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Intensity and I ntensity Scales

Roger M. W. Musson*

12.1 Intensity and the history of intensity scales

Intensity can be defined as a classification ofdtiength of shaking at any place during an
earthquake, in terms of its observed effects. Hoethat it is essentially a classification, akin
to the Beaufort Scale of wind speed, rather thahysical parameter, leads to some special
conditions on its use. Principal among these idd@mg an integer quantity when assigned
from observed data. Traditionally, Roman numerasehbeen used to represent intensity
values to emphasize this point (it is hard to witdl"). Nowadays the use of Roman
numerals is largely a matter of taste, and mosinsapgists find Arabic numerals easier to
process by computer.

The use of intensity scales is historically impotthecause no instrumentation is necessary,
and useful measurements of an earthquake can be madn unequipped observer. The
earliest recognizable use of intensity was by EHgelB28, although simple quantifications of
damage had been made in the previous century bgr@atelli in 1783 (Sarconi, 1784), and
some earlier Italian examples are said to existél@r, it was only in the last quarter of the
19th century that the use of intensity became wpcked; the first scale to be used
internationally was the ten-degree Rossi-Forel &c#l1883. The early history of intensity
scales can be found in Davison (1900, 1921, 1988ter study can be found in Medvedev
(1962).

The scale of Sieberg (1912,1923) became the foiomdat all modern twelve-degree scales.
A later version of it became known as the Merdalincani-Sieberg Scale, or MCS Scale
(Sieberg 1932), still in use in Southern Europes TA23 version was translated into English
by Wood and Neumann (1931) and became the inapptelyr named Modified Mercalli
Scale (MM Scale). This was completely overhauled966 by Richter (1958) who refrained
from adding his name to the new version in cas&udher confusion with "Richter Scale"
magnitudes. Richter's version became instead thaifidd Mercalli Scale of 1956" (MM56)
despite the fact that the link to Mercalli was nemtremely remote. Local modifications of
Richter's MM56 scale have been used in Australthew Zealand. More recent attempts to
modernize the MM scale further, e.g., that of BeaE978) have not caught on.

In 1964 the first version of the MSK Scale was pl#d by Medvedev, Sponheuer and
Karnik (Sponheuer and Karnik, 1964). This new soabs based on MCS, MM56 and
previous work by Medvedev in Russia, and greatlyetiped the quantitative aspect to make
the scale more powerful. This scale becameelyiused in Europe, and received minor
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modifications in the mid 1970s and in 1981 (Ad lyyoup, 1981). In 1988, the European
Seismological Commission agreed to initiate a thglorevision of the MSK Scale. The
result of this work (undertaken by a large inteioradl Working Group under the
chairmanship of Gottfried Grunthal, Potsdam) wabklished in draft form in 1993, with the
final version released (after a period of testimgl aevision) in 1998 (Grinthal, 1998).
Although this new scale is more or less compatiaté the old MSK Scale, the organization
of it is so different that it was renamed the Ewap Macroseismic Scale (EMS). Since its
publication it has been widely adopted inside dsd autside Europe.

The one important intensity scale that does noeharelve degrees (now that the Rossi-Forel
Scale is no longer much in use) is the seven-degmpanese Meteorological Agency Scale
(JMA Scale). This is based on the work of Omorid @ the scale generally used in Japan
(but nowhere else). A recent modification to theAlbtale subdivides degrees 5 and 6 into
upper and lower, and explicitly describes a dedreeesulting in a ten-degree scale (JMA
1996).

To some extent, the middle years of the 20th cgrdaw a decline in interest in macroseismic
investigation, with the improvements in instrumémenitoring. However, since the middle
1970s there has been a revival of interest in tigest since macroseismics are essential for
the revision of historical seismicity and of gréafportance in seismic hazard assessments.
Macroseismic studies of modern earthquakes arkfeoita

0] calibrating studies of historical earthquakes;
(i) studying local attenuation, and
(i)  investigations of vulnerability, seismic hazard @eismic risk.

12.1.1 European Macroseismic Scale (EMS)

The complete EMS-98 scale is too long to reprodacies entirety, being a small book in
length. This is because, while historically intéysicales have been presented simply as a list
of classes and diagnostics for the user to makehat he will, the EMS-98 scale comes with
extensive support material, including guidelindsstrations and worked examples. Even the
traditional "core" part of the scale contains talbuhnd graphical material explaining the
classification of buildings and quantities used.

An essential feature of this scale is that, wheogher intensity scales such as the Modified
Mercalli scale (in its 1956 incarnation, see beltvaye attempted to distinguish between the
effects of earthquake shaking on buildings of défe construction types, using type as an
analog of strength, the EMS employs a series ofvairerability classes which represent
strength directly, and involve construction typeat blso other factors such as workmanship
and condition. These vulnerability classes allofleaible and robust approach to assessing
intensity from damage. The system is also adaptabiew or different building types, and
includes consideration of engineered structureb wirthquake resistant design. Damage is
also handled in a new way, with discrimination begw structural and non-structural damage,
and the different forms damage takes in buildinfggifferent types. A system of five damage
grades is used: negligible to slight; moderate;stariial to heavy; very heavy, and
destruction. These are not only defined but alsstilated pictorially.
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The probabilistic nature of intensity is stressgdh® use of numerically-defined expressions
of quantity. For any intensity degree, it is expécthat for buildings of equivalent strength
there will be a modal level of damage that will i@st frequently encountered, and that
decreasing proportions of the building stock ofieglent strength will show lesser or greater
degrees of damage. This relates closely to rearexpce from damage surveys.

Although natural phenomena such as landslips, atiskfcracks in ground, etc., have been

used in intensity scales for a long time, more meegperience has shown that the occurrence
of these is very strongly influenced by other fagtihan the severity of earthquake shaking -
especially pre-existing hydrological conditions. the EMS, although these effects are not
deleted entirely, they are relegated to an annatteer than being included in the core scale;

they are treated in a graphical table which shdwesranges of intensities over which such

phenomena are commonly (and exceptionally) encoechte

The full scale is published as Griunthal (1998).al6o contains examples of intensity
assignment and can be obtained in full at the folig web address:

http://seismohazard.qgfz-potsdam.de/projects/e msfitndml

Despite the name of the scale (which reflects #uoe that it was developed at the instigation
of the European Seismological Commission), theesealequally suitable for use outside

Europe, and has been used successfully for asgeasitlern earthquakes in many parts of the
world.

Here the short form (section 8 of the publishedegda reproduced. This is not suitable for,
and not intended for, use in assigning intensitiegives the character of each degree in a
very simplified and generalized form for educatigmarposes.

EMSintensity Definition (Description of typical observed effects
(abstracted))

| Not felt Not felt.

Il Scarcely felt Felt only by very few individual people at restiouses.

[ Weak Felt indoors by a few people. People at rest feavaying
or light trembling.

IV Largely observed Felt indoors by many people, outdoors by very fawew
people are awakened. Windows, doors and dishds. ratt

V  Strong Felt indoors by most, outdoors by few. Many slegpin

people awake. A few are frightened. Buildings tréamb
throughout. Hanging objects swing considerably. IEma
objects are shifted. Doors and windows swing opeshat.

VI  Slightly damaging Many people are frightened and run outdoors. Some
objects fall. Some houses suffer slight non-stmattu
damage like hair-line cracks and fall of small p®of
plaster.

VIl Damaging Most people are frightened and run outdoors. Furaits
shifted and objects fall from shelves in large nermsb
Many well built ordinary buildings suffer moderate
damage: small cracks in walls, fall of plaster, tpaof
chimneys fall down; older buildings may show laogacks
in walls and failure of fill-in walls.
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VIl Heavily damaging Many people find it difficult to stand. Many houskave
large cracks in walls. A few well built ordinary ildings
show serious failure of walls, while weak olderustures
may collapse.

IX Destructive General panic. Many weak constructions collapsesnEv
well built ordinary buildings show very heavy darmeag
serious failure of walls and partial structuralies.

X Very destructive Many ordinary well built buildings collapse.

X1  Devastating Most ordinary well built buildings collapse, eveonse
with good earthquake resistant design are destroyed

X1l Completely devastating | Almost all buildings are destroyed.

12.1.2 Modified Mercalli (MM) Scale

Since none of the more recent versions of the MMI&bave found wide acceptance, the
version that follows is Richter's 1956 draft, whistprobably the most
used version at the time of writing (some seismistsgstill use the 1931 version, however).

\

VII

VI

Not felt. Marginal and long period effects of largarthquakes.
Felt by persons at rest, on upper floors, or favigrplaced.

Felt indoors. Hanging objects swing. Vibration likassing light trucks. Duration
estimated. May not be recognized as an earthquake.

Hanging objects swing. Vibration like passing oawe trucks; or sensation of a jolt
like a heavy ball striking the walls. Standing nratars rock. Windows, dishes, doors
rattle. Glasses clink. Crockery clashes. In theeuppnge of IV, wooden walls and
frame creak.

Felt outdoors; direction estimated. Sleepers watkehguids disturbed, some spilled.
Small unstable objects displaced or upset. Doomgwlose, open. Shutters, pictures
move. Pendulum clocks stop, start, change rate.

Felt by all. Many frightened and run outdoors. Besswalk unsteadily. Windows,
dishes, glassware broken. Knickknacks, books, eft.shelves. Pictures off walls.
Furniture moved or overturned. Weak plaster andomgsD cracked. Small bells ring
(church, school). Trees, bushes shaken (visiblreard to rustle).

Difficult to stand. Noticed by drivers of motor saHanging objects quiver. Furniture
broken. Damage to masonry D, including cracks. Wekakineys broken at roof line.
Fall of plaster, loose bricks, stones, tiles, omeni (also unbraced parapets and
architectural ornaments). Some cracks in masonrW@ves on ponds; water turbid
with mud. Small slides and caving in along sandy@vel banks. Large bells ring.
Concrete irrigation ditches damaged.

Steering of motor cars affected. Damage to mas@npartial collapse. Some damage
to masonry B; none to masonry A. Fall of stucco aoche masonry walls. Twisting,
fall of chimneys, factory stacks, monuments, towelsvated tanks. Frame houses
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moved on foundations if not bolted down; loose pamalls thrown out. Decayed
piling broken off. Branches broken from trees. Gjemin flow or temperature of
springs and wells. Cracks in wet ground and onpsséepes.

X General panic. Masonry D destroyed; masonry C headmaged, sometimes with
complete collapse; masonry B seriously damagednd(@ damage to foundations.)
Frame structures, if not bolted, shifted off foutolas. Frames racked. Serious
damage to reservoirs. Underground pipes brokens@omous cracks in ground. In
alluvial areas sand and mud ejected, earthquakedms, sand craters.

X Most masonry and frame structures destroyed wilr foundations. Some well-built
wooden structures and bridges destroyed. Serioumagl to dams, dikes,
embankments. Large landslides. Water thrown on daricanals, rivers, lakes, etc.
Sand and mud shifted horizontally on beaches atdaihd. Rails bent slightly.

Xl Rails bent greatly. Underground pipelines compjeteit of service.

X1l Damage nearly total. Large rock masses displace@slof sight and level distorted.
Objects thrown into the air.

Masonry A: Good workmanship, mortar, and design; reinforoespecially laterally, and
bound together by using steel, concrete, etc.pdesdlto resist lateral forces.

Masonry B: Good workmanship and mortar; reinforced, but designed in detail to resist
lateral forces.

Masonry C: Ordinary workmanship and mortar; no extreme weakas like failing to tie in at
corners, but neither reinforced nor designed agamszontal forces.

Masonry D: Weak materials, such as adobe; poor mortar; lmmndards of workmanship;
weak horizontally.

(From Richter, 1958).

12.1.3 Accuracy of assessment

Given a certain strength of shaking, it is to bpested that buildings of equivalent strength
will not respond in a completely uniform way. Raththere should be a modal level of
damage observed, with some buildings suffering lasd others more. The net effect
approximates to a normal distribution (as has ofteen seen in damage surveys). Thus, for
any particular level of shaking, it is expectedbt found that different percentages of the
building stock of a given strength will suffer @ifent degrees of damage. In assessing
intensity (and this is true of the lower degreesvali as the damaging ones) one is usually
dealing with a sample or estimate of the percestdlyat were observed, and attempting to
match these to the expected ranges for one ofntieasity degrees. In most cases, given a
degree of robustness, an adequate fit can be f@uithdut much problem.

Difficulties can occasionally arise when this téaskompounded, as it sometimes is, by one or
other of two factors: (i) that the effects of amtbquake vary considerably over very short
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distances, due to a combination of local conditiand the complexity of earthquake ground
motion; and (ii) information is often not complefthese two factors can have an effect on the
level of accuracy that can be expected in interastgessments. The variability of earthquake
effects is well-known, as in cases where, of twenictal houses side-by-side, one is heavily
damaged and the other nearly intact. This may giveisleading impression of difficulty in
assessing intensity which might actually disappeace a larger sample of houses was
assessed. The difficulty with respect to informatie that one is often working from an
uncontrolled, possibly unrepresentative, samplawzfilable information (particularly when
not working with data derived from a field investigpn), and there may also be uncertainty
about the condition of buildings before the eartigu This can cause problems where the
real percentage distribution of effects is obscurgdhe limited data. Also, even when the
amount of data is good, there can be cases wherereorted effects do not match
unambiguously any of the "pen pictures” presentethé classes in the intensity scale.

Intensity scales are therefore designed to incthdenecessary degree of robustness to make
identification of the different degrees as pradti&s possible. The number of degrees in a
scale is controlled by the number of different Isvihat can be distinguished in normal use
without too much difficulty. Experience shows thiais very unlikely that one could ever
meaningfully discriminate intensities to a resalatiof less than one degree of a twelve-
degree scale. If one could state accurately in stase that the intensity was, for example, 6,
this would imply that a 23 degree intensity scalald be written, which is doubtful. In cases
where one can not determine intensities to a résalwf one degree, two degrees can be
bracketed together to show the probable range. ddmsbe particularly the case for lower
intensity degrees; there are often cases whesehdiid to be sure between intensity 2 or 3, or
between 3 or 4, or between 4 and 5. In such casesnay write 4-5, meaning either intensity
4 or intensity 5.

A suggested guideline in EMS is that the descnptbeach degree should be considered the
minimum case. For example, in a case in which Hta datisfy the requirements for intensity
4, but do not adequately satisfy the criteria faemsity 5, then the correct assessment is 4,
even if the effects seem stronger than the bawasity 4 description.

12.1.4 Equivalence between scales

It has often been the practice to attempt to expifess equivalence between different intensity
scales by way of a chart that compares differegfrees of a scale either by a straight
equivalence of grades or by a series of rectarmleslapping to a smaller or larger extent.
Such charts should be avoided if possible, as tlesults are not wholly reliable. It is much
preferable to revisit the original data and makeeah intensity assignment with the desired
intensity scale. The same is true with respecttpigcal equations which have occasionally
been suggested in the past to relate one scal®then.

For the various twelve-degree scales, it is likilg case that differences in the way that
different seismologists have used intensity scalgsractice can substantially outweigh any
actual differences in the scales themselves. Iemgéthe equivalence between MM56, MSK
and EMS is roughly one to one. The principal défeze between EMS and earlier scales is
that it is more clearly written, and structuredsirch a way as to make it easier for different
investigators to obtain consistent results.

A rough equivalence for the original JIMA Scaleiigeg in the Tab. 12.1 below.
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Tab. 12.1 Equivalence between JMA and EMS scale.

JMA EMS
1 2
2 3
3 5
4 6
5 8
6 10
7 11

12.2 Collection of macroseismic data

Collection of macroseismic data from current earttiees is derived principally from two
sources - questionnaire surveys and field investigs, either or both of which may be
required for a particular earthquake. As a generkd, questionnaire surveys are used for
assessing intensities in the range of 2 to 6, winike7 and above field investigations are
necessary.

There is a third source - documentary material ickvis the principal source of macroseismic
data for historical earthquakes. The treatmenthed ts a separate subject involving the
techniques of the professional historian as wethasseismologist, and is not dealt with here.

One thing in common with both questionnaire surveysl field investigations is the
desirability of rapid response - evidence of earttkg damage is patched up within days or
even hours, and human memory of details (and isit@rehe subject) also wanes rapidly.

12.2.1 Macroseismic questionnaires

The request has often been made for someone tougrod standard macroseismic
guestionnaire that could be used by everyone asdrercompatibility of results from one

investigation to the next. The reason that suchirgthas never been achieved is simply
because social and practical considerations vamgn frase to case and make a unified
approach impossible. To some extent, differentucet require different questionnaires
simply because of the different fabric of everydayroundings upon which the effects of an
earthquake will become manifest. But more fundaaleate the practical considerations
facing the seismologist who wishes to distributegjionnaires - to whom will he give them?

There are two basic types of macroseismic questioejndependant on the intended recipient.
The first is the questionnaire to be answered byndividual citizen recounting his personal
experiences of the earthquake. The second is tbstiqanaire designed to be answered by
someone with knowledge of the experiences of th#eenommunity. Which of these two
approaches is used will shape the macroseismistigation as a whole; the choice may well
be forced on the investigator by circumstances.example, in some countries there will be
found an official in each town or rural communityhese job includes completing such
requests for data, and who can be relied on tarfilhny questionnaire submitted. In some
other countries such officials are not to be fouarttj this means of investigation is therefore
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not possible. Some institutes may have the ressumcgost out thousands of questionnaires
as mailing shots; others may not be able to affoich a technique.

One may discern four basic types of person who filayy a macroseismic questionnaire,
two in each of the classes outlined above.

(i) The unselected individual: questionnaires mayistributed haphazardly and in great bulk
by publication in newspapers, dissemination aalils, etc. This guarantees a large response,
but probably biases the results in favor of positigsponses. Online Internet questionnaires
have already been used with success in CalifoMiald et al., 1999) and this means of
dissemination will become more important in theufatas the proportion of the population
with Internet access increases.

(i) The randomly selected individual: there exiatsnethodology, highly developed in the
social sciences, for disseminating questionnaimesuch a way as to maximize the statistical
validity of the results, using random selectiongadures based on electoral rolls and direct
mailing, often with some incentive to return theegtionnaire (such as a prize draw). This is
the best method in terms of the reliability of tlesults, since a random sample enables one to
make statistically valid estimations of the chagastics of the whole population. The
drawbacks are that such a response may be difticwdtganize rapidly after an earthquake,
and is likely to be relatively expensive. It shounlot be forgotten, that the art of questionnaire
design and methodology has been studied in detabbial scientists for many years, and the
expertise accumulated should not be ignored byrsdigists whose background usually lies
in the physical sciences.

(i) The public official: it is very convenient tbe able to send a single questionnaire to the
local burgomaster/post officer/police superinterigeafficer and have it filled in with the
details of the effects of the earthquake in the levtad the community under the official's
jurisdiction. What the seismologist can not be aartof is how conscientiously the
questionnaire is filled in. Does the official ma#tetailed enquiries, or does he jot down the
first thing that comes into his head?

(iv) The volunteer: some seismological institutesdnarranged networks of local volunteers
with some standing in the community (schoolteachelergymen) and enthusiasm for the
task of supplying useful data. Such volunteershmgiven a stack of blank questionnaires in
advance and can be relied upon to fill one in ateearthquake occurs with dependable data
on the effects in the locality. Such a system i/ \edfective, but can be laborious to set up
and maintain.

A further division of questionnaire design is thatween the free-form questionnaire and the
multiple choice style. The first style gives operded questions to which the respondent can
answer in his/her own words ("What sort of shakiind) you experience?") while the second
gives a series of boxes to tick ("The shaking wasweak; B - moderate; C - strong"). The
second style is easier to process, but runs tkeofitosing information that doesn't easily fit
the predefined categories. A combination of boytestis also possible.

Length of questionnaire is also important. Too loag difficult a questionnaire will
discourage people from filling it in, as will asimuestions that are too hard for most people
to answer - for example, how many people can atelyrdescribe their local geology? One
should guard against asking questions that arstriotly necessary (such as personal details).
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From the above discussion it will be seen that Guesaire design is somewhat of an art, and
that what will work for one country won't work fanother. A sample questionnaire, which is
a synthesis of several in active use, is showrvibelo

EARTHQUAKE QUESTIONNAIRE

The following questionnaire is part of a study of the effects of the {name) earthquake, which occurred on

{date) at (time). You are invited to use it to record what you experienced. If you did NOT feel the
earthquake, or notice it at all, please tick here [ ] and complete questions 1, 2 and 5, below. This information wil still be
useful for our study. Please send completed questionnaires to this address:

SECTION A — WHERE YOU WERE
1. At the time of the earthquake, where were you?

Addrass (including Post COAE)........ucreeriiivimmrmuinii e s
Oudoors[] Groundfloor [ 1 Upper floor [ ] ; If 5o, which floor? .........
Stationary vehicle [ | Moving vehicle [ ] OHher .o e

If indoors, please describe the type of building:
Function (house, school, church, etc)
Height {(number of stories) ...................
Construction (brick, stone, wood, etc)
2. What were you doing?
Walking [ ] Standing [ ] Sitting [ ] Kneeling [ ]
Lyingdown [ ] Sleeping [ ]
ECTION B - EARTHQUAKE SHAKING AND SOUND

What best describes the shaking you felt?

No shaking { | Trembling [ ] Swaying [ | Jerky mation [ ]
Impact [ ] Rollingmotion[ ] Other []....cc.covvvvvieninininniennns
Itwas ... Weak [ | Moderate [ | Severe|[ |

4.  What best describes any sound you heard?
No sound [ ] Rumbling [ ] Roaring [ ] Explosion | ]
Other [ ] ccvasammmaincases
It was . Faint[ ] Moderate [ ] Loud [ ]

SECTION C EFFECTS ON PEOPLE AND ANIMALS
Which best describes what happened where you were (your house, neighbours)?

Nobody noticed it | ] Only one or two people noticed it [ ]
Some people noticed it, but not many [ ] Many people noticed it [ ]
Most people noticed it [ ] Everyone noticed it[ |

People indoors noticed it, but not those outside [ ]
People upstairs noticed it, but not those on the ground floor [ ]
1 don't know whether other people noticed it ornot | |
6. (Only for earthquakes that happened at night) Did the earthquake wake you?

No[ ] Yes|[ ] 1 wasn't asleep{ |

Were other people where you wera woken up?

No[ ] Yes, afew[ ] Yes, many [ ] Yes, most/all [ ] Don't know [ ]
7. Were you frightened?

No[ ] Yes|[ ]

Where you ware, did anybody run outdoors in fright?

Nol[] Yes, afewl ] Yes, many [ ] Yes, most/all [ ] Don't know [ ]
8. Were any animals nearby frightened?

Nol ] Yes, pets [ ] Yes, farm animals [ ] No animals nearby/don't know [ |

SECTION D — EFFECTS ON OBJECTS, BUILDINGS, ETC
Did any of the following things happen?
Yes
Windows/doors rattied [1
Crockery, efc rattled []
Hanging objects swung [1]
Pictures moved askew [1
Small objects shifted or fell [1
Books or similar shifted or fell []
Fumniture shook visibly [1]
Fumiture shifted out of place []
Fumiture toppled over [1
Pendulum clocks stopped [1
Plants shook [1
Liquids splashed or spilled []
Please give details, or note any other things t
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10. Was there any damage to buildings where you were?
Nol[ ] Yes| ] Don'tknow [ ]
If yes, piease describe the damage
11. Were there any effects on natural surroundings where you were, for example, landslips, cracks in ground,
effects on ponds or streams, etc?
No[] Yes|[] Don't know [ ]
If yos, please describe the effects ...
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12.2.2 Field investigations

Following a high intensity earthquake, a field istrgation needs to be made as soon as
possible. It is advisable to plan such investigetias much as possible before an earthquake
even occurs, so that the investigation team (tylpidavo to six people) can be assembled,
together with necessary equipment, and leave fatfected area at very short notice. Team
members should include people who have experiencesarthquake engineering and
geotechnical engineering as well as seismology. fbhewing paragraphs draw largely on
EEFIT (1993).

In the field, it is necessary to combine both dethiand general surveys of structural
behavior. Structures need to be surveyed in termthe distribution of different types; the
overall vulnerability (resistance or lack of rearste to earthquake shaking) of typical
structures while noting deviations in terms of gasdbad examples; and the distribution of
different grades of damage within each buildingety@are should be taken over making
accurate records of the location of all structusaslied or photographed. Data should be
gathered as written notes and photographs.

For engineered structures, a detailed study sHmilcharried out to identify both good and bad
performance in a sample of both damaged and undainstguctures. External and internal
damage should both be recorded, identifying typmabes of failure. In order to be able to
relate the damage to the intensity scale, inforonatn the strength of the building is
required: strengths and weaknesses in the consimutdchniques, special points of poor
vulnerability or high resistance, irregularity gmsmetry in the building design, the quality of
the materials used, and so on. It is a good ideaoliect information on what earthquake-
resistant design regulations were in force befbeedarthquake, and also, where possible, to
investigate to what extent these regulations waltevied in the buildings examined.

The case is similar for non-engineered structutesse are likely to be less individual, so the
task becomes one of identifying the main charastieristructural forms, their age and
condition. Again, the extent and types of damagw®h bnterior and exterior, need to be
recorded.

Detailed photographic surveys can be made of iddadi streets or districts to record the

percentages of various types of buildings that wmaged to a lesser or greater degree.
These surveys should be supplemented with inteewrds from at least a sample of the

buildings examined.

The overall spatial distribution of damage can éeorded over a large area by the use of
general surveys employing proper sampling techmsiciwegenerate statistically consistent
data. Distinctions between different constructigpets, usage, height and age and quality of
construction should always be made wherever passibl

Geotechnical aspects should also be investigated réationship between local geology and
damage distribution should be investigated. (Tlwesdnot entail "correcting" intensities for
local conditions, but does explain local variatidnsobserved intensity). Data should be
gathered on groundwater and hydrological conditioefre the earthquake. The following
topics also need to be considered: types of foumuand their performance; effects on
embankments, cuttings and river banks; liquefactiod other ground effects like cracking;
landslides and rockfalls. Negative data as wep@stive data should be collected.

10
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Special studies may be needed of individual indalsbr civil facilities. Effects on factories
can include damage to pipework and ducting, pumps \&alves, cabling systems, tanks,
machinery, electrical controls, computers and @afiée effects on dams, bridges, port
facilities, tunnels and irrigation systems shouddrécorded. The effects on lifelines (services,
transport) also merit attention: underground priovisof water, gas, electricity and
telecommunications; railways, roads etc. Thesessoirtdata are not generally suitable for
intensity assessment per se, but are importantetord, particularly when making an
assessment of the economic impact of the earthquoakeoking at lessons to be learnt from
an engineering perspective.

12.3 Processing of macroseismic data

12.3.1 Assessing intensity from data

Although the conversion of descriptive informatimnnumerical intensity data by use of an
intensity scale is fundamental to macroseismicisijdhe process has in general been rather
poorly documented. This has led to considerabl@atians in practice from worker to worker,
resulting in serious inconsistencies in results Widely recognized that assessing intensity is
to some extent a subjective exercise, and that s@mations between workers will always
occur, but it is better if these are minimized thglbh common methodology as much as
possible.

The following points apply to most common intensitales:

Data should be grouped by place prior to assessiagsity. By "place” is meant a village or
town or part of a city. Places should not be tap (bke a county) or too small (like a single
house). When assessing intensity for a place,halldata relating to that place should be
considered together. If there are fifteen repadsnfone village, a single intensity should be
assigned to those fifteen jointly, rather than mgKifteen assessments and combining them.

Make sure there are sufficient data for a reasenasdessment. If there are too few reports, or
the reports are too lacking in detalil, it is beterecord merely that the earthquake was felt
rather than forcing an intensity value on inadeguita. In some cases it will be possible to
make a range assessment, e.g., 4-5, >6, (4 orrg, timean 6) etc.

For each place, compare the picture of earthquéfleete provided by the data with the
idealized pictures provided by each descriptioarofntensity degree in the intensity scale, in
order to look for the best overall fit. The matchl weldom be perfect, so it is necessary to
look for the most coherent, general comparisoshdtuld be remembered that, given the very
variable nature of intensity, in any place indiatleffects may be observed that are higher or
lower than those to be expected from the generatiéh) intensity level. It is important not to
give these too much attention. For example, if nodsthe data for a place are suggesting
intensity 4, but there is a single exceptional reglmat a chimney fell, this chimney does not
invalidate an assessment of intensity 4 for theela

When using a quantitative intensity scale (MSK, BNt&n the comparison of the data with

the scale will usually be a question of making atl# of the percentages of a particular
observation that were recorded and the percentayges expected for each degree of the
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scale. For EMS, the procedures for assessing ityeae discussed in detail in the scale
support material (Grinthal, 1998).

The absence of reports of a particular phenomermnanmay not be evidence that it did not
occur, depending on the nature and quality of thi.dit can not automatically be inferred
that, for instance, an absence of reports of damatjeates no damage occurred, although
this will often be the case. A positive statemdong the lines of "there was no damage" is
more reliable.

To make inferences from a particular source of datmires an understanding of the nature
and limitations of that data source. For instamayspapers often pluralize things for effect,
S0 a newspaper report that says "pictures fell fna@tis" may mean only one picture fell from
a wall. Where the sources are historical documehésadvice of a professional historian in
understanding the nature of the documents shouldkeas.

Effects on nature (landslides, ground water changges) should only be used with caution,
since their frequency is strongly influenced bydlokeydrological conditions and other factors
not related to intensity. It is therefore very diffit to arrive at reliable intensity values for
remote, largely uninhabited, rural areas (this pbes been found unpalatable by some, but
unfortunately is realistic).

The use of automatic algorithms to assess intebgityomputer has been experimented with
since at least the mid 1980s (e.g., Zsiros, 198Bj)s has the advantage of removing any
possible subjectivity or bias from the procedurectSalgorithms require careful calibration,

and a certain amount of checking is still requitedwever, this is a developing field. Wald et

al. (1999) demonstrate that the combination of ritlgms for intensity assessment with on-
line questionnaires allows the possibility of prouhg intensity maps extremely rapidly in the

wake of a felt earthquake in areas where a verf piportion of residents have Internet
connections.

12.3.2 Isoseismal maps

The presentation of intensity data is usually donéhe form of a map. As well as plotting
intensity points, it is usually useful to be aldedraw contour lines of equal intensity, called
isoseismals. An isoseismal can be defined as aldmending the area within which the
intensity is predominantly equal to, or greatentregiven value.

No precise instructions can be given for drawirggessmals as no definitive method has ever
been agreed. Some workers adopt a practice ofayweg a grid on the data and taking the
modal value in each grid square prior to contoyrioifpers prefer to work directly on the
plotted intensity values. Workers have differingfprences for the amount of smoothing,
extrapolation, etc., that is to be employed. Traigresent, the drawing of isoseismals is to
some degree subjective.

However, some guidelines can be given. The degresnoothing employed should reflect
the purposes to which the resulting map will be fpfuhe map is intended for microzonation
work, i.e., to point up areas where seismic hazaey be enhanced owing to local soil
conditions, then smoothing will be at a minimumg &oseismals will be as convoluted as the
data. If the map is intended for other purposedcitation of earthquake parameters,

12
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attenuation studies, tectonic studies, etc.) thencurves will normally be smoothed so that
only major re-entrants and outliers are shown. riscfice, smoothed isoseismals are much
more common. It can be argued that highly detagedeismals present too many practical
problems, and that microzonation is better seryeddmage maps.

As a general rule, re-entrants and outliers shoatdbe drawn unless suggested by a grouping
of at least three data points. If isoseismals lHavee interpolated or extrapolated across areas
of water, or areas without data points, these @estof the lines should be shown as dashed.
In cases where, for example, an epicenter is oféshemd only (say) a 120 degree arc of each
isoseismal would fall onshore, it is not correctpimject the whole of the remaining 240
degrees of each isoseismal on a map, even asadoie. Only the onshore section should
be drawn, with each line tailing off with a shodted section offshore if desired. Plotting
isoseismals that are completely offshore and mepetyections of an intensity attenuation
curve should not be done. For onshore earthquakéesfew data, it is not good practice to
attempt to draw isoseismals conjectured from onevorpoints only; at least three mutually
supporting data points for one intensity value $th@xist before one attempts to draw even a
partial isoseismal for that value.

In a case where one has data for intensity 5 aedsity 8, and data points assessed at 6-7, it
Is possible to have isoseismals labeled 5, 6-78arkbr analytical purposes it is best to treat

the 6-7 isoseismal as the 6 isoseismal, and coachat the data are insufficient to draw the 7

iIsoseismal. In cases where it is possible to dsmsdismals for intensities 6 and 7, one should
definitely not attempt to draw a 6-7 isoseismalssn them.

Computer contouring programs usually do not givedyeesults with macroseismic data. This
is because local variations in intensity can eagilyet contouring algorithms by suggesting a
gradient that doesn't exist.

In plotting the intensity data points on a map, thest common practice is to use Arabic
numerals for each data point. Roman numerals caontbe very confusing when data are
close together. A set of international symbolsstfintroduced by the Commission of the
Academies of Sciences of Socialist Countries fanBlary Geophysical Research (KAPG))
based on coloring in different proportions of snaaitles (Fig. 12.1) is a clear alternative; as
is the use of colored dots. It is strongly recomdeehthat isoseismal maps should always
have the data points displayed on them.

2 (P 6 = 10
O3 $ 7 ® n
+ 4 @& 38 & 12
™ s X 9

{Jr indicates 3-4, etc
(O felt

= 1 (not felt)

Fig. 12.1 Symbols for plotting intensity values. Those ifttensities 2-9 are standard. There
do not appear to be any recognized standard synnailstensities 10-12, felt or not felt; the
ones above are offered as suggestions.
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The use of modern software, databases, GIS andchéttapplications, combine to aid the
display, analysis and communication of intensittaddwo examples are given in Fig. 12.2.
These both show data from the 23 January 1980 Md&icily) earthquake. The first (above)
shows the data from the web-enabled DOM4.1 magosei database
(http://emidius.mi.ingv.it/DOMY displayed in both text and graphical formats. Beeond
(below) shows the same data displayed using themafizll seismological display program,
with the KAPG symbol set as shown in Figure 12rd astimated isoseismals drawn purely
from a standard ltalian intensity attenuation folan{see 12.3.4). The Wizmap program can
be downloaded frorhttp://www.gsrg.nmh.ac.uk/hazard/wizmap.htm

a £ DOM4 1 Consultszione per terramoto - Microsoft internat Explorer 'E
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Back Forysard Stop  Refiesh  Homs | Seach Favoites Histop | Mal  Poot  Edb

|A£|d'ESS ;@ hittp: £ A, tirn. i onr. it /D OM Aconsultazione. bt ;! ﬁ *Go |_| Links ”|
Tr Ye Mo Da Ax ‘Rt Nwo Io Pa
& fianco scorre 1l catalogo
INT4.1.1/81-92 (marzo 1998) A] | e 1272 oo 15 worcIa Bpged, gaeE HE =
1691-1898 1900 19631;2?1;1;92 4 F L s AR Aol sa
SRR R DB 1979 12 08 CANALE DI SICILIL GDTSF i
— ; CP 1980 01 05 GIAVENO FOSE5
T colori indicano terremoti DE 1980 01 23 MODICA pare? 12z 55—
con dati macrosistict: DB 1980 01 25 VAL VENOSTA GDTHT 3 &5
ip 1980 02 23 SERRAVALLE FOS85 X
L - o |K | v
download T mappa relamione
Terremoto del 1950 01 23
Area epicentrale MODICA
Studio PAIST
Localitéa S Lat L
FRIGINTINI 36.918 1
GTANFORME 36.927 1
GIARRATANA 37.045 1
ISPICA 36.786 1
HODICL 36.858 1
FLLLZZIOLO LCREIDE 37.062 1
POZZLLLO 36.727 1
RAGUSL 36.925 1
SANTL ROSALIR 36.975 1
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SCICLI 36.792 1 !
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{Ir ind

37
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Fig. 12.2 Display of intensity data points using a web-dedldatabase (above), and a PC-
based data exploration program (below).
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It is recommended that seismologists preserve aligh tables of intensity data (place,
geographical co-ordinates, intensity) whenever iptess

12.3.2.1 Example of an isoseismal map

In Fig. 12.3 a sample intensity/isoseismal maphews1. The earthquake in question is the
small Lagrangeville (NY) earthquake of 26 Februd§83 in the Eastern USA. This
earthquake was chosen as one representing atigirbal case for a small earthquake; since it
doesn't have a very large number of data poineswimole intensity field can be seen clearly
in just the one figure. The data were taken from NOAA Earthquake Intensity Database,
plotted using the KAPG symbol set, and the isoseisradded. Notice that the symbols are
well mixed; between the isoseismals 4 and 5 areesdata points for intensity 2, 3 and 5.
This is quite normal and to be expected especidiigre data points represent only one or two
guestionnaires. It is not hard to see in this ¢haestandard automatic contouring algorithms
would have difficulty with this data set. Howevéng hand-drawn smoothed isoseismals in
Fig. 12.3 represent quite well the general pattrliminution of intensity with distance
observed in this earthquake. It is not approptiatey and draw an isoseismal 6 for only two
data points. Nor can elaborate re-entrants befiptstvith the given data. The degree of
smoothing is appropriate to the resolving powetheforiginal data, and the contours are true
to the expected underlying pattern of approximagdliptical areas of equal intensity.

-74 -73
|
INTENSITY/ISOSEISMAL MAP

FOR THE 26 FEB 1983
42 = LABGRANGEVILLE (NY) EARTHRUAKE 41

DATA COURTESY OF
NOAA EARTHRUAKE INTENSITY DATABASE

41 4

o /‘I A1 |
-T4 -73

Fig. 123 Sample intensity/isoseismal map: the LagrangevilyY) earthquake of 26
February 1983.
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12.3.3 Determination of earthquake parametersfrom macroseismic data
12.3.3.1 Macroseismic epicenter

This is an expression which has been used in tBe tpaconvey different concepts, never
properly defined. The following usage is proposaditiie future:

Macroseismic epicenter: The best estimate made of the position of theesyper (i.e., the
point on the Earth's surface above the focus ofedmthquake) without using instrumental
data. This may be derived from any or all of thiofeing as circumstances dictate: position
of highest intensities, shape of isoseismals, lonadf reports of foreshocks or aftershocks,
calculations based on distribution of intensityrjsj local geological knowledge, analogical
comparisons with other earthquakes, and so on.i§lasather judgmental process with some
subjectivity, and does not lend itself to simpledglines that can be applied uniformly in all
cases.

Barycenter: The point on the Earth's surface from which thecraseismic field appears to
radiate. This is usually the center of the highesseismal or the weighted center of the two
highest isoseismals. Advanced computational metHomiee also been demonstrated for
calculating the barycenter from the whole macras&iglata set. (The terms macrocenter and
macroseismic center have also been proposed.)

These two points are often the same, but needencddan example: In the case of the 1989
Loma Prieta earthquake the apparent point of orgithe macroseismic field, for various

geological reasons, was well to the north of theiadnstrumental epicenter. If one were to
attempt to locate a similar event from macroseisdata alone (for example, a historical

Californian earthquake), one might be inclined tmpensate for this effect by choosing
epicentral co-ordinates to the south of the highssseismal. This would not affect the

location of the barycenter.

Both these concepts have their uses. For any stidthe tectonics of an area, the
macroseismic epicenter is more useful. For studfiegismic hazard, especially those using a
technique like extreme value statistics, the barteregives a better indication of the hazard
potential of an earthquake.

12.3.3.2 Epicentral intensity

Epicentral intensity, usually abbreviateg is a parameter commonly used in earthquake
catalogs but rarely defined, and it is clear th#eent usages exist in practice (Geet al.,

1996). The meaning of the term is clearly the isitynat the epicenter of the earthquake, but
since it is likely that there will not be obseraats exactly at the epicenter itself, some way of
deriving this value is necessary. The two mainnepes that have been used in the past are:

1) extrapolation from the nearest observed datad@picenter without changing the value, or
use of the value of the highest isoseismal. THuhere are a few data points of intensity 9
near the epicenter, thgualue is also 9. If the epicenter is significarafishore, § can not be
determined,;
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2) calculating a fractional intensity at the eptegnfrom the attenuation over the

macroseismic field, using a formula such as thaBlake (1941) or Kovesligethy (1906) - see
12.3.3.4 below. In this case, because this is naibserved value (and not a "true” intensity)
it may be expressed as a decimal fraction withoatravening the rule that intensity values
are integer. This value can be determined for gaetkes with sufficient data to draw at least
two (preferably three) isoseismals. This is onlggble if one is using the concept of the
barycenter (see 12.3.2.1 above), since the trueeef@r may not be central to the
macroseismic field. The term "barycentral interisibay be preferable.

It is recommended that these two methods be digwabed between by the notation used.
Thus an integer number (9 or 1X) indicates methbdand a decimal number (9.0 or 9.3)
indicates method (2). It is recommended that ormulshnot add arbitrary values to the
maximum observed intensity when deriving an vhlue; the arbitrary amount is too
subjective.

As well as epicentral intensity, a useful paramé&emaximum intensity, abbreviateg,}.
This is simply the highest observed intensity vadmgwhere in the macroseismic field. For
onshore earthquakes, &nd |,ax may be equal. For offshore earthquakes it is ofteh
possible to estimatg (never if method 1 is used), byt can be given.

12.3.3.3 Macroseismic magnitude

The use of macroseismic data can give surprisirajiyst measures of earthquake magnitude.
This is an extremely important part of macroseisstigdies, as in this way earthquake
catalogs can be extended into historical times vatimsistent magnitude values. Such
extended earthquake catalogs are of great beoed#tismic hazard studies.

Early studies attempted to correlate epicentransity with magnitude; however, epicentral
intensity is strongly affected by focal depth, sclscorrelation's perform poorly unless either
(a) depths are known and taken into considerator(p) one is working in an area where
seismogenic depth is narrowly constrained.

The total felt area (A) of an earthquake, or theaagnclosed by one of the outer isoseismals
(usually 3 or 4), is a much better indicator of magde, being not much affected by depth

except in the case of truly deep earthquakes. Bdhguakes below a threshold magnitude
(about 5.5 Mw), the magnitude and log felt aredesn@ore or less linearly, and so equations
of the form

M=alogA+b (12.1)

can be established regionally by examination o dat earthquakes for which macroseismic
data and instrumental magnitude are both availdbde.larger earthquakes, differences in
spectral content may affect the way in which earékg vibration is perceived, and a different
scaling appears to apply. In Frankel (1994) thenfor

A 2m
M =nlog| — |+ vA+a (12.2)
g(ﬂj 23\
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is used to represent the full magnitude range, &heris the exponent of geometrical
spreading and m T1(f)/(Q B) where f is the predominant frequency of earthgualotion at
the limit of the felt area (probably 2-4 Hz), Qsisear-wave attenuation afids shear-wave
velocity (3.5 km/sec). Using this functional fornmda comparing world-wide intraplate
earthquakes with interplate earthquakes from omgome (California), Frankel found the
difference in magnitude for the same felt areag@b average 1.1 units greater for California.

Other forms that have been proposed include
M=alb+blilnr+c (12.3)
where r is the radius, rather than the area, ofdta macroseismic field, and
M=al+Zbhilnri+c (12.4)

in which all isoseismals (values for each i) areduas well as the epicentral intensity (see
Albarello et al., 1995).

In the above equations, M has been used for gemagnitude; for any particular magnitude
equation it is important to specify what magnituglpe the derived values are compatible
with (Mg, M, My, etc.). It is also useful to determine the standardr, which will give a
measure of the uncertainty attached to estimatephitu@e values.

12.3.3.4 Estimation of focal depth

The estimation of focal depth from macroseismicadatas first developed by Radd
Kovesligethy. His first paper on the subject preésérthe formula

I-l,=3logsine-2(r/R) (1-sine) (12.5)

where sin e = h /r and R is the radius of theheada is a constant representing anelastic
attenuation (Kovesligethy, 1906). A second papedvésligethy, 1907) contains a different
equation:

I -1, =3 log sin (12.6)

where¢ is the angle of emergence. Why the absorption teas dropped in this publication
is unclear. Eqg. (12.5) was subsequently rewritteth modified slightly by Janosi (1907) to
reach the now well-known formula

lo-li=3log(r/h)+&M(r-h) (12.7)

where r is the radius of the isoseismal of intgnsiand M = log e. This work was developed
further by Blake (1941) whose contribution was atially a reduction and simplification of
Eq. (12.7); Blake's version is still used by somarkers today, but Kévesligethy's original
equation (in Janosi's version) is more commonlyoantered. Kdvesligethy's equation
became more widely known, in the form of Eq. (12tfough the work of Sponheuer (1960).
However, although Sponheuer references Kovesliggtt§06) in his text, he cited
Kovesligethy (1907) in the reference list, and tblative inaccessibility of these papers, and
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this misreference, has caused some confusion vithhas only now been possible to unravel.
A further confusion is that Janosi (1907) attributeg. (12.7) to Cancani, transmitted by
Kovesligethy; it seems that Kdvesligethy named lagiotof his equations in honour of
Cancani and that Janosi transferred this title @ EL2.7) (Zsiros, 1999, personal
communication).

The constant value of 3 used in Egs. (12.5) to7jl&presents an equivalence value between
the degrees of the intensity scale and ground matimplitudes. Some workers accept it,
others prefer to find their own values by fitting data (Levret et al., 1996). In this case the
formula could be written with a further variable pface of the constant 3. The attenuation
parameter a is generally considered to be a regiahae, reflecting the absorption of seismic
energy by the crust; therefore, normally it sholld determined regionally by group
optimization on an appropriate data set - notridniidual earthquakes.

lo here is properly the barycentral intensity, whinats to be solved for as well as solving for
h. This is usually done graphically - one canlti# tsoseismal data to all possible values of h
and |, and find a minimum error value consistent with tfiserved maximum intensity (e.g.,
Burton et al., 1985; Musson, 1996).

12.3.4 Intendsity attenuation

Intensity attenuation, the rate of decay of shakinitly distance from the epicenter, can be
expressed in two ways. Firstly, there is the dmopniensity with respect to the epicentral
intensity. This is shown by the Koévesligethy (19@G6ymula in Eqg. (12.7); this form of
intensity attenuation and depth determination fiotansity are closely linked.

One can also express intensity attenuation as etifunof magnitude and distance. Such
formulae usually have the functional form

I=aM+blogR+cR+d @p

where R is hypocentral (slant) distance, and & &nd d are constants. (The third term is
sometimes dropped, especially in intraplate areaisice most earthquake catalogs include
magnitude as a parameter, this form of intensitgnatation is extremely useful in seismic
hazard studies. Intensity is a good parameter ¢ofois expressing seismic hazard, since it
relates directly to damage. It yields hazard valbgh are more relevant to planners and
insurers than physical ground motion parametemeStypical values are:

Interplate (New Zealand): 1=1.41M1.18InR-0.0044R +2.18

Intraplate (SE Australia): 1=1.64M1.70In R +4.00
Such formulae also link magnitude with epicentrdaknsity; when epicentral distance = 0,
then R = h. Since depth is now taken into accomoich better results can be obtained than

from simple ¥/M relationships.

More sophisticated models of attenuation, taking eccount factors such as directionality,
have been developed for seismic hazard work bubeyend the scope of this Manual.
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12.3.5 Relationship with ground motion parameters

Attempts to equate intensity with physical paramsetef ground motion, especially peak
ground acceleration (PGA), are nothing new. Oné/esmale (that of Cancani) amounted to
little more than a table of intensity numbers agdiealent PGA values, and such tables are
still often encountered in the literature. Howeuhgy can not be relied on; work in the 1970s
(e.g., Trifunac and Brady, 1975) demonstrated thinsity and peak ground acceleration
correlate very poorly, and any attempt to relatettho suffers from such severe scattering as
to be practically useless.

There are a number of reasons for this. One isotivatr parameters of ground motion, such as
peak ground velocity, may be just as importanhoif more so, than acceleration. Another is
that the duration of strong ground motion is obgigumportant; a high acceleration for a
fraction of a second is not as damaging as a laweeleration applied over a longer period.
Thirdly, peak ground acceleration values often @éspnt single spikes in an accelerogram
record which are unrepresentative of the earthqu@keind motion as a whole. Where
accelerations have been recorded in excess oh&ge thave not been accompanied by any
remarkably high intensity values.

Recent research has therefore turned to lookimghatr ways of relating intensity to physical
ground motion parameters, including spectral acattes and Arias intensity. A review of
this subject is beyond the scope of this Manual.
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