomes for a
lot of people.

Service industries can be badly hit by earthquake damage to building stock.
Retail industries cannot function without premises. Stock may be lost or ruined
by building damage. Disruption of normal transportation systems may disrupt
supplies. The greatest long-term damage to industry, however, is likely to result
from prolonged disruption of customers having access to its products or from
normal business.

Service industries and retail businesses tend to be much more closely inte-
grated into residential areas than manufacturing industry. The fortunes of service
industries are closely linked to those of the residential areas: where residential
building stock has suffered high levels of damage, the service industry will also
be badly affected.

Shortages of food, clothing and everyday necessities among those affected
by the earthquake may be caused as much by the closure of food shops, clothes
shops and local stores as by damage of homes. A considerable proportion of
the affected population — and the proportion will vary considerably from one
community to another — earn their livings from retail and service industry
employment. It is important to them and the community as a whole that trade
continues.

The recovery of the small business sector can be assisted by:

e Allocating enough temporary accommodation to the small business sector and
service industries.

e Compiling and distributing a directory of temporary new trading locations, and
using the media to publicise new locations to assist in re-establishing trading
contacts.

5.3.4 Commercial Offices and Central Business Districts

The larger scale office, clerical and managerial activities of companies may
also be disrupted. The central business districts (CBD) of a city or commer-
cial business parks tend to be concentrations of office buildings containing the
headquarters, management or operational centres of many larger companies. This
may include financial institutions and commercial sectors vitally important to
regional, national or international trade. Larger commercial office buildings tend
to be engineered to higher structural specifications than much of the domestic
and service industry building stock and it is likely that structural damage levels
in the commercial sector will be less severe. Damage may still be heavy, and
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there have been instances of high-rise commercial buildings being affected by
low-frequency ground motion, for example, in cases where smaller, domestic
construction was less damaged.’

Priorities to support recovery in these areas are:

e The re-establishment of urban services, power, telecommunications and trans-
port networks.

e Re-establishing business confidence by demonstrating commitment to full re-
construction.

5.3.5 Tourism and Leisure

Confidence is also important to regenerate another service industry: tourism.
Tourism — income generated from people visiting and passing through — often
plays a large role in the local economy. An earthquake is likely to cause severe
damage to the hotel and tourist trade. News of the earthquake discourages visitors
from elsewhere from visiting the region.® Undamaged hotels are likely to be
used as temporary living accommodation during the emergency and rehabilitation
phases so that additional visitors cannot be accommodated. The reputation of the
area as a nice place to visit may be ruined and the name of the region may
remain synonymous with earthquake destruction for a long time. If damage has
been caused to the historical buildings or physical features for which the area is
renowned, the tourist trade may take a long time to recover.

This damage to the tourist trade can be combated to some degree by turning
the reconstruction itself into a tourist attraction. The reconstruction of the his-
torical centres of Gemona and Venzone after they were destroyed by the 1976
earthquake in Friuli, Italy, was widely publicised (see Figure 5.1) and is now
well worth visiting. The publicity generated by the earthquake to the outside
world can, with the right media approach, be used positively to project an image
of strong recovery, confidence, the availability of new, and better, facilities for
the visitor and the indomitable spirit of the local population. Priorities to support
the recovery of the tourist industry include:

e Re-establishing confidence by widely publicising the reopening of closed facil-
ities and the availability of accommodation.
e Providing price discounts and other deals to attract visitors back.

5 For example, Mexico City 1985, Bucharest 1977.

©The global media reporting of the damage to the Basilica of St Francis in Assisi in the 1997
Umbria—Marche earthquake in Italy resulted in a catastrophic downturn in the tourist industry in the
years immediately following, even though most of the tourist infrastructure was undamaged.
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Gemona del Friuli §

prima e dopo i terremoto

Figure 5.1 Postcard of earthquake damage to the historic centre of Gemona, Italy, in
1976, on sale to tourists after the painstaking renovation of the town

5.4 Physical Reconstruction

In planning the physical reconstruction after the earthquake, severely damaged
areas need to be treated differently to the larger, less damaged areas surrounding
them. Urban areas may need a reconstruction policy different from that required
for the rural areas. The type of society that has been affected, its degree of self-
reliance and expectation of living standards will also greatly affect the way that
reconstruction is carried out and the decisions made. One thing that all the areas
are likely to have in common, however, is the urgent need to resolve uncertainties
and to begin reconstruction.

Delays in reconstruction create uncertainties in the population and in potential
investors. They reduce the psychological momentum for the reconstruction that
often builds up towards the end of the emergency period, and they delay the all-
important resumption of normal lifestyle and economic production for everyone.
The most damaging delays are those before starting the reconstruction, time taken
to plan or make strategic decisions: time when everyone affected is wondering
what, if anything, is going to happen. An early and highly publicised launch of
reconstruction work and visible signs of activity are needed to sustain public
morale and encourage everyone to participate in recovery.

An early start is more important than a fast reconstruction programme. A fast
construction programme tends to need a lot of planning, so is usually slower to
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start. A lengthy programme with construction being done well and jobs car-
ried out thoroughly is preferable to a rushed job. Providing people can see
progress being made, an ‘early and steady’ (early start, steady progress) phi-
losophy to the reconstruction is preferable to a ‘late and fast’ (late start, fast
progress) one.

Often political pressures, promises of construction miracles or over-ambitious
targets lead to projects designed around speed and quota targets rather than qual-
ity and achievement. Over-hasty programmes result in poor-quality construction
standards, storing up problems for the future, and reduce the possibility of using
the programme to benefit the local construction industry and local economy, as
described in Section 5.6.

In order to make an early start the strategic decisions have to made quickly.
The detailed decisions can be worked out while the reconstruction is underway,
but procedural decisions and broad locational priorities for rebuilding do need
to be clearly defined at an early stage. There also needs to be an early decision
whether to go for temporary housing or accelerated reconstruction (see below),
but much of the detail can be worked out later.

Delays in making these key initial decisions often occur from waiting for a full
evaluation of the damage and in the political process while seeking consensus
among the various groups involved. In some cases, too, delays occur because
decision-makers do not know what the best strategy is in a given situation.
Experiences from past earthquake reconstructions can help to indicate what has
been successful in certain conditions and what has failed in others.

5.4.1 Reconstruction of Severely Damaged Settlements

Damage from an earthquake tends to be most serious near the epicentre and
reduces in severity with distance from this point. As a result there are likely to
be many more settlements with moderate and light damage than have suffered
heavy damage. A large proportion of the houses needing to be rebuilt are near
the epicentre and the main reconstruction activity and media attention naturally
focus on those places with high-percentage damage. In a severe earthquake the
levels of destruction around the epicentre can be near total.

5.4.2 Reconstruction of ‘Destroyed’ Settlements

The reconstruction in those ‘destroyed’ settlements needs to be treated as a spe-
cial case, unlike the other settlements damaged by the earthquake. Problems have
commonly arisen from trying to extend the same policy, financing, housing eli-
gibility and other procedures for rebuilding destroyed areas as for those with
lower levels of damage. The distinction between ‘destroyed’ and ‘damaged’ is
somewhat arbitrary as there are likely to be settlements with every level of dam-
age, but in settlements where over three-quarters of the buildings need to be
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rebuilt,” the situation is qualitatively different from settlements where, say, less
than half of the buildings need to be rebuilt. The areas defined as ‘destroyed’
should be kept to a minimum and defined by an explicit structural damage scale,
e.g. neighbourhoods or villages with 75% of buildings with unrepairable damage
greater than or equal to damage level D32

In these destroyed areas, the damage is probably too extensive to repair piece-
meal. There may be no recognisable features remaining to identify land bound-
aries or the old layout of the streets. The collapse of many buildings may mean
that the community has suffered many casualties, the social structure of the com-
munity is likely to be in turmoil, leadership could be gone and communications
between members will be disrupted. Planning for the reconstruction of these areas
needs to incorporate the recovery and reconstitution of the social order of the
community, helping it to re-establish a sense of identity and place. This is helped
by drawing the community groups in to the decision-making — it is important
that it is not assumed that the disrupted community is powerless — helping the
community to choose its representatives, re-establish its structure and discuss its
own future.

Anything that hinders that process of recovery has to be removed temporarily.
It may be worth considering whether any existing restraints like land develop-
ment laws, employment regulations, foreign investment restrictions or building
codes could be temporarily lifted within the destroyed areas to enhance the initial
recovery period, reimposing them when the area is strong enough to take them
back on board. Encouraging investment through creating economic development
zones (EDZs) (see Section 5.3) or offering land free to private builders may be
initiatives that will save the community.

As with other damaged areas, it is not necessary or desirable for outside help to
build everything for the community or to hand over a gleaming new settlement;
the main objective is to get the community back into its own construction activity,
participating in the control and creation of the reconstruction as part of its revived
viability.

5.4.3 Urban Reconstruction

Towns and cities represent high investments in infrastructure and services. Towns
contain a complex linkage of economic activity, industrial production, commerce,
trade and activities reliant on the urban infrastructure that service a wide region

775% of the buildings needing to be rebuilt does not mean that 75% of the buildings collapsed.
Buildings are generally unrepairable, i.e. cost more to repair than to demolish and rebuild, when they
are heavily damaged and have multiple cracks or structural distortions. In the damage scales given
in Chapter 9, this is usually equivalent to heavy damage D > 3. Common damage distributions
compiled in Chapter 9 show that when 75% of buildings are damaged D > 3, the percentage of
buildings collapsed is likely to be around 25%.

8 See Table 9.4 for damage definitions.
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around the town. The physical rebuilding of towns needs to focus on repair
and restitution of urban services as a first priority. Underground utilities — pipes,
cables and sewerage systems — are generally less vulnerable than buildings but it
is harder to locate failures and to repair them. Roads, bridges, power supply lines,
transformer stations and many of the other civil engineering works that make up
the physical infrastructure are similarly part of the first priority for reconstruction
resources.

Urban Design

The physical planning of the reconstruction of a town, particularly one with high
levels of damage, represents an opportunity for change: a chance to design a
better town or rerationalise old anomalies. Kenzo Tange’s modernist boulevards
for Skopje, Yugoslavia, restructured from the old traditional street patterns in
the reconstruction after the 1963 earthquake,’ the replanning of Lisbon after
the earthquake of 1755'° and, more recently, the 1988 Leninakan earthquake in
Soviet Armenia'! are all examples of a major new urban design being intro-
duced across the rubble of a destroyed city. Not all such urban redesigns are
implemented or are successful if they are.!> The complexities of land own-
ership, the emotional ties of the community to the old places and the exist-
ing urban infrastructure still in place mean that it is easier, cheaper and more
popular to rebuild using the old structu